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INTRODUCTION

Many el ectrical power applications require continuous and
high quality power. Standby diesel-electric generating
sets are integral parts of the solution

St andby genset sizing requires an understanding of the
genset characteristics and the connected | oad. Nonlinear
| oads, including; uninterruptable power supply (UPS),

vari abl e frequency drives (VFD), adjustable speed drives
(ASD), and sw tched node power supplies, present a speci al
chal l enge to successful delivery of high quality power
under all operating conditions. Understanding how this
equi pnent interacts is essential.

SUMMARY

1. GCenerator sets are inherently a high reactance source
conpared to a utility.

2. Nonlinear |oads, not generators, cause voltage
distortion.

3. Generators should be sized for nonlinear |oads to reduce
heati ng and vol tage waveformdi stortion. Oversizing to
equate distortion with a utility source may not be
practical .

4. Nonlinear |oad design should include circuits to accept
only timng signals fromthe fundanental frequency and
provide sone filtering of SCR commutation effects.

5. Advi se system conponent suppliers of a limited bus
sour ce.
6. Advise generator set supplier of nonlinear |oad details

(clarify input and out put kV- A KW nunber of rectifier
out put pul ses, other connected | oads, etc.).



10.

11.

Caterpillar SR4 Generators do not require additional
filters between generator and regulator. Three phase
sensing and well-filtered voltage regul ators ensure
vol tage control and stability.

| nstrunentati on may not be accurate w th nonli near
| oads.

Har noni cs may have adverse effects upon the power source
or other | oads connected to the sane source.

CGenerally, problens arising after the fact nust be
resolved within the system and equi pnent external to
generator set.

Condi ti ons assuring stable operation are conpl ex.
Generator set suppliers cannot guarantee harnonic

di stortion values with nonlinear |oads. Were |oads are
known to require a low distortion voltage waveform a
consultant with access to total system constants shoul d
eval uate total harnonic distortion effects and reconmend
filtering as required.



Characteristics of nonlinear loads

NONLI NEAR LOAD ( CURRENT NOT PROPCRTI ONAL TO VOLTAGE)

Vol tage supplied to a non linear system either by utility
or generator set, is sinusoidal. For resistive and nost

i nductive loads, current is also sinusoidal, but rectifiers
charging a battery draw an al nost square wave current

pul se. As shown in Figure 1, ACline current will flow
only when the rectified instantaneous voltage exceeds
battery voltage. Oiginal sine wave voltage fromthe
source now becones distorted due to voltage drop across the
source i npedance during the cycle portion when current is
fl ow ng.
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SCR LOADS

Rectifier wwth SCRs for output voltage and current control
are often used in | oads such as static UPS systens. Wth
an SCR, current is maintained at zero until the SCRis
gated "on" as shown in Figure 2. Current to the SCR at
"turn on" causes a higher than nornmal voltage drop across
t he generator source inpedance.

Action of SCH

Figure 2

NOTCHI NG PHENOVENON

In a three-phase rectifier circuit, current is switched on
by SCRs consecutively. Once switched on, an SCR conducts
only during the time when its particular phase voltage is
nore positive than the other two-phase voltages. In
practice, SCR turn on is delayed to regul ate output and
does not occur until the oncom ng phase voltage is
significantly higher than precedi ng conducting phase
voltage. Due to inductance in the SCR source circuit,
current cannot build up instantly in the oncom ng phase nor
can it decay instantly in preceding conducting phase.
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In Figure 3, when the nore positive oncom ng Phase 2 with
SCR-2 is gated on, there is nonentary line-to-line shorting
action with Phase 1, which has SCR-1 in the decaying
conducting node. The resulting short is of very short
duration, but produces a notch in input voltage waves 1 and
2. Notch width and depth during this conmutation period
are dependent upon supply system i npedances, SCR firing
angle, and load current. Wth a three-phase bridge, there
are six line-to-line notches per cycle as shown in Figure
4.
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RI NG NG EFFECTS

A secondary phenonenon caused by the rapid sw tching of
SCRs is ringing effect. Ringing is a high frequency
oscillation follow ng sudden "turn on" of an SCR as shown



in Figure 5. It is the result of high frequency resonance
occurring in the rectifier source circuit due to inherent

i nductance and capacitance in the circuit el enents.

Not ching and ringing effects can result in severe voltage

waveform di stortion.
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HARMONI C CURRENT

The rectifier, because it draws nonsinusoidal current from
its source, along with notching and ringing effects,

i ntroduces distortion to the voltage wave fromthe source.
This is called harnonic distortion. According to theories
of waveform anal ysis, cyclical waveformis nade up of
conponents consi sting of fundanental sine wave plus other
si ne waves, called harnonics, which are nmultiples of the
fundanental frequency. Figure 6 shows separation of a

di storted waveforminto its conponent parts. The nonlinear
source, therefore, does not see distorted current waveform
as a single waveform but as nultiple, fundamental plus

har noni ¢, waves. Harnonics may have adverse effects upon

t he power source or other |oads connected to the sane
source. It is inportant to note | oads draw ng harnonic
currents cause voltage distortion at the source, the source
does not produce the harnonic distortion.
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CONSEQUENCES OF NONLINEAR LOADS

VWAVEFORM DI STORTI ON

Vol t age waveform di stortion magni tude caused by the
nonlinear current demand of the rectifer/charger is a
function of the source inpedance. Source inpedance is not
an easily defined val ue because generator reactance varies
with time follow ng a sudden | oad change. Generat or
subtransi ent reactance (X'd) and subtransient short circuit
time constant (T"d) are primary paraneters influencing

di stortion during the short SCR conmutation peri od.

A standby generator is characteristically of higher

i npedance than transforners. Significant differences in
kVA ratings of the two sources often contributes to
greater inpedance differences. Facility source
transforners are frequently sized to carry the total
facility load. Standby gensets are often only sized to
carry emergency or critical |loads. Generators may have 5
to 100 tinmes greater subtransient reactance than nornma
source transforners. Consequently, nonlinear |oads may
work fine on utility, but may react entirely different when
powered by a generator set.

Usi ng an oversize generator to reduce reactance may be of
sone benefit. However, to obtain a significant reduction
in reactance is not economcally feasible. Doubling
generator rating will reduce reactance by one-half.



Danping with other | oads reduces effective bus reactance.
Motors, in particular, act as absorbers of nonentary
voltage irregularities and reduce harnonic content on the
line. Typically, conputer room support functions such as
HVAC systens, chilled water systens, fire protection
systens, and roomlighting nust al so be connected to the
st andby generator set. These support systens are often as

| arge as or larger than the nonlinear load. It is
frequently very desirable for system operation and
distribution reasons to have small, three phase,

continuously running air handler notors in the conputer and
UPS room sharing a common feeder or power transformer with
t he UPS.

Resi stive |l oads are effective in mnimzing waveform

di stortion caused by ringing effect. Resistance acts as a
oscillation danper in a resonant circuit. Adding a
resistance load is one technique used to m nim ze waveform
distortion caused by systemoscillation. This, however, is
only effective if high frequency oscillations are the cause
of a problem |If a resistance elenent is added strictly
for treatnment purposes, adding a capacitor in series with
the resistor will reduce fundanental current with m ni num
effect on high frequency danpi ng.

It is theoretically possible to add a | ow pass filter to
t he generator output for attenuation of prevailing

har noni cs. However, it should be a | ast resort
consideration. Practical tuned circuit filters generally
represent conprom se and may introduce nore problens than
t hey solve. Conponent size and expense are also limting
factors. A better approach is to specify or add filtering
or other harnonic attenuating options such as isolation
transforners at the distortion source. Consultation with
the device suppler usually reveals such options are
avai |l abl e.

PONER FACTOR

Cenerators are rated for 0.8 power factor. Connected | oads
may have a | ower power factor. Displacenent of current with
respect to voltage occurs with rectifier phase control.

Li ne power factor can vary dependi ng upon SCR conducti on
angl e. Compounding this are the high frequency harnonic
currents which primarily result in added kVArs. Consult



with the device supplier for specific input kVA and power
factor.

GENERATOR HEATI NG

Har noni ¢ currents produce high frequency flux change and
cause heating in stator cores. Rotor |osses also occur
because harnmonic currents in the stator will induce
currents in the pole faces and anorti sseur w ndi ngs. Hi gher
magneti c core tenperatures result in a higher w nding

t emper at ure.

Generator stator heating is also a function of | 2R | oss.

W ndi ng heating is proportional to effective or RM5 current
squared. RMS current for a sinusoid wave is 1.11 tines the
average value. The RVS value of the distorted SCR circuit

i nput current waveformis typically greater than 1.11 tines
average current. (See further discussion of instrunment

r eadi ngs.)

Derating or using a |low tenperature rise generator is a

means of conpensating for increased heat |osses and
possibilities of reduced power factor.

GENERATOR AUTOVATI C VOLTAGE REGULATOR AND EXCI TATI ON

Vol t age regul ators nust control output voltage of the
generator in spite of the |load causing a distorted wave
shape. Various techniques can be used to acconplish this
t ask.

Thr ee- phase sensing mnim zes effects of waveform

di stortion by providing an average of all three phases at
any given instant. Since SCRs in three-phase rectifier

| oads do not all "gate on" at the sanme instant, a mnim zed
di stortion, average signal of the three phases is
processed. In conparison, a single phase-sensing regul ator
W Il sense severe distortion occurring at a given instant
during the cycle in one phase. Caterpillar SR 4 Cenerators
have three-phase sensing network with a floating neutral as
a standard feature, thus voltage di sturbance in any one
phase will shift the neutral, but not appreciably effect
voltage to the regulator. Waveformnotching is effectively
bl ocked fromthe regul ator
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Regul ator circuits must include features to isolate field
power control fromdistortion effects. If SCRs are used
within the regulator, circuits nust be used to prevent the
distortion fromload SCRs interfering with triggering of
regul at or SCRs.

Cenerator field power nust be filtered to m nim ze
interaction with load distortion load. A well-filtered
regul ator conbined wth inherent inductive filtering of a
brushl ess design generator virtually elimnates this
problem The Caterpillar SR 4 self-excited Generator has a
well filtered regulator and excitation system providing
vol tage control and stability of equivalent quality

obtai nable with a permanent magnet pilot exciter. It is

al so fully capable of sustaining excitation during short
circuit periods occurring while |oad SCRs comut ati on

wi t hout the excitation sustaining options benefit. A

per mmnent magnet exciter, while capabl e of sustaining
excitation during a sustained fault condition, has no
advantage in providing excitation during the short duration
of | oad SCR conmutation. Additional regulator filters or
optional features are not required wwth Caterpillar SR4
Cenerators for UPS applications.

| NSTRUVENT READI NGS

Common i nstrunmentation used in electric power generation is
characterized by waveformdi stortion error. Measurenent of
AC current and voltage is standardi zed on the basis of

root - nean-square (RMS) val ue, but departure froma sine
wave may introduce significant error in many instrunents.

Accuracy of noving iron-type voltneters and ameters,
comonl y used on generator set panels and switchboards, is
generally limted to commercial power frequencies. These
are RVB respondi ng neters, however, high frequency

har noni cs may produce eddy current, hysteresis, and

i nductive reactance effects which can cause indication
errors of as much as 40%

Test instrunments, such as volt-ohmneters and cl anp-on
meters, are frequently rectifer-type neters responding to
aver age val ues, but indicate RMS value. These instrunents
are calibrated to indicate RVS val ues based on a nultiplier
of 1.11 tinmes average value. The multiplier 1.11 wll not
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hold true if the AC input deviates froma sine wave and
error will exist in the instrunent indication.

True RVS ammeters and vol t neters enpl oyi ng nonl i near
converting circuits are available on the market in
swi tchboard cases at a prem um cost. These shoul d be
capable of at least 5:1 peak to RMS ratio to ensure
accuracy.

Confusion as to exactly what a neter is reading is
conpounded today by the advent of integrated circuit
technol ogy applied to instrunents. These may be average,
RMS, or peak respondi ng and readi ngs on various AC
wavef orms depend upon neasuring circuit and readout

cal i bration techni ques.

Frequency neters for electric power service have requisite
needs to cover only a narrow band on either side of nornma
system frequency. Some types are not materially affected by
har moni ¢ wavef orm or erroneous zero crossings while others
give incorrect or erratic readings. Vibrating read-type
meters are relatively free fromthe nonsi nusoi dal wavef orns
i nfluence while the dial-type neters common to generator
set panels are sonetines very erratic. A sinple | ow pass
filter wll usually ensure accurate readi ng. Generator set
frequency can al so be determ ned by observing engi ne speed.
A four-pol e synchronous generator driven at 1800 rpmw ||

al ways produce a 60 Hz fundanental or |ikew se at 1500 rpm
wi |l always produce a 50 Hz fundanental .

| NSTABI LITY OF SCR CONTROLS

It is possible waveformdi stortion caused by an SCR system
may not be tolerable to its control. This is not unusual

for equi pnment that did not include considerations for a
"l'tmted bus" or high inpedance source in its original
design. It is, therefore, very inportant to advise the
control supplier of the existence of a standby generator
set as a potential power source. He is in the best position
to suggest and reconmend features in the planning stage to
assure proper functioning of his equipnent.

The SCR nust be triggered on to begin conduction. Qutput of
a rectifer/charger is controlled by varying the ratio of
"on" time to "off" tinme. This is achieved by phase angle
control, where delay angle before triggering as shown on
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Figure 6 is timed fromthe start of each half cycle or zero
crossover. Wien the waveformis distorted, as shown in
Figure 7, zero crossover may nove or there may be severa
zero crossings, causing erratic firing fromone cycle to
the next. Timng circuits nust be designed to respond only
to the 50 or 60 Hz fundanental output of the generator set.
Filtering of the trigger circuits is possible and should be
i ncluded by the rectifier manufacturer in original design.
Addition of filtering "after the fact" should not be
undertaken w t hout contacting the equi pnment manufacturer.
These circuits are extrenely phase sensitive and filter
circuits usually introduce phase shift.
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Sone UPS systens are al so equi pped with over/under
frequency relays which nay respond to a distorted waveform
and cause systens to reject the input source even though
fundanmental frequency is within tolerance. Filtering the
sensing signal to these relays may correct this problem

| MPACT ON OTHER LOADS

Most el ectrical devices and equi pnent will operate
relatively unaffected when powered by generator sets with
nonl i near | oads. However, know edge of potentially
sensitive devices may be of value in system planning. Many
el ectronic devices contain internal AC to DC power

pl anni ng. Many el ectronic devices contain internal ACto DC
power supplies with adequate filtering and are rel atively

i mune to waveformdistortion. A few special purpose

el ectronic or control devices that depend upon source

vol tage "zero crossings"” for timng may perform
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erractically. If these devices are of |ow power, a sinple
and low cost filter will usually elimnate any problem

Caution nust be exercised where power factor correction
capacitors are used. A resonant condition at one of the
harnoni ¢ frequencies with sone part of the |line inductance
such as a transformer, on-line notor, or the generator is
possi bl e. Excessive and possi bly damaging currents at the
har noni ¢ frequency can flow through the equi pnent. Power
factor correction capacitors are used primarily for
econom c reasons; however, they can also be effective in
reduci ng waveformdi stortion. It may be advi sable to keep
themoff the line until effects of operating on an
energency generator set wth nonlinear |oads can be

obser ved.

As nentioned earlier, three-phase notors connected to the
sane supply lines as an SCR-controll ed | oad danpen

har noni cs. Sone harnonic energy is absorbed by the notors
as heat. An observable effect m ght be higher than norma
tenperature rise. Afilter or power factor correction
capacitors to attenuate harnonic current may be required if
tenperature rise i s excessive.

Regul ating devices, such as battery chargers, voltage

regul ators, automatic speed controls, and engi ne governors
with "closed | oop" controls which typically have a
reference, error detector, and error correction el enents
may be susceptible to instability or self-oscillation. This
problemis not frequent, but may occur where response tinmes
coi ncide and create oscillatory response between equi pnent.
Altering tinme constants of one of the controls systens wll
usual ly correct the problem

Anot her effect of harnonic waveforns is EM/RFI noise

i nduced into I ow |l evel signal circuits such as carrier
current, telephone, and el ectronic engi ne governors. Basic
practices of using shielded wre, good grounding

t echni ques, physical generation, and/or avoiding parall el
runs between power |oads and signal leads will mnimze

t hese probl ens. Nonlinear specifications nust ensure
conpliance wth federal regulations concerning EM.
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DETERM NI NG DI STORTI ON

A review of the entire generator set distribution system
shoul d be nade to determine if |oads exist which require a
source with |ow distortion waveform Unless the generator
set systemis large, it is quite common for other |oads to
share a comon bus with the nonlinear |oad. If distortion-
sensitive | oads are suspected, a consultant or distribution
system desi gner with know edge where harnonic distortion

m ght be adverse and how to avoid it should be contact ed.

Cal cul ating total harnonic distortion at a point in the
di stribution systemrequires a consultant to have access to

system data such as: subtransient reactance, generator kV-A
rating, other rotating machi nes, reactances, resistances of
transforner, cables, and other circuit elenments as well as
characteristics of the nonlinear, distortion-producing

devi ces.

Har noni cs present in the rectifier systemare a function of
t he nunmber of pul ses per cycle. Harnonics of the order np
+1 will be present where n equals the order of harnonic and
p equal s nunber of pul ses per cycle.

n
p 5 7 11 13 17 19 23 25
6 X X X X X X X X
12 X X X X
Figure 8

As shown in harnonics table above, (Figure 8), the greater
nunber of pulses fromthe rectifier, the fewer harnonics.
Har noni ¢ anplitude al so dimnishes with harnonic order.
Har noni ¢ orders greater than shown on the chart are
generally sufficiently attenuated to be inconsequential.

Predet erm ni ng exact content and magnitude of harnonics is
extrenely difficult due to the nunber of elenments and
devices within a system which may be either a source of
har noni cs or may absorb harnonics. The magnitudes of the
vari ous harnonics are dependent upon the site specific
nonlinear | oad characteristics, systemreactances (lines
and transforners), and the exact connection of the system
The generator set supplier can provide generator
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subt ransi ent reactance val ues, but they cannot guarantee a
val ue of harnonic distortion with a nonlinear | oad.



