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ABSTRACT

After defining the relation between harmonic voltages and currents
through harmonic impedances, the impact of harmonics on electromagnetic
end-use devices such as transformers and machines is formulated based on an­
alytical and experimental investigations. A narmonic factor representing the
square of a weighted total harmonic distortion factor provides a mechanism for
estimating the reduction of lifetime of electromagnetic end-use devices due to
additional losses generated by sets of harmonies of frequencies below 2000 Hz.
The forces and torques of saturable three-phase induction machines during
starting and steady-state operation are computed from magnetic field solu­
tions. Within the above frequency range the accuracy of induction watthour
meters is reduced and the im})act oiharmonies or fractional harmonies (which
exhibit a frequency other than those of harmonics and subharmonies) on dis­
tribution s}-stem relays can be severe. Also, the performance of television
sets deteriorates for fractional harmonies below 2000Hz. The impact of har­
monies on shunt capacitors limits the harmonic amplitudes with frequencies
above 2000Hz. Depending upon the size of the system impedance either the
harmonic voltages or the harmonic currents will be predominant. For small
impedances the values of the harmonic currents will be limited by the permis­
sible harmonic current loading of pole and substation transformers, whereas
for large impedances the harmonic voltage amplitudes will be limited by the
permissible additional losses in parallel connected electromagnetic end-u-<>e de­
vices. The propagation of harmonies within a distn"bution feeder is such that
for dispersed harmonic sources of the same kind no significant cancelling of
harmonic amplitudes occurs. Under certain circumstances the propagation of
harmonics within a distribution feeder can cause resonances.
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INTRODUCTIO::'ll

The major goal of this study, spon-"ored by the
Electric: Energy Systems Program of the U.S. Department
of Energy (DOE), was to determine the impacts of both
current and voltage harmonics as well a." fractional- har­
monics on single- and three-phase transformers and induc­
tion motors, universal machines, tell!'-ision sets, induction
watthour meters and distribution system protection relays.
In addition, the propagation and possible clUlcelling of har­
monics within a distribution S)-stem have been evaluated.
Analytical lUld experimental investigatioll5 were performed
to establish a correlation between temperature rise and life­
time reduction due to thermal aging of elettromagnetic de­
,ices lUId to determine the decrease in performance of televi­
sion sets, induction watthour meters, electromechanical and
solid-state relays a.s employed for power distribution system
protection. A harmonic factor was developed lUId~ to
evaluate the effects of temperature rise and correspondu..g
reduction of life on electromagnetic equipment due to volt­
age harmonics. This l!'-aluation technique can also be used
to determ.iDe guidelines for acceptable levels of harmonic
and fractional harmonic content.<; in distribution S)"l>-tems.

Ideal voltage and current waveforms in a power
system are sinusoidaL In reality. how("'er, a number of de­
vices produce Donsinusoidal currents lUld "oltage distortions
in the electric pow<'r system. Distorted wavefortmi ClUl be
thought of as the "-um of several sinusoidal component-..; of
different magnitud,-,; and frequ..ncif'S. Component-o; having
frequencies which are integer multiples of the fundamental
are referred to as harwonics. Components with frequencies
which are submultipes of the fundamental are called sub­
harmonics. Those l:omponents with frequencies which are
neither an integer multiple nor a submultipe of the funda­
mental will be referred to as fractional harmonics. The level
of distortion is commonly gh'CIl by the total harmonic dis­
tortion factor (THD) which is l:alculated as the square root
of the sum of the squares of each harmonic current Or volt­
age expressed in per<:entage of the fimdamental At present
the THD of the voltage in residential power systezns is in
the range of one to four perc:ent.

There are three major harmonil: issues to be con­
sidered in a power system: sources of harmonil:S, propaga­
tion of harmonics, and the impact of harmonics on end-use
devices such as single- and three-pha.se =wsformer.> and in­
dul:tion motors, universal machines, television sets, induc­
tion watthour meters and distr.oution system relays. Ma­
jor hannonic sources are nonlinear circuit e1em=ts, suc-.h
as switched-mode power l:onverteI'S, po....·er electronic de­
vices for motor cOIlln)l, generators for farnaces, and sat­
urated t:raIJsformers 111- Harmonil: propagation depends on
the impedance that the power system presents to the har­
mon)l: sonrce. Current and voltage harmonil:S are related by

.the sr-;tem impedance. Voltage harmonics can b'? neglected
in high voltage networks because of their higA short-circuit
capacity and stifi"ness [2]. In other words, a high voltage
network can be l:onsidered as an infinite bus with negli-

- All other sinusoidal voltage and current components Dot
being harmonic or subharmonil: are called fractional har­
monies.
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gible vol~e distortion. Since most harmonic sourl:"'" are
locatf'd in the distribution "y"tem, the harmon:(' content of
the voltage l:an be exp...,ted to be higher than that of high
voltage networks. Therefore. the eR'f'Ct of'·oltage harmonics
on parallel low voltage loads is more significant. Thi" report
only consid..rs th<, effects of voltage harmonics for ap?lica­
tioll load~ whkh are connf"CtP<! in parallel at distribution
voltage 1..,·..1". Th.. t'lfec-~ of currenT.S harmonil:S are studied
for capadtors and overl:urrcnt rdays within a distribution
feeder. The impa("ts of harmonics that have been evalu­
ated include additio~al 1o,,,,,,,. a.udible noise and vibration,
decreasing u......ful motor torque:;, decreasing power factors,
decreasing performan('(' of tel<,visioD set...; and distribution
protection relays, and inl:reasin~ reading errors of induction
watthour mf'ters.

RESEA~.Q.I1DISCtTSSIO~_-,--\~PRESULTS

The investigations w('re performed analytically
and experimentally. Fi%'!<t, l'qlli'-alent models for the differ­
ent devil:e.; ","ere de"elopro from which analytil:al expres­
sions were dcrivro to cakulat<, th(' additional losses due
to harmonks. The analytical results were then validated
wough al:tual testing.

Figure 1 shows :he typical test set-up to deter­
mine the impact of harmonics and fractional harmonics on
the operation of induction watthOlU' meters, single-phase
and three-phase induction motoES, univer.;a1 moto~. relays,
and transformers. All devices were tested with l-ated volt­
ages or currents applied to their terminals. A locked-phase
frequency generator permitted a l:ontinuous phase shifting
of any harmonic or fractioDal harmonic with respect to the
f=.damentaL The &.:quency ranges "lJSed during testing were
as follows: 1) between 90 and 960 Hz for induction watthour
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OSC!UOSCOPE

DEVICE TO
BE TESTED

Figure 1 Typical test set-up to measure impact
of voltage and current harmonics
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Figure 3a Equivalent circuit of a single-phase S)'Stem.
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1. H~oni<- Impedances

At the outset of an~; investigation ofthe influence
of harmonics on end-use devices one ha." to define the mag­
nitudes and frequencies of voltage and current harmonics
which may have a detrimental influence on the performance
of such devices. It is well kno,.,-n that solid-s'tate circuits and
other noDlinear de~;ces of the po,""cr sysoem generate har­
monic currents 131 which re;ult in a harmonic ~'oltage drop
across the power S)'Stem impedance and produce amplitude
modulations of the power system ~·oltage. In addition. cer­
tain components of the power s)·s~m. e.g. cycloconvert­
ers a:ld induction motol"S. may generate either subharmc.n­
ics, harmonics or fractional harmonics. Most single- and
three-phase induction motol"S generd.te fractional harmonics
within the rotating flux wave and th(' terminal currents due
to the choice of the s'tator and the rotor slots or because of
air gap eccentricity 14]. Figure 2 shows the voltages induced
within two full-pitch search coil« placed in quadrature within
the stator ofa 2 hp single-phase induction motor. Nore that
some of the harmonic orders are not an integer multiple of
60 Hz and therefore produce a nonstationary image on the
oscilloscope screen.

meters, relays, universal machines. single- and three-phase
transformers and induction motol"S; 2) between 30 and 1000
Hz for color television sets: and 3) between 30 and 2000 Hz
for black-and-white tele~-ision sets.

rIgUre 2 The generation of fractional harmonics
v.;UUn an induction motor.

0.0 242.n jO.0031,n
For a given injected current harmonic amplitude

the generated voltage modulations arc dependent upon the
power system impedance me<!'sured at thE: location where the
injection occurs. To estimate the magnitudes of occurring
harmonics within an urban residential db1:ribution S)'Stem
an equi\.-alent power system impedance has been determined
for a single-phase (Figure 3a) as well as for a three-phase
(rJ.gUre 3b) netv.-ork at 60 Hz [51.

From Figure 3a one obtains for the harmonic voltage drop
across tile line-~lineimpedance

v"'ngfe,u.-6ftn _ V(0.102)2 + v 2 (0.0252)2 l 0.. (1)
(1-1)... - ?tr . - ... - 100>0,

- I-N

where v is the harmo::Lic ord~. For the harmonic voltage
drop across the liJIe-to-neutral (centeTtap) impedance

~ 'W...... .....r'r'Y-.,.-,.....__.n

Figure 3b Equh-alent circuit of a three-phase system.

For rural distribution feeders the sy;;tem impedances tend
to be larger than those of urban~, therefore for a
gi'1len current harmonic amplitude I" the voltage harmonia;
",,-ill be correspondingly larger.
Example: Foran assumed third h=onic (v = 3) current
amplitude, 13 == 20% one obtains from Eq. 2 for the third
harmonic line-to-neutral (centertap) voltage V(~~~~,urban '"

2..27% of the fundamental voltage. Ifone supposes that the
corresponding impedance of a rural single-phase system is
three times larger than that of the urban system (Eq. 2)
one would get v(~_,::;·rural = 6.81% of the fundamental
voltage.

2.. Investigations of Transformers and Machines

"'''lIfe•urban ...1(0.0984)2 + v~(O.Ol88)2 I C'J' (2)
V(l_ ) == - Vi • .. ·lOO-'tJ.

n... l-N

From FIgUre 3h the following harmonic lTOltage drops restJ1t

u.ree.-- _ ...1(0.752)2 + v2(0.0157)2 • I . 00%
VIZ) - ... 1 ,-n" V,-N

(3)

Voltage hannonics generate addi.;onaJ oh:nic and
iron losses in the windings and the iron core; of~i"ormers
[6] and electric machines [7 to 121. A theoretica1linear anal­
ysis was used to predict these additional ohmic iUld iron-eore
losses taking into acCOUllt the e1J"ects ofeddy currents in the
core laminations. The analysis shows that these losses de­
pend upon the applied harmonics, the thickness of the core
lamination and other characteristics of the core material. In
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Figure 4 Calculated total harmonic losses of the
stator referred to the rateci. iesses of the stator at
a full load as a function of the harmonic frequency
for a 2 hp, single-phase motor.
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Figure 6 Measured additional temperature rise of
the stator-end winding at full load as a function of
the harmonic voltage amplitude, phase shift and
frequency for a 2 hp single-pha..«e induction ma­
chine.

ing properties oft:u! electromal!:netic device are not changed
due to the additional temperature ris~, and the additional
losses are proportional to thl' additional tempef'ature rises.
This is true for additional losses or temperature rises which
are small as compared to the rated losses and temperature
rise>, respectively. Therefore. ten'r'~aturerises can be com­
part'd with the above los~~ on a i'~!"centage basis. In all
cases, the additional losses were calculated for full-load con­
dition assuminl!: linear or linearized iron-core characteristics.

Experimental studies verified that the additional
temperature rise due to voltage harmonics in single-phase
transformers and induction machines depends upon the am­
plitudes and the phase shifts of the voltage harmonics. Fig­
ure 6 and Figure 7 depict the additional temperature rise in
the windings of the sa=e 2 hp, squirrel cage motor at full

H.l,RMONIC CONTENT OF

TERMINAL VOLTAGE v.'VSOlol.l

W~OTAL.

W~OTAL 60Hz

saturable circuits, e.g., transformers and elearic machines,
the iron losses depend upon the maximum cxclm'ions of the
flux density within the iron portions. Since the phase shifts
of the flux density harmonics with respect to the funda­
mental determine the peak-to-peak '1lalue of the resultant
flux density, these harmonic phase shifts influence the iron­
core losses of nonlinear magnetic de'o;ces. It is important
to point out that this discussion involves transformers and
ma.c:hines found in end-use device!' only. The analytical and
experimental investigations were performed on single- and
three-phase transformers and induction machines, as well as
on universal machines. In order to illustrate the experimen­
tal results, the single-phase induction motor is used here as
an example. Results fof' the other devices can be found in
References [6 to 121.

Calculated total harmonic losses in the stator and
rotor of a typical single-phase, 2 hp, squirrel cage, induc­
tiOIl motor operating at rated load are plotted in Figures
4 and 5, respectively, for harmonic voltage amplitudes of
5%, 7.5% and 10%. These calculations were based on tech­
nical and design data supplied by the manufacturer. Note
that the additional harmonic losses are higher for the rotor
than those fof' the stator from a percentage point of view.
For a harmonic frequency of 180 Hz and a THD of 7.5% the
rotor losses are about 3.5% while the statOf' losses are about
2.5%. For comparison purposes it is assumed that the cool-

:tj
7 1

:E

:~
I ...1-:"_~!~~,-I~-:-~'~_,:-:!_-:-,:-:'~-:-:'=-=-_:-'-_-''':-_..JI

I IZO Z~O 360 480 600 7Z0 S40 960 '080
57.5 f. [HZ]

10

9

8

7

6

5

...

I
I IZO

57.5

W~OTAI.Io"

W~OTAL 60Hz

HARMON I C CONTENT OF
TERMINAL. VOLTAGE v.I'V60 "Z

600 7Z0 e-oo S60 loeo
f. [Hz]

Figure 5 Calculated total harmonic losses of the
rotor referred to the rated losses of the rotor at a
full load as a function of the harmonic frequency
for a 2 hp, single-phase motor.

Figure 7 Measured additional temperature n<>e
of the squirrel-<:age rotor "uding at full load as a
function of the harmonic voltage amplitude, phase
shift and frequency for a 2 hp single-phase induc­
tion machine.
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load. Note that at 180 and 300 Hz the maximwn additional
~mp"erature~ occur when the peak-to-pel'k ~"alue of T.he
tenmnal , ..oltage 15 a maximum. In addition. for a given har­
~onic c;onT.ent the percentage additional temperature rise is
~gher m the rotor windings than in the stator windings. For
UlST.anCe. for a frequency of 180 Hz and a THO of 7.5% the
temperature rise for the stator is berween 5 and 8% while
for the rotor it is between 9 and 12%. Similarly,additional
temperature rises occur in universal machines. three-phase
transformers and induction machines.

Temperar.ures at no load hre relativelJ' low.
Therefore, large harmonic voltage amplitudes could be su­
perimposed on the rated vol~e without resulting in exces­
sive temperature increases. In the no load case, the maxi­
mum additional temperature rise is also obtained at 180 and
300 Hz when the peak-to-peak value of the terminal volT.age
is a ma.'cimum.

The rea....ollS for T.hc discrepancies between the cal­
culated (Figures 4 and 5) and measured cha.-acteristics (Fig­
ure;; 6 and 7) lie in the insufficient modelling of the single­
phase machiJ:l.e with respect to hanuonics: the iron-nonli­
nearity (and therefore the harmonic pha.....' shift dependency)
was neglected, the eddy current los."<"S in the iron sheets
were assumed to be uniform throughout th(' machine and
the calculated losses were a.'<Sumed to producE' an average
tempprature. The me~~ temperature values (hot spot)
are cOIlSidered to be more accurate than the calculated har­
monic losses since each temperature run ha." been repeated
at least once. It can be seen. however. that the calculated
shapes of the loss characte.'"istics agree with those of the
weiI.S::red temperature chanLcteristics. Differences betweeJi
the calculated and measured characteristics for tnnsformers
and other electromagnetic devices are also the result of in­
sufficient modeling. Therefore, impro\"ement in the models
is desirable.

3. Harmonic F~or

The voltage harmonic content (order, amplitude
and phase shift) of power systems varies ....ith the type and
size of harmonic generators and loads as well as with the
topol~' of the~ Since ...-oltage harmonics result in
additional losses and tempera=e rises in electromagnetic
devices, it would be desirable to derive one single criterion
that can predict thesel~and tempera=e rises as a func­
tion of the harmonic content of their terminal voltage. This
single criterion. called the ~HarmonicFactor; is defined as
the ratio of the ohmic and iron losses due to the harmonic
~-o1tages to the ohmic and iron losses due to the fundamen­
taL The harmonic factor is a 'Weighted total harmonic dis­
to:rtion factor representing additional temperature rises in
electromagnetic equipment due to the harmonics in the ter­
minal voltage and is expressed for temperature rises in terms
of harmonic voltage frequency and amplitudes as

(S)

where
r- i... the order of the harmonic frequency,

V" is the harmonic ~'oltage of order v,
DT" i." the additional tempera'tUre rise due to voltage

harmonic Y".
C; is a constant of proportionalit)· relating tempera­

ture rise and harmonic voltage frequency and am­
plitude,

4

k, I are functions of both the harmonic frequcl.cics
and T.he amplitudes of the. harmonic voltages as
well ll.." thE' typ<, of electromagneT.ic end-IL"e de­
vit"e.

Ba....ed on the theoretical and e..'\.-perimental stud­
ies, ...-a1ueo; for th<, exponents k and I of th<" harmonic factor
can be derived (see Table 1).

Table I
Values for exponents k and I

Appa.ratu". k kov I I lou

.iuS;le-ph.aae transformer 0.6-1.2 0.90 I 1.5-2.0 1.7:;

t.hree-p~ tI'&ZI.rormer 0.6-1.2 0.90 1.5-2.0 1.75

.illgle-ph&ac i.Dd. IDKhiDe 0.5-1.2 0.85 1.0-1.8 1.40

t.hrc-c-ph.aae indo machiD~ 0.7_1.2 0.95 1.2-2.0 1.60

I anivenaJ machiDe 0.8-1.2 1.00 1.5-2.5 2.00

Knowing the harmonic factor, the correspOJ1Wng
additional temperature rises can be calculated for the dif­
ferent types of electromagnetic devices. It is evident from
Figure 8 that single- and three-phase induction machines
are more sensitive to voltage harmonics than transformers
and universal machines. For a harmonic factor of 5.8% the
temperature of a single-phase induction motor and a three­
pha.o;e induction machine will rise about 6.2% and 3.2%
of the rated temperature, respectivel~·. However. for the
same ...-alue of harmonic factor the temperature rise of single­
and three-ph~e transformers and universal machines 'Will
be only 0.85%. This difference occurs because the harmonic
currents are limited by the load of transformers as used in
end-use dC"l-ices while in an induction machiJ:l.e the total ro­
tor circuit resistance becomes very sma1I for large harmonic
slips.

13
12
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9
8

7

6,1=---~~::"'''

5
4

14 15 16 17 18 19

Harmonic Factor
[%l

Figure 8 Additional temperature rise (or loss)
....ersus weighted harmonic-factor function..

The harmonic factor can be used to calculate a possi­
ble set of harmonic voltages. For a harmonic factor of about
5.8%, one can obtain the harmonic voltage distributions for
single-phase and three-phase feeQers as shown in Table II
using the average values for k and I from Table 1 for single­
and T.hree-pha.o;e induction machines. Any other set of volt­
age harmonics is feasible if the above condition (5.8%) is
satisfied.

".
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Table IT
Possible sets of voltage harmonics

v I~b~ 1~13¢,
1%1 1%]

I 100 100

~ I 0.5 I 0.5 I
3 4.0 ~.O J
4 0.3 I 0.51

5 3.0 I 5.0

6 i 0.2 I O.~

7 I ~.O 3.5

8 i 0.2 0.2

9 1.0 I 0.3

10 0.1 I 0.1

II 1.5 i 1.5

12 0.1 ! 0.1

13 1.5 1.0

I 14 0.1 0.05

! 1" 0.5 0.1

16 I 0.05 I 0.05

17 1.0 0.5

18 0.05 I 0.01

19 1.0 I 0.5 I
> 19 < 0.5 I < 0.5 I

to time. A is a constant, K is the gas constant or. depending
upon the units, the Boltzmann constant; T is the absolute
temperature, and E is the activation energy in electron volt
(eV). The range of the activation energy based upon 225
different insulating materials goes from 0.29 eV to 2 ('V.
Figure 9 shows the frequency distribution graph of these
materials. Note that the peak of the distribution curve lies
at about 1.1 eV.
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Figure 9 Frequency distribution of activation en­
ergies of 225 materials.

A graphic representation of the temperature effect on life­
time is given in Figure 10; one can conclude that ilie insu­
lation material with lower acti"'''ation energy is less afi'ected
by an additioual temperature rise.

Suppose one knows the rated lifetime t2 of an ap­
paratus, the rated temperature T2 and the additional tem­
perature rise f:::J'; then, after some algebraic manipulation
of the reaction rate equation, the reduced lifetime tl is ob­
tained as:

(6)

4. Thermal Aging

The insulating materials used in electric home appli­
ances are of organic or inorganic origin. Due to the heating
of these materials, caused b:li the losses, a deterioration of
the insulating material occurs. This deterioration is mani­
fested either by lowering of the mechanical strength and/or
by a change in the dielectric behavior of the insulating mate­
riaL Small motions due to expansion and contraction of the
conductors and iron sheets also cause deteriorating through
mechanical friction. Mechanical failure of the insulation is
the result ofthe decrease in the tensile strength or Bexibility
of the msuIating materiaL The thermal lifetime of electric
ma~es and transformers is highly dependent upon the
mode of utilization; there is no doubt that machines with
variable loads are more prone to mechanical insulation fail­
ure. All investigations !n this work assume machines op­
erating at cons'tant rated load and temperature; thus, the
chemical changes of the insulating materials are responsible
for the thermal aging. .AD.y additional temperature rise be­
yond the :rated temperature will reduce the rated lifetime of
the insulating materiaL

For many years it has been recQgn.ized that thermal
degradation of organic or inorganic materials can be best
represented by the reaction rate equation [13 to 151

The impact of the present-day voltage harmonics on
electromagnetic equipment is small. It results in a tem­
perature increase of less than 1.5°C for single-phase induc­
tion machines, and 0.6°C for three-phase induction motors.
The corresponding temperature rise in transformers and ma­
clJines is negligible.

In this equation ~ is the reduction in property with respec1:
Figure 10 Lifetime decrease versus temperature rise

s



7. Impacts on Tele....ision Sets
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Figure 12 Fractional harmonic voltage levels C-c1US-

ing disturbances of black &: white TV pictures.

Certain power system devices genera.te harmonic
as well as fractional harmonic currents (e.g., induction mo­
tors) and cc.rresponding voltage drops across the power sys­
tem impedance, producing amplitude modulations of the
power system voltage. Anal:!-"tical as well as experimental
investigations described here show the effects of harmon­
ics and fractional harmonics on black-and-white and color
tele..;sion sets 110, 12, 181. Voltage harmonics distort the
wave shape of the terminal voltage of 60 Hz. but do not
cause an)' modulation of the voltage ampiitude as long as
the harmonic "oltage amplitude is less than 50% of the fun­
damental. Howe....er, sub- and fractional harmonics distort
the wa....e shape and modulate the ...·oltage amplitude of the
terminal voltage at much lower levels. As a consequence of
this modulation, the television picture becomes periodically
larger and smaller. even at ....ery low sub- or fractional har­
monic "'oltage levels (e.g., less than 1%). Figures 12 and 13
show the measured fractional harmonic ....oltages t"ausing a
periodic enlargement and reduction of the pictures of bl..ck­
and-white and color tcl~b-ion sets, respectively. The dots
(.) in both fgures mdicate at which fractional harmonic "olt­
age the periodic ~rtionof the television picture begins.

.~ V" IVRATEO50
40 ["10]
~o

20

I
10 • • ~ -.... ....:.

... J.... .... 1-. _'~.r~. --.-r--- ~~-:...r.. -, --- ...... ­
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The introduction of the harmonic factor which
relates harmonic ....oltages to additiona.l temperature rises
and the Arrhenius plots [13 T.O IS! which relate additional
temperature rise to reduction of lifetime gi-\'e us the tools
to correlatel:::.T to a. reduction of lifetime of electromag­
netic equipment. For example. according to Figure 8,. h har­
monic voltage £actor of 5.8% corresponds to an additional
temperature rise of about 6.2% (or about 3.S·C) for single­
phase induction machines. This value of temperature rise
for T2 = ssoC at an ambient temperature of 23·C resu:·:s
in a reduction of life of a.bout S% for insulating materials
with aeti-\-ation energy of 0.3 eV. 33% for materials with
activation energy of 1.1 eV and almost 50% life reduction
for those materials with activation energy of 2.0 eV. This
method provides a good rationale to select a permissible
harmonic ~ortion based upon an acceptable decrease in
lifetime expectancy of electromagnetic de~-ices.

5. Forces and Torques of Saturable Three - Phase
Induction Machin~

Harmonic voltages and currents of the power sys­
tem generate harmonic fo.-ces acting on the iron cores and
windings as well as harmonic torques acting on the shaft
during starting and steady-state operation. It was found
that harmonic ,..ibrations and audible noise., and harmonic
torques for all tested induction motors at steady state and
during starting were sufficiently sma.1l. if the harmonic am­
plitude of either voltage or current was less than 10% of
the respective fundamental. Low order fractional and sub­
harmonics should be avoided since they cause a'.::!ible noise
and radial vibrations. Winding and Uon-core fore~ were
numerically calculated in References 7, 8 and 19. Harmonic
torques at steady-state operation were investigated in Ref­
erences Q, 10 and 18, while starting torques were computed
in Ref. 20 as a. function of the terminal ....oltage.

6. Impact of Harmonics on Cap~itors

Subsections 2 to 4 dealt ~-ith the harmonic load­
mg of electromagnetic end-use devices. From these results
it is apparent that e1ectromagnf'tic devices are sensitive to
harmonics withm the frequency range 0 ~ f ~ 1000 Hz.
Capacitors as they occur in power systems are not ....ery sen­
siti....e to the abo'-e frequent)· range. however. they arc "en­
sensiti"e ,,-ithm the fresuency range 2000 H =~ f ~ 0;;.
Criteria formulating the amplitude limitations for capaci­
tors are gi...·en in st=dards 116. 17i. These are
- a ....oltage harmonic dis-..ortion:

- a cunent harmonic distortion:

100 200 300 400 500 600 700 800

- a reactive power harmonic distortion:

These criteria are plotteci ~ :f~ 11. !'ote that low order
harmonics can have relatively Jar::e amplitudes while high
order harmonics must be relati....ely small for capacitors.

&
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Figure 13 Fra.ctional harmonic voltage levels caus­
ing disturba.Dces of color TV pictures.
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8. Impacts on Induction Watthour ~eters

o 1<10 2"0 360 "eo 600 720 e40 960
60 .eo 300 420 540 660 7eO 900 1020

For the relays investigated it was found that static
and electromechanical overcurrent relays behave in a similar
manner as far as the instantaneous and time-delay opera­
tions are concerned. Underfrequency relays are very sensi­
tive to fractional harmonics and therefore such ha...-monics

!'witching de,-iccs are applied to a wide range of equipIncnts
includin.. variable frequencv drives for induction motors,
l'inKll'- ';;lC thrce-pha...;e battery chargers. de motor con­
trollers fed from ac lines and high frequency lighting power
supplies.

During this same period static relays have been
introduced which in man\" cases have supplanted the induc­
tion cup or disk rcla~·s. IT the rela~· h;,:; appreciably different
characteristics in the presence of harmonics. the effl"Ct on a
feeder or system can be devastating if operation af relays is
either too ~oon or too late. In.o;tallation~ that were initially
trouble free may cause problellls a...; the total harmonic dis­
tortion grows.

Most textbook:' and handhooks concerning relays
as they occur in power system protection deal with the de­
sign and performance of rela)"S under sinusoidal conditions.
The IEEE Transactions on Power Apparatus and Systems
ha,'c published every three or four years since 1941 the most
pertinent relay literature published in English. To date only
a few publications are concerned v.;th the effect of harmon­
ics on electromechanical overcurrent rela:ys.

The intent of Ref.21 is to discuss the influence of
voltage harmonics on the performance of a static underfre­
quency relay, the impact of current harmonics on the oper­
ation of two different types of solid-state overcurrent relays
and effect of current harmonics on the pick-up of an elec­
tromechanical overcurrent rela)·.

At the outset of any investigation of the influ­
ence of harmonics on relays one has to define the mag­
nituaes and frequencies of voltage and current harmonics
which may have a detrimental in.fI.uence on the performance
of such relays. For a given injected current harmonic am­
plitude the generated voltage modulations are dependent
upon the power system impedance measured at the location
where the injection occurs. To estimate the magnitudes of
occuring harmonics w:thin all urban resiaential distribution
system an equivaJent power system impedance has been cal­
culat~ for a single-phase as well as for a three-phase net­
work at 60 Hz. These equivalent power system impedances
are shown in Figures Sa and b. For rural distribution feeders
the system impedances tend to be larger than those of urban
systems, therefore for a given current harmonic amplitude
1" the voltage harmonics ,,;11 be correspondingly larger.

The maximum voltage and current harmonic con­
tents were estimated to be 15% and 40%, respectively. The
experiments were performed in a controlled milJUler such
that only one harmonic with a prescn"bed amplitude, phase
shift and frequency was superimposed on the fundamental
and no dc off,,<,t. wa... used. A locked-phase frequenc:r gener­
ator permitted a continuous phase shifting of any harmonic
with respect to th.. fundamental_ Two distinct phase shift
were tested: the first on.. wher.. the peak-ta-peak value of
the quantity (..ither ~·olta~eor current) was a ma.'"ci.w.um and
the other one where the pr.ak-to-peak ,7L1ue wa..; a minimum.

In order to investigate the effect on either the op­
erating time or the pickup value of current or voltage. the
above mentioned harmonic generator wa.o; inserted in series
with a 60 Hz fundamental that initiallv contained no more
than 3% harmonics. The harmonic g;nerator was capable
of having the phase shifted. This allowed the p..rcent har­
monics to be kept constant while the observed wave shape
changed from a maximum peak-to-peak to a minimum pcak­
to-peak.

f" [Hz]

• H...rnlOlllC "mpll~ud<" 10",(.
+ Hol.rnJOllIc A.mplitude 7.5~

o HarmoniC Ampll'tud<:' )%

120 Hz, Su~lmposed to 180 Hz, 2"0 Hz, _.

1110 Hz, :.u~imposecl '0 2LO H.~ 300 Hz, _

2"0 Hz. Su~imposed to 300 Hz, 360 Hz. -
I.:>

1.0

<1.0

O.S

Figure 14 Indicated increase of electricil:y con­
sumption as measured by an induction watthour
meter if the voltage across a resistive load contains
an individual harmonic of 5%. 1.5%, or 10% of
rated '·oltage.

o

20

f" [H z)

Figure 15 Indicated increase of electricity con­
sumption as mea..,-ured by an induction watthour
meter if the voltage across a resistive load contains
two simultaneousl:r occurring harmonics of 7.5% of
rated voltage.

9. Infiuence on Power Distribution S:l--stem Protection

The fast growing use of solid-state switching de­
vices has eaused an increasing content of harmonics in both
the voltage and current on electrical utility systems. The

Measurements and theoretical studies performed
with a single-phase watthour meter indicate that the pres­
ence of harmonic voltages in the power system voltage gen­
erate eddy currents in the disk of the drive which result
in positive harmonic torques that accelerate the aluminum
disk producing an increase in reading [10, 12, 181. Figure
14 shows the measured increase of the reading of a single­
phase induction watthour meter under the influence of one
individual "oltage harmonic with amplitudes of 5%, 7.5%,
and 10% with respect to the fundamental component of 60
Hz. Figure 15 shows the measured increase of the reading
of the wa.thour meter under the influence of two simultane­
ously occurring voltage harmonics with amplitudes of 7.5%
of rated voltage. Curves A of the latter figure correspond to
a 120 Hz "oltage superimposed with all other individually
applied higher harmonics within the frequency range of ISO
Hz:::; f :::; 2040 Hz: Curvcs B correspond to 180 Hz com­
ponent superimposed with all other higher harmonics and
curves C are valid for a 240 Hz component superimposed
with all other higher harmonics.

7



~hould be limited to less than 0.5%.

10. Relation between Harmonic Voltages and Currents

. Harmonic voltages and currents are related by the
Impedance that they encounter in the power system as out­
lined. in Subsection 1. Depending upon the size of the sys­
tem Impedance the harmonic voltages or the harmonic cur­
rents will be predominant. For relatively low impedances
(urb~ residential a.;ea) the harmonic currents will be pre­
dorwnant and the sIZe of the harmonic currents should be
limited b:r ~e permissible harmonic current loading of pole­
:md substation transformers (which have relatively smaller
lDlpedan~es than t~ansformers found in end-use devices).
For relatIvely large IInpedances (overhead lines in rural res­
idential areas) the harmonic voltages will be predominant
and the values of the harmonic voltages ~houldbe limited by
the permi"Sible additional losses in parallel connected elec­
tromagnetic cnd-use devices. For cXaIIlple, the harmonic
voltages given in Table II for a single-phiL."t! system cor­
responding to a harmonic factor of 5.8% will be used to
demonstrate the calculation of the harmonic currents for
two cases: 1) a t~"pical residential area with an impedance
of (0.0~88-;-jO.0984.)n (line t? center tap at 60Hz); and 2)
a. high Impedance network With three times the impedance
given abo'·e. The first case will result in a total harmonic
distortion of the current THD-" 39.03% with most harmon­
ics passing through the pole transformer. Since the pole
transformer should not be subjected to more than a current
THD= 20%. the limiting factor is th<" harmonic current and
not the harmonic voltage. Therefore. lhc harmonic voltages
ha,oe be reduced from those speci:li<,d in "fable II in order to
bring the harmonic current down to a THD of about 20%.
For the second case, the total harmonic distortion of the
current becomes 13%. In this ~c the harmonic currents
are limited by the harmonic voltage factor.

11. Propagation ofHarmoni~within a Distribution
Feeder Due to I;lispersed Harmonic Sources

density and the field intensity is used to compute the mag­
netizing current.

The models for the varioU:S network components
are used to represent a residential distribution feeder. Re­
sults of computations show that is is not advisable to oper-.
at~ the solar arrays and inverters at their maximum output
power. Such operating conditions lead to low power factors.
Instead. it is proposed to design th<, system for an opera­
tion at minimum output current distortion. Since the opti­
mal operating point cannot be maintained for the varying
insolation levels during a day. th<, solar array must be rear­
ranged in a number of seri(.,.iparalIcI ("onfigurations and the
inverter must he operated in the transition b(!tween continu­
ous and discontinuous conduction modes (see Figure 16). A
practical implementation of these modifications is proposed
for the above-mention(.-cl system.

The loading cond:tions of ~he distribution feeder
have not been found to be important. ~o can("ellation of
harmonics due to different loads or different locations of the
loads has been observed. The harmonic currents do not de­
pend on the values of the loads and their locations. Only
the fundamentals are affected by them. Such a conclusion is
not valid for capacitor banks. It is proposed to generate the
reactive power needed at the inverters directly in parallel to
the house loads through capacitors, in...,tead of connecting
capacitor banks near substation transformers as it is usu­
ally done in the design of todays distribution feeders. This
decreases the magnitudes of the fundamental currents at the
pole transformers because of the higher power factor at these
locations. Therefore, power factors similar to those present"
in todays distribution networks are maintained and costs for
oversizing the transformers can be avoided. If these condi­
tions are met, the voltage and current distortions within the
entire distribution system will be within the guidelines as
~roposedby the International Electrotechnical Commission
[3] and the American National Standard Institute [17). It
should be noted that resonances in the distribution network
at harmonic frequencies could occur destroying capacitors.
More information on this topic can be found in Ref.25.

..._....
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A new harmonic loa.d flow model wa.... developed beca=e
the a"-ailable models did not include the interdependence
of individual ha.rmoni~ due to nonlinear elements. This
new harmonic load flow model confirms measured inverter
current waveforms and measured transformer responses.

Figure 16 Inverter ac current at the transition
betweeD <:ontinuous and discontinuous conduction
modes.

rAJ 8O±-----::o:--------lo 90 '80 Z70 360..,["]

• Relation between Current and Voltage Harmoni~
(1) The representative equivalent impedances of urban dis-

CONCLUSIONS

The generation and propagation of voltage and
current h=onics in a residential db'tribution power sys­
tem due to dispersed single de generation installations using
line-co=uta~inverters is discussed in References 5, 22
and ~. Th~mverters o!fer the advantages of being simple
~d.mexp~lve,generatmg low order harmonics only and
havmg an inherent shut-down capability. That is. in case
the power system voltage vanishes, the line-commutated in­
verter ceases to pro";de either voltage or current. How­
ever, electric utilities are concerned about the injection of
harmonic current in~o their power grids and have questions
about the propagation of harmonics and the requirements
of reactive power needed by such syste=s_

• • A ~tal co~puter model is developed where the
mteractions of .aarmomcs of di:ff~entorders due to the non­
linear elements like transformers, inverters and solar ar­
rays are included. The distribution feeder is modeled as
a succession of quadrupoles b)' using a nodal method. Each
quadrupole represents a network element and the represen­
tation of the single- or three-phase network elements em­
ployed are detailed enough to model the propagation ofvolt­
age harmonics and their interactions.

. . The line-commutated inverter is modeled as a thy-
nstor bndge that can be operated either iII discontinuous
or continuous conduction modes. Equations are derived
where voltage harmonics at the inverter terminals are not
~eglected and the nonlinear array characteristic is included
m the analysis. In transformers, cl1.anges in the current har­
monic spectra occur because of the core saturation. There­
fore, the DonliIlear relationship between the iron core tiwe
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tribution feeders within the U.S. arc suc:h that for har­
monic: currents of 20 to 40% of low harmonic: frequency.
harmonic:.vol~cs'in the range of:> to 10% result.

(2) Representative equivalent impedances of rural distribu­
tion feeders within the U.S. arc ~()mcwhat larger than
those of urban systems that wean... for the same har­
monic: currents as for an urban distribution system one
obt:1in.~ larger harmonic voltagE'S for rural power distri­
bution systems.

• InvestigatioDs or Transformers and Mac:hine;
(1) A harmonic: factor has been introduced that represenis

a weighted total harmonic distortion fae:tor and can be
used to determine the losses and the corresponding tem­
perature rises ofelectric mac:hines and traDsformers dne
to harmonic:s in the terminal voltage.

(2) A correlation hu been established between tempera­
ture rise and lifetime reduction due to thermal aging.

(3) Flexible permi"Sibe levels of voltage harmonic:s can be
determined through the harmonic factor by selecting
an acceptable lifetime reduction ofelectromagnetic end­
use devices.

(4) Voltage harmonia: produce less additional losses in
t.raDsformers as used in end-usc devices than in induc­
tion machines. This occurs because the harmonic cur­
rents are limited by the load of a transformer while in
...... induction maclUDe the to:a.l rotor c:ircuit ~tance
becomes very small for large harmonic: slips.

(S) t:niversal machines are not very 5eDSitive to harmonics
of the poV'o"eJ' S)'Stem voltage and their additional tem­
perature rises are companble to those of transformers.

(6) The losses generatt'ti b)' low OrMr harmonic voltages
are highly dependent upon the lamination thickness of
the iron-core 5het-ts iII electromagnetic devices.

• Forces and Torques of Induction Machines
(1) Harmonic: vibratious. audible noise and rotor tor-

ques are sui5cientl}. small if ...·ol~e and current har­
monics are less than 10% of the fundamental terminal
quanti~.

(2) Low order fractional and sub-harmo~ shonld be
a...·oided (amplitudes of iarger than 0.5%) since they
may c.a~ audible noise and ...ibrations.

• lI:I.pact of Harmo~on Capacitor.<
All harmonic c:urrent and voltag(" amplitudes of~eDCies
larger than 2000Hz should be limitt'ti to 1C'SS than o..s%.

• Relation between. BarmonK: Voltages and Currents
(1) For distribution £eeden; wiU high representative equiv­

A1eD\~ (e.g. rural distribtnion syste:pJs) Ue
harmonic voltage k'\'e!s &." specmed by the harmonic
factor will be the limiting quantit.ie>.

(2) For mstributiou feeden; with low representative equiv­
alent. impedaDces (e.g. urban distribution systems) the
harmonic c:urrent 10adiDgoi pole and Sllbstation trans­
formers will be the limiting quantity. The cot:repODd­
ing harmonX voltage levels an be co:puted from the
eqaiTalent impedaDc:es ofthe distrib..nion system (Eqs.l
to 4).

• lmpacb< on Television Sets
TeIe.ision sets are very sensitive to sub-and fractioDal v0lt­
age harmonicsand therefo:oe the amplitudes ofsuch harmon­
ia sboaJd be limned to less than O.S%.

• Jmpads on Jnduc:ticm Watthour Meters
(1) If harmoDics or the power system TOhace are present

D

induction watthour meters always indicate a luger COD­

sumption of electricity than for the fundamental power
but less than the total of fundamental and harmonic
powers. Thi!! behavior of induction watthour meters is
due to the generaioion of eddy current losses (harmonia
only) within the iron laminations representing a damp­
ing. This inc:re&.'11' in thr readinr; of induction watt­
hour m~t~ i... for harmoniC"!< of pI"('>;('nt-(lay pow('r sys­
telllS in the- nei. hhorhood of ll. fra("tion of one percent.

(2) 1\"ote. th(· CH.."(' where the hannonic po.....er originat4:'S in
the nonlint'/U" ("on~UlJlCr.- has not b<ocn invf'Stigated.

• Influence on Power Di~tributionSJistem Proteoction
For the rcla~ investigated one c:an draw the following c:on­
clusions:
(1) Static and elec:tromec:hanic:a1 ovcrc:urrent rela~ behave

in a similar ma.nn<'r as far u the instantaneous and
the time-delay operation are C"oncemed. The (nonsinu­
soidal) rm.~ value of thf> pick-up current depends upon
the wavesbape. that is the phase shifts of the harmon­
ics with respect \0 the fundamental c:urrent. For a har­
monics content of 40% tb(" overeurrent devices operat­
ing under thE" in.~taneoll." c:hara<:eristic picll-up iII the
worstC~ at. about (100 :1.15%) of the nominal pick-up
value. Under the ~elay cllaracteristic: both types
of relays pick.up in tM worst c:a.~ at about (100±4S)%
of the nominal time dda\".

(2) Static overcurn-.nt rela)'S·ha...·t" worst case long-timC'de­
lay picll-up (,urreDt values of about 80% of the nomi­
nal value which occur a.t a harmonic content or 40%.
Such a large harmonic: content can be cau.'Ied by bat­
tery chargers, '\'Uiable-specd motor controllers and high
frequency lighting devices.

(3) The static 'Wlderfrequency relay has under the influenc:e
of voltage harmonics iJI<:rca5ed operating times and at
10% ofvoltage harmonics., in the worn case time almost
doubled. Tests inclicatcd that th<' 'Wlderfrequen<:y relay
is v~ sensitive to fractional voltage harmonia and
~erefOresoch. harmonics should be limited to less than
0.5%.

(4) Relay engineers JJ1ust be alert to whellloads azoe added
to a system that uses solid-state switching devices..

(5) Relay standan3s may Deed \0 address the problems or
humonic content and their impact on reLo.y character­
istics..

(6) It!s impossible to~ the behavior ofany relay
%eSpODSe to hannonics without testing or reviewing and
'lUldemanding the actual~ desip. This applies to
static. solid-state. iDduction cup or disk or p1u:Dger or
clapper type relays.

(7) An'; one Telay may have two different respoDSeS or
higher and lower pick-up values \0 difrer-t harmonics
or even \0 the same hamlonic with the phase shifted.

(8) 1DstaI1ations that initially cause no trouble may «pc­
rie:nce nWsaDce operatioD. of relays in the future as t1K­
])C'Cell.tage of harmonics on the system grows.

• Propap.tion of BarmoDics within a Distribution
Feeder~ to Dispersoed Harmonic Source<
(1) Xonlinear elemen~ (eoX. !'alar arrays. in....ertc!rs. trans­

fotTl1eI"')~ to be- acC"1U'at«"Iy modeled. The noalinear
charac:teristic or thc.- solar array. the saturation or the
transformers with uansitions from tht- phasor doma.in
to the~ domain and vice-versa. and the possibility
of having .....ol\age harmonics mU5t be c:oDSidered.

(2) A single-phase repreentation or the t1lree-phase feeder
is not suf6<:ient and all~ phases must be mod~
due \0 the 'Wlbala.nced operation and the presence or
harmonics in the tluee-phasc voluges.



(3) The operation ofdispersed residential power plants con­
nected to the utility through line-commutated inverters
results in high harmonic currents and a low power fac­
tor. To lim:t the harmonic eurrent.o;. a novel operating
stratClO' (minimum THD and improvt>d power factor)
has been dt'veloped.

(4) For tht> correction of thr power factor, the capacitor
banks should not be connt"Cted ncar the substation as
proposed in 124). It is proposed to generate the reac­
tive power needt'd at the inverters directly at the hou.o;e
load.o; though capacitors, instt>ad of connecting capa<"i­
tor banks near substation transformers a.o; it i" usually
done in the design of toda~.... dio;tribution ff'Cders. This
decreases the magnitude!' of the fundamt"D.tal currents
at the pole transformt'l'>- bcca~e of the higher power
factor at these location.... Power factors similar to those
present in today'" distribution network arc maintained
and ~,"'Tf"forecosts for oversizing the transformers can
be avoided.

(S) A significant cancellation of harmonics has not been ob­
served. The harmonic contents of the currents at the
pole transformer tend to be similar regardless of the
loads. At any branch point of the network, the har-

. monies usually add and do not cancel, since the har­
monic phase shifts are not significantly dift'erent. In
the same wa~', no cancellation effect has been observed
~ the three-phllSe portion of the network under consid­
eration. when the imbalance of the system is modified.
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