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the accuracy, completeness, or usefulness of any informa-
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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 harmonic factor representing the
square of a weighted total harmonic distortion factor provides 2 mechanism for
estimating the reduction of lifetime of electromagnetic end-use devices due to
additional losses generated by sets of harmonics 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 mduction watthour
meters is reduced and the impact of harmonics or fractional harmonics (which
exhibit a frequency other than those of harmonics and subharmonics) on dis-
tribution system relays can be severe. Also, the performance of television
sets deteriorates for fractional harmonics below 2000Hz. The impact of har-
monics on shunt capacitors limits the harmonic amplitudes with frequencies
above 2000Hz. Depending upon the size of the system mmpedance either the
harmonic voltages or the harmonic currents wilt be predominant. For small
impedances the values of the harmonic currents will be lIimited 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-use de-
vices. The propagation of harmonics within a distribution 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.



INTRODUCTION

The major goal of this study, sponsered 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 as fractional™ har-
monics on single- and three-phase transformers and induc-
tion motors, universal machines, television sets, induetion
watthour meters and distribution system protection relays.
In addition, the propagation and possible cancelling of har-
monics within a distribution system have been evaluated.
Analytical and experimental investigations were performed
to establish a correlation between temperature rise and life-
time reduction due to thermal aging of electromagnetic de-
vices and to determine the decrease in performance of televi-
sion sets, induction watthour meters, electromechanical and
solid-state relays as employed for power distribution system
protection. A harmonic factor was developed and used to
evaluate the effects of temperature rise and corresponding
reduction of life on eleciromagnetic equipment due to volt-
age barmonics. This evaluation technique can also be used
1o determine guidelines for acceptable levels of harmonic
and fractional harmonic contents in distribution systems.

Ideal voltage and current waveforms in a power
svstem are sinusoidal. In reality. howcver, 2 number of de-
vices produce nonsinusoidal currents and voltage distortions
in the clecwric power system. Distorted waveforms can be
thought of as the sum of several sinusoidal components of
different magnitudes and frequencies. Components having
frequencies which are imteger multipies of the fundamental
are referred 10 a5 harmnonics. Components with frequencies
which are submultipes of the fundamental are called sub-
harmonics. Those components with frequencies which are
neither an integer multiple nor 2 submulzipe of the funda-
mental will be referred to as fractional harmonics. The level
of distortion is commeonly given by the total harmonic dis-
tortion factor (THD) which is calculated as the square root
of the sum of the squares of each harmonic current or volt-
age expressed in percentage of the fundamental. At present
the THD of the voltage in residential power systems is in
the range of one to four percent.

There are three major harmonic issnes to be con-
sidered In a power system: sources of harmonics, propaga-
tion of harmonics, and the impact of harmonics on end-use
devices such as single- and three-phase transformers and in-
duction motors, universal machines, television sets, indne-
tion watthour meters and distribution system relays. Ma-
Jor harmonic sources are nonlinear circuit elemeats, such
as switched-mode power converters, power electronic de-
vices for motor control, generators for furnaces, and sat-
urated transformers [1]. Harmonic propagation depends on
the impedance that the power system presents to the har-
monic source. Current and voltage harmonics are related by
.the system impedance. Voltage harmonics can be neglected
in high voltage networks because of their high short-circuit
capacity and stiffness [2]. In other words, a high voltage
network can be considered as an infinite bus with negli-

= All other sinusoidal voltage and current components not
being harmonic or subharmonic are called fractional har-
INonics.

gible voltage distortion. Since most harmonic sourcrs are
located in the distribution system, the harmonic content of
the voltage can be expected to be higher than that of high
voltage networks. Therefore, the effect of voltage harmonics
on parallel [ow voltage loads is more significant. This report
only considers the effects of voltage harmonics for applica-
1ion loads which are connected in paraliel at distribution
voltage levels. The effects of currents harmonies are studied
for capacitors and overcurrent relays within a distribution
feeder. The imparts of harmonics that have been evalu-
ated include additional losses. audible noise and vibration,
decreasing useful motor torques, decreasing power factors,
decreasing performance of television sets and distribution
protection relays, and increasing reading errors of induction
watthour meéters.

RESEARCH DISCUSSION AND RESULTS

The investigations were performed analytically
and experimentally. First, equivalent models for the differ-
ent devices were developed from which analytical expres-
sions were derived to calculate the additional losses due
1o harmornics. The analytical results were then validated
through actual testing.

Figare 1 shows the typical test set-up to deter-
mine the impact of harmonics and fractional harmonics on
the operation of induction watthour meters, single-phase
and three-phase induction motors, yniversal moto-s, relays,
and transformers. All devices were tested with rated volt-
ages or currents applied to their terminals. A locked-phase
frequency generator permitted a continuous phase shifting
of any harmonic or fractional harmonic with respect to the
fundamental. The frequency ranges used during testing were
as follows: 1) between 90 and 960 Hz for indunction watthour
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Figure 1 Typical test set-up to measure impact

of voltage and current harmonics



meters, relays, universal machines, single- and three-phase
transformers and induction motors: 2) between 30 and 1000
Hz for color television sets: and 3) between 30 and 2000 Hz
for black-and-white television sets.

1. Harmonic Impedances

At the outset of any investigation of the mfluence
of harmonics on end-use devices one has 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 known that solid-state circuits and
other nonlinear devices of the power system generate har-
monic ¢currents |3} which result in a harmonic voltage drop
across the power system impedance and produce amplitude
modulations of the power svstem voltage. In addition. cer-
tain components of the power system. e.g. cvcloconvert-
ers aad induction motors. may generate ¢ither subharmen-
ics, harmonics or fractional harmonies. Most single- and
three-phase induction motors generate fractional harmonics
within the rotating flux wave and the terminal currents due
to the choice of the stator and the rotor slots or because of
air gap eccentricity [4]. Figure 2 shows the voltages induced
within two full-piteh search coils placed in quadrature within
the stator of a 2 hp single-phase induction motor. Note that
some of the harmonic orders are not an integer multiple of
60 Hz and therefore prodnee a2 nonstationary image on the
oscilloscope screen.

Figure 2 The generation of fractional hermonics

within an induction motor.

For a given injected current harmenic amplitude
the generated voltage modulations are dependent uwpon the
power system impedance measured at the location where the
injection occurs. To estimate the magnitudes of occurring
harmonrics within an urban residential distribution system
an equivalent power system irrpedance has been determined
for a single-phase (Figure 3a) 2s well as for a three-phase
(Figure 3b} network at 60 Hz [5].

From Figure 3a one obtains for the harmonic veltage drop
across the hine-to-line mpedance

/[0-102)2 = £2(0.0252)2
2V N

single,urban
V(I -1 -

- I, -100%, (1)

where 1 is the harmonic order. For the harmonic voltage
drop across the line-to-nentral (centertap) impedance

yangleurban _ V/(0:0984)2 + -2(0.0188)2
(=g T Vi_w

- I -100%. (2)

From Figure 3b the following harmonic voltage drops resualt
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Figure 3a Equivalent circuit of a single-phase system.
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Figure 3b Equivalent circnit of a three-phase system.

For rural distributior feeders the system impedances tend
to be larger than those of urban systems, therefore for 2
given current harmonic amplitude 1., the voltage harmonics
will be correspondingly larger.

Ezxample : For 2n assumed third harmonic (# = 3) current
amplitnde, Iz = 20% one obtains from Eq. 2 for the third
harmonic line-to-neuntral (centertap) voltage V(?'_“:;;_ urban _
2.27% of the fundarnental voltage. If one supposes that the
cotresponding impedance of a rural single-phase system 1s
three times larger than that of the urban system (Eq. 2)
one would get V(;’_",f;g;"‘"" = 6.81% of the fundamental

voltage.
2. Investigations of Transformers and Machines

Voltage harmonics generate addivonal ohmic and
iron losses in the windings and the iron cores of transformers
{6] and electric machines 7 to 12]. A theoretical linear anal-
¥SIS was to predict these additional ohmic and iron-core
losses taking into account the effects of eddy eurrents in the
core Jaminations. 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



saturable circuits, e.g., transformers and electric machines,
the iron losses depend upon the maximum excursions of the
flux densizy within the iron portions. Since the phase shifts
of the flux denmsity harmonics with respect to the funda-
mental determine the peak-to-peak value of the resultant
flux density, these harmonic phase shifts influence the iron-
core losses of nonlinear magnetic devices. It is important
to point out that this discussion involves transformers and
machines found in end-use deviees only. The analytical and
experimental investigations were performed on single- and
three-phase transformers and induction machines, 25 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 for the other devices can be found in
References |6 to 12}.

Caleulated total harmonic losses in the stator and
rotor of a typical single-phase, 2 hp, squirrel cage, induc-
tior 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 for the stator from a percentage point of view.
For a harmonic frequency of 180 Hz and a TED of 7.5% the
Totor losses are about 3.5% while the stator losses are about
2.5%. For comparison purposes it is assumed that the cool-
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Figure 4 Calculated total harmonic losses of the
stator referred to the rated icsses 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 5 Calculated total harmonic losses of the
rotor referred to the rated losses of the rotor at a
full Ioad as a function of the harmonic frequency
for a 2 hp, single-phase motor.

ing properties of tue electromagnetic device are not changed
due to the additional temperature rise, and the additional
losses are proportional to the additional ternperature rises.
This is true for additional losses or temperature rises which
are smmall as compared 1o the rated losses and temperature
rises, respectively. Therefore. terrrerature rises can be com-
pared with the above losses on a percentage basis. In all
cases, the additional losses were calculated for full-load con-
dition assuming 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 harmonies. Fig-
ure 6 and Figure 7 depict the additional temperature rise in
the windings of the same 2 hp, squirrel cage motor at full
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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

ir;guency for a 2 hp single-phase induction ma-
e.
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Figure 7 Measured additional temperature risc
of the squirrel-cage rotor winding at full load as a
function of the harmonic voltage amplitude, phase
shift and frequeacy for a 2 hp single-phase induc-
tion machine.
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load. Note that at 180 and 300 Hz the maximum additional
temperature rises occur when the peak-to-peak value of the
terminal voltage is a maximum. In addition. for a given har-
monic content the percentage additional temperature rise is
higher in the rotor windings than in the stator windings. For
instance, for a frequency of 180 Hz and a THD of 7.5% the
temperature rise for the stator is between 5 and 8% while
for the rotor it is between 9 and 12%. Similarly,additicnal
temperature rses occur in universal machines, three-phase
transformers and induction machines.

Temperarures at no load are  relatively low.
Therefore, large harmonic voltage amplitudes could be su-
perimposed on the rated voltase 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 voliage
is 2 maximum.

The reasons for the discrepancies between the cal-
culated (Figures 4 and 5) and measured characteristics (Fig-
ures 6 and 7) lie in the insufficient modelling of the single-
phase machine with respect to harmonics: the iron-nonli-
nearity (and therefore the harmonic phase shift dependency)
was neglected, the eddy current losses in the iron sheets
were assumed to be uniform throughout the machince and
the calculated losses were assumed 1o produce an average
temperature. The measured temperature values (hot spot)
are considered to be more accurate than the calculated har-
monic losses since each temperature run has been repeated
at least once. It can be seen, however, that the calculated
shapes of the loss characteristics agree with those of the
menscred temperature characteristies. Differences between
the calculated and measured characteristies for transformers
and other electromagnetic devices are also the result of in-
sufficient modeling. Therefore, improvement in the models
is desirable.

3. Harmonic Factor

The voltage harmonic content (order, amplitnde
and phase shift) of power systems varies with the type and
size of barmonic generators and loads as well as with the
topology of the system. Since voltage harmonics resnit in
additional losses and temperature rises in electromagnetic
devices, it would be desirable to derive one single criterion
that can predict these losses and temperature rises as a func-
tion of the harmonic content of their terminal voltage. This
single ¢criterion, called the "Harmonic Factor,” is defined as
the ratio of the ochmic and iron losses due to the harmonic
voltages to the ohmic and iron losses due to the fandamen-
tal The harmonic factor is a weighted total harmonic dis-
tortion 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 amplitndes as

AT, =G Y. %(‘%’)'. (s)

v=2

where
tr i= the order of the harmonic frequency,
V. is the harmonic voltage of order v,
AT, is the additional temperature rise due to voltage

harmeonic V.

C; is a constant of proportionality relating tempera-
ture rise and harmonic voltage frequency and am-
plitude,

&, ! are functions of both the harmeonic frequencies
and the amplitudes of the harmonic voltages as
well as the type of electromagnetic end-use de-
vice.

Based on the theoretical and experimental stud-
ies, values for the exponents k and ! of the harmonic factor
can be derived (see Table I}.

Table 1
Values for exponents k and !

Apparatus " P 14 lav i
single-phase tragsformer | 0.6-1.2 | 0.90 | 1520 | 175 ]
threephase transformer | 0.6-1.2 | 0.90 | 1.52.0 | 1.75 |

single-phasc ind. machine 0.5=1.2 0.85 1.0-1.8 1.40

thrce=phasc ind. machine 0.7-1.2 0.95

0.3-1.2

1.2=2.0 1.60
100 | 1525 | 200 |

aniversal machine

Knowing the harmonic factor, the corresponding
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 2 harmonic factor of 5.8% the
temperature ol a single-phase induction motor and a three-
phase induction machine will rise about 6.2% and 3.2%
of the rated temperature, respectively. However. for the
same value of harmonic factor the temperature rise of single-
and three-phase 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 devices while in an induction machine the total ro-
tor circuit resistance becomes very small for large harmonie
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Figure 8 Additional temperature rise {or loss)
versus weighted harmonic-factor funetion.

The harmonic factor can be used to calculate a possi-
ble set of harrnonic voltages. For 2 harmonic factor of about
5.8%, one can obtain the harmonic voltage distributions for
single-phase and three-phase feeders as shown in Table IT
using the average values for k and { from Table I for single-
and three-phase induction machines. Any other set of volt-
ag:slé:;monits is feasible if the above condition {5.8%) s
sal .



Table II

Possible sets of voltage harmonics
v lpezlie loerlse
[%)] [%]
1 100 100
2 | 0.5 0.8
3 4.0 2.0
4 0.3 0.5
s 3.0 5.0
6 0.2 0.2
7 2.0 3.5
5 0.2 0.2
k] 1.0 0.3
10 0.1 | 0.1
1t 1.5 i 1.5
12 0.1 ] 0.1
12 1.5 1.0
14 0.1 0.05
15 0.5 0.1
16 0.05% C.05
17 1.0 0.5
18 Q.05 0.01
19 10 0.5
> 19 <05 < 0.5

The impact of the present-day voltage harmonics on
electromagnetic equipment is small. It results in 2 tem-
perature increase of less than 1.5°C for singie-phase induc-
tion machines, and 0.6°C for three-phase induction motors.
The corresponding temperature rise in transformers and ma-
chines is negligible.

4. Thermal Aging

The insulating materials used iz electric home appli-
ances are of organic or inorganic origin. Due to the heating
of these materials, caused by the losses, a deterioration of
the wmsulating 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-
rizl. Small motions due to expansion and contraction of the
conductors and iron sheets also cause deteriorating through
mechanical friction. Mechanieal failure of the insuvlation is
the result of the decrease in the tensile strength or fexibility
of the insulating material The thermal lifetime of electric
machines and transformers is highly dependent upon the
mode of ntilization; there is mo donbt that machines with
vaniable loads are more prone to mechanical msnlation fail-
ure. All investigations n this work assnme machines op-
erating at constant rated load and temperature; thus, the
chemical changes of the insulating materials are responsible
for the thermal aging. Any additional temperature rise be-
yond the rated temperature will reduce the rated lifetime of
the insulating material.

For many vears it has been recognized that thermal
degradation of organic or inorganic materials can be best
represented by the reaction rate equation {13 to 15]

dR —E/KT
—_ = A .
T € (6)

In this equation ZE is the reduction in property with respeet

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
SeV). The range of the activation energy based upon 225

ifferent insulating materials goes from 0.29 eV to 2 eV.
Figure 9 shows the frequency distribution graph of these
materials. Note that the peak of the distribution curve lies
at abount 1.1 eV.
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Figure 9 Frequency.distribution of activation en-
ergics of 225 materials.

Suppose one knows the rated lifetime 25 of an ap-~
paratus, the rated temperature 7, and the additional tem-
perature rise AT; then, after some algebraic manipulation
of the reaction rate equation, the reduced lifetime £; is ob-
tained as:

- £) AT
3 = tze”R)vEmeET, 7)

A graphic representation of the temperature effect on life-
time is given in Figurc 10; one¢ can conclude that the insu-
lation material wath lower activation encrgy is less affected
by an additional temperature rise.

LIFETIME
§ W/tz [pul] T, = 85°C = 358~ Kelvin
10k tp = 5O year rated Liferime

0.1 | /COrresponaing 1o 5.8% harmonic Tactor
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TEMPERATURE RISE AT [%]

Figure 10 Lifetime decrease versus temperature rise



The introduction of the harmonic factor which
relates harmonic voltages to additional temperature rises
and the Arrhenius plots [13 to 15! which relate additional
temperature rise to reduction of lifetime give us the tools
to correlate AT to a reduction of lifetime of electromag-
netic equipment. For example, according to Figure 8, a har-
monic voltage factor of 5.8% corresponds to an additional
temperature rise of about 6.2% (or about 3.8°C) for single-
phase induction machines. This value of temperature rise
for To = 85°C at ap ambient temperature of 23°C resuiss
in a reduction of life of about 8% for insulating materials
with activation 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 distortion based upon an acceptable decrease in
lifetime expectancy of electromagnetic devices.

5. Forces and Torques of Saturable Three — Phase
Induction Machines

Harmonic voltages and currents of the power sys-
tem generate harmonic forces 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 vibrations and andible noise, and harmonic
torques for all tested induction motors at steady state and
during starting were sufficiently smell. 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 an2ible noise
and radial vibrations. Winding and ron-core forers were
numerically caleulated in References 7, 8 and 19. Harmonic
torques at steady-state operation were investigated in Ref-
erences 9. 10 and 18, while starting torques were computed
im Ref. 20 as a function of the terminal voltage.

6. Impact of Harmonjes on Capacitors

Subsections 2 to 4 dealt with the harmonic load-
ing of electromagnetic end-use devices. From these results
it is apparent that electromagnetic devices are sensitive to
harmonics within the frequency range 0 < f < 1000 He.
Capautom as they occur in POWET SVSTems are Not very sen-
sitive to the above frequency renge, however, theyv are very
sensitive within the frequency range 2000 Hz £ [ £ oo.
Criteria formulating the amplitude limitations for capaci-
tors are given in standards {16. 17). Thesc are
- a voltage harmonic distortion:

VED = Z(

=2

}21”2 <110; (8)

- a current harmonic distortion:

Y6t (gt

v=2

IHD = —J_

T )‘i‘/'*’ < 130; (%)

- a reactive power harmonie distortion:

0D = 2 _=1:

o <135 (10)

=2

These criteria are plotted = Figure 11. Note that bw order
harmonics can have relatively large amplitudes while high
order harmeanics must be relatively smali for capacitors.
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Figure 11 Distortion Criteria for capacitor banks
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7. Impacts on Television Sets

Certain power system devices generate harmonic
as well as fractional harmonic currents (e.g., induction mo-
tors) and corresponding voltage drops across the power sys-
tem impedance, producing amplitude modulations of the
power system voltage. Analytical as well as experimental
inmtigations described here show the effects of harmon-
ics and fractional harmonics on black-and-white and color
television sets {10, 12, 18]. Voltage harmonics distort the
wave shape of ‘he termma.[ voltage of 60 Hz, but do not
czuse any modulation of the voltage ampiitude as long as
the harmonic voltage amplitude is less thap 50% of the fun-
damental. However, sub- and fractional harmonics distort
the wave shape and modulate the voltage 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 very low sub- or fractional bar-
monic voltage levels {c.g., less than 1%). Figures 12 and 13
show the measured fractional harmonic voltages causing a
periodic enlargement and reduction of tke pictures of black-

and-white and color television sets, respectively. The dots
(#) in both fgures indicate at which fractional harmenic volt-
age the periodic distortion of the television picture begins.
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Figore 12 Fractional harmonic voltage levels caus—
ing disturbances of black & white TV pictures.
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Figure 13 _Fractional harmonic voltage levels caus-
ing disturbances of color TV pictures.



8. Impacts on Induction Watthour Meters

. 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 alummum
disk producing an increase in reading |10, 12, 18]. Figure
14 shows the measured increase of the reading of 2 single-
phase induction watthour meter under the influence of one
individual voltage 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 waithour meter under the influence of two simultane-
ously occurring voltage harmonics with amplitudes of 7.5%
of rated voltage. Curves A of the latter &gure correspond to
a 120 Hz voliage superimposed with all other individually
applied higher harmonics within the frequency range of 180
Hz< f < 2040 Hz; Curves 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 harmonies.

& Reading

2o %]

« Harmoenic Amplitude 104
1.5= « Harmonmic Amplitude 7.5%
o Harmonic Amplitude 3%
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© 120 240 360 <80 600 720 8§40 950
60 18O 300 520 540 €60 780 900 1020

f, [_Hz]

Figure 14 Indicated increase of electricity con-
sumption as measured by an immduction watthour
meter if the voltage across a resistive load contains
an individual harmonic of 5%. 7.5%, or 10% of
rated voltage.
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Figure 15 Indicated increase of electricity con-
sumption as measured by an mnduction warthaur
meter if the voltage across a resistive load contains
two simultaneously occurring harmonics of 7.5% of
rated voltage.

9. Influence on Power Distribution System Protection

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

switching devices arc applied to a wide range of equipments
including variable frequency drives for induction motors,
single- and  three-phase battery chargers. de motor con-
trollers fod from ac lines and high frequency lighting power
supplics,

During this saine period static relays have been
introduced which in many eases have supplanted the induc-
tion cup or disk relays. If the relay has appreciably different
characteristics in the presence of harmonics. the effect on a
feeder or system can be devastating if operation of relays is
either too soon or too late. Installations that were initially
trouble free may cause probleins as the total harmonic dis-
tortion grows.

Most textbooks and handbooks concerning relays
as they occur in power system protection deal with the de-
sign and performance of relays under sinusoidal conditions.
The IEEE Transactions on Power Apparatus and Systems
have published everv three or four years since 1941 the most
pertinent relay literature published in English. To date only
a few publications are concerned with the effect of harmon-
ics on electromechaniczl overcurrent relays.

The intent of Ref.21 is to discuss the influence of
voltage harmorics 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 elee-
tromechapical overcurrent relay.

At the outset of any investigation of the influ-
ence of harmonies on relavs one has to define the mag-
nitudes and frequencies of voliage and current harmonics
which may have a detrimental influence on the performance
of such relays. For a given injected current harmonic am-
plitudc 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 within au urban residential distribution
system an equivalent power system impedance has been cal-
culated 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 3a and b. For rural distribution feeders
the system tmpedances tend to be larger than these of urban
systems, therefore for a given current harmonic amplitude
1., the voltage harmonics will be correspondingly larger.

The maximum voltage and current harmonic con-
tents were estimated to be 15% and 40%, respectively. The
experiuments were performed in a conirolled manner such
that only one harmonic with a prescribed amplitude, phase
shift and frequency was superimposed on the fundamental
and no dc offset was used. A locked-phasc frequency gener-
ator permitied a continuous phase shifting of any harmonic
with respect to the fundamecental. Two distinet phase shift
were tested: the first one where the peak-to-peak value of
the quantity (either voltage or current) was a maximem and
the other one where the peak-to-pesk value was a minimum.

In order to investigatc the effect on either the op-
erating time or the pickup value of current or voltage. the
above mentioned harmonic generator was inserted in series
with a 60 Hz fundamental that initially contained no more
than 3% harmonics. The harmonic generator was capable
of baving the phase shifted. This allowed the percent har-
mozics to be kept constant while the observed wave shape
changed from a maximurm peak-to-peuk to a minimum peak-
to-peak.

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 hasmonics



should be limited to less than 0.5%.

10. Relation between Barmonic Voltages and Currents

Harmonic voltages and currents are relzted by the
impedance that they encounter in the power system as out-
lined in Subsection 1. Depending upen the size of the sys-
tem impedance the harmonic voltages or the harmonic cur-
rents will be predominant. For relatively low impedances
{urban residential area) the harmonic currents will be pre-
dominant and the size of the harmonic currents should be
limited by the permissible harmonic current loading of pole-
and substation transformers {which have relatively smaller
impedances than transformers found in end-use devices).
For relatively large impedances (overhead lines in rural res-
tdential areas) the harmonic voltages will be predominant
and the values of the harmonic voltages should be limited by
the permissible additional losscs in parallel connected elec-
tromagnetic end-use devices. For ¢example, the harmonic
voltages given In Table II for a single-phase system cor-
responding to 2 harmonic factor of 5.8% will be used to
demonstrate the calculation of the harmonic currents for
two cases: 1) a typical residential arez with an impedance
of (0.0188+j0.0984) {1 (line to center tup at 60Hz); and 2)
a high impedance network with three times the impedance
given above. The first case will result in a total harmeonic
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 the harmoni¢ current and
not the harmonic voltage. Thercfore, the harmonic voltages
have be reduced from those specified in Lable IT 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 case the harmonic currents
are limited by the harmonic voltage factor.

11. Propagation of Harmonics withiz a Distribution
Feeder Due to Dispersed Harmonic Sources

The generation and propagation of voltage and
current harmonies in a residential distribution power sys-
temn due to dispersed single dc generation installations using
line-commutated inverters is discussed in References 5, 22
and 23. These inverters offer the advantages of being simple
and inexpensive, generating low order harmonics only and
having an inherent shut-down capability. That is, in case
the power system voltage vanishes, the ine-commutated in-
verter ceases t0 provide either voltage or current. How-
ever, electric utilities are concerned about the injection of
barmonic current into their power grids and have questijons
about the propagetion of harmonics and the requirements
of reactive power needed by such systems.

A digital computer model is developed where the
interactions of harmonics of diferent orders due to the non-
linear elements like transformers, inverters and solar ar-
rays are included. The distribution feeder is modeled as
a succession of gquadrupoles by using a nodal method. Each
quadrupole represents a network element and the represen-
tation of the single- or three-phase network elerments em-
ployed are detailed enough to model the propagation of volt-
age harmonics and their interactions.

The line-commutated inverter is modeled as a thy-
ristor bridge that can be operated either in discontinuous
or continuous conduction modes. Equations are derived
where voltage harmonics at the inverter terminals are not
neglected and the nonlinear array characteristic is included.
in the analysis. In transformers, changes in the current har-
monic spectra oceur because of the core saturation. There-
fore, the nonlinear relationship between the iron core flux

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

The models for the various network components
are used to represent a residential distribution feeder. Re-
sults of computations show that is is not advisable to oper-.
ate the solar arrays and inverters at their maximum output
power. Such operating conditions lead to low power factors.
Instead, it is proposed to design the 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 & day. the solar array must be rear-
ranged in a number of scriew/paralle] configurations and the
inverter must be operated in the transition between continu-
ous and discontinuous conduction modes (see Figure 16). A
practical implementation of these modifications is proposed
for the above-mcationed system.

The loading conditions of the distribution feeder
bave not been found to be important. No cancellation 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 Jocations. 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, instead 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 arc maintained and costs for
oversizing the transformers can be avoided. If these condi-
tions are met, the voltage and current distertions within the
entire distribution system will be within the guidelines as

roposed by the International Electrotechnical Commission
3] and the American Naticnal 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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Figure 16 Inverter ac current at the transition
between continuous and discontinuous conduction
modes.

A new harmonic load low model was developed because
the available models did not include the interdependence
of individual harmonics due to nonlinear elements. This
new harmonic load fow model confirms measured inverter
current waveforms and measured transformer responses.

CONCLUSIONS

¢ Relation between Current and Voltage Harmonics
(1) The representative equivalent impedances of urban dis-



tribution feeders within the U.S. are such that for har-
monie currents of 20 to 40% of low harmonic frequency,
harmonic.voltages in the range of 5 to 10% result.

(2) Representative equivalent impedances of rural distribu-
tion feeders within the U.S. are somewhat larger than
those of urban systems that weans for the same har-
monic currents as for an urban distribution system one
abtains larger harmonic voltages for rural power distri-
bution systems.

« Investigations of Transformers and Machines

(1} A harmonic factor has been introduced that represents
a weighted total harmonic distortion factor and can be
used to determine the losses and the corresponding tem-
perature rises of electric machines and transformers due
to harmonics in the terminal voltage.

(2) A correlation has been established between tempera-
ture rise and lifetimne reduction due to thermal aging.

(3) Flexible permissibe levels of voltage harmonies can be
determined through the harmonic factor by selecting
an acceptable lifetizne reduction of electromeagnetic end-
use devices.

(4) Voltage harmonics produce less additional losses in
transformers as used in end-use devices than n induc-
tion machines. This occurs because the harmoenic cur-
rents are limnited by the load of a transformer while in
au induction machine the total rotor circuit resistance
becomes very small for large harmonic slips.

(S) Universal machines are not very sensitive to harmonies
of the power systemn voltage and their additional tem-
pcTature rises are comparzble to those of transformers.

(6) The losses generated by low order harmonic voltages
are highly dependent upon the lamination thickness of
the iron—core sheets in electromagnetic devices.

= Forces and Torques of Induction Machines

(1) Harmonic vibrations, andible noise and rotor tor-
ques are sufficiently small #f voltage and current har-
monics are less than 10% of the fundamental terminal
quantities.

(2} Low order fractional and sub-harmonics  should be
avoided (amplitndes of larger than 0.5%) since they
may canse audible noise and vibrations.

e Impact of Harmonies on Capacitors
All harmonic current and voltage amplitudes of frequencies
larger than 2000Hz should be limited to less than 0.5%.

* Relation between Barmonic Veltages and Currents

{2) For distribution feeders with low repmumeequ:rv
alent impedances (e.g. urban distribution systems) the
harmonic current Joading of pole and substation trans-
formers will be the limiting quantity. The correpond-
ing harmonic voltage levels can be computed from the
equivalent impedances of the distribution system (Eqs1

w0 4).

Sets
Tdemonsetsanvuysmtlvetosub-andfncnonal volt-
age harmouics and therefose the amplitudes of such harmon-
mshouid be hmited to less than 0.5%.

Impacts on Induetion Watthonr Meters
(n Eharmmnofthepowasystemvohagempmt

induction watthour meters always indicate a larger con-
sumption of electricity than for the fundamental power
but less than the total of fundamental and harmonic
powers. This behavior of induction watthour meters is
due 10 the generaiion of eddy current losses (harmonics
only) within the iron laminations representing a damp-
ing. This increase in the reading of induction watt-
hour meters is for harmonics of present-day power sys-
tems in the nei, hborhood of a fraction of one percent.
(2) Note, the case where the harmonic power originates in
the nonlincar consumers has not been investigated.

s Influence on Power Distribution System Protection
For the relays investigated one can draw the following con-
clusions:

(1) Static and electromechanical overcurrent relays behave
in & similar manner as far as the instantaneocus and
the time-delay operation are concerned. The (nonsinu-
soidal) rms valuc of the pick-up current depends upon
the waveshape, that is the phase shifts of the harmon-
its with respect to the fundamental current. For a har-
raonics content of 40% the overcurrent devices operat-
ing under the instantancous characeristic pick-up in the
worst case at about (100 + 15%) of the nominal pick-up
value. Under the time-delay characteristic both types
of relays pick-up in the worst case at about {100145)%
of the nominal time delay.

(2) Static overcurrent relays have worst case long-time de-
lay pick-up current values of about 80% of the nomi-
nal value which occur at a harmonic content of 40%.
Such a large harmonic content can be caused by bat-
tery chargers, variable-specd motor controllers and high
frequency lighting devices.

(3) The static underfrequnency relay has under the influence
of voltage harmonics increased operating times and at
10% of voltage harmonics, in the worst case time almost
doubled. Tests indicated that the underfrequency relay
I very seusitive to fractional voltage harmonics and
th;gforesnc’hharmoni«sshou]dbcﬁmiudtolsthm
0.

{4) Relay engineers must be alert to when loads are added
10 a system that uses solid-state switching devices.

{5} Relay standards may need 10 address the problems of
harmonic cantent and their impact on relay character-

|shes.
(6} h:-simpoesibletogenera!uethebe!mmrofanyrehy
Tesponse to harmonics without testing or reviewing and

urderstanding the actual device design. 'l'hsapphesto
static. solid-state, induction cup or disk or
clapper type relays.

(7) Any one relay may have two different responses of
higher and lower pick-up values to diferent harmonics
or ¢ven to the same harmonic with the phasc shifted.

(8) Installations that initially cause no trouble may expe-
Tience nutsance gperation of relays i the future as the
pescentage of harmonics on the system grows.

« Propagation of Harmonics within a Distribution

Feeder Due to Dispersed Harmonic Sourcex

(1} Nonlinear elements {¢.g. solar arrays, inverters, trans-
formers) need to be accurately modeled. The nonknear
characteristic of the solar array, the saturation of the
transformers with transitions from the phasor domain
10 the time domain and vice-versa, and the possibility
of having voltage barmonics must be considered.

{2) A single-phase representation of the three-phase feeder
i ot sufficient and all three phases must be modeled
due to the unbalanced operaticn and the presence of
harmonics in the three-phase voltages.



(3) The operation of dispersed residential power plants con-
nected to the utility through line-commutated inverters
results in high harmonic currents and a low power fac-
tor. To limit the harmonic currents, a novel operating
strategy (minimum THD and improved power factor)
has been developed.
For the correction of the power factor, the capacitor
banks should not be connected ncar the substation as
propeosed in {24]. It is proposed to generate the reac-
tive power needed at the inverters directly at the house
loads though capacitors, instead of connecting capaci-
tor banks near substation transformers as it is usually
donc in the design of todays distribution feeders. This
decreasces the magnitudes of the fundamental currents
at the pole transformem because of the higher power
factor at these locations. Power factors similar to those
presemt in today’s distribution neiwork arc maintained
and therefore costs for oversizing the transformers can
be avoided.
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-
. monics usnally add and do not cancel, since the har-
monic phase shifts are not sxgm.ﬁa.nt!y different. In
the same way, no cancellation effect has been ol
in the three-phase portion of the network under consid-
eration. when the imbalance of the system is modified.
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