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The totalinstalled power capacity within the Eastern,
western, and Texan power pools of the Unieq
gates is 900 GW with about 70 GW of Spinning
reserve. Approximately 60% of the 900 GW is ¢on.
sumed by induction motors and 100% passes through
(ransformers. Similar percentages exist in most coun.
(ries around the world. For this reason transformers
and induction motors are important components of
(he electric power system.

The lifetime of any device is limited by the aging
of the insulation material due to temperature: the
higher the activation energy of any material, the
faster the aging proceeds. Iron and copper/alumi-
num have low activation energies and for this reason
their aging is negligible. Insulation material - either
of the organic or inorganic type — Is most susceptible
0 aging caused by temperature. If a device is prop-
erly designed then the rated temperature results in
the rated lifetime. Temperature rises above rated
lemperature result in a decrease of lifetime below its
rated value, There are a few mechanisms by which
the rated lifetime can be reduced:

1. Temperature rises above the rated temperature

~ ¢an come about due to overload and voltage or
current harmonics.

2 Lifetime can be also decreased by intermittent

‘i.?ﬂ]'ﬂ,'ff'“r? It is well known that generators of

Pumped storage plants must be rewound every

i Operate at a constant temperature.
fation within a machine due to load varia-
(€2, piston compressor) can destroy the

5

ehanieal properties of conductor insulation.

% Baults = such as short-circuits — can impact the
) [ P SR - 3 I s ¥ -
Iif MIEdue to excessive mechanical forces

SSHIE on the winding and their insulation.

T g n
5 1
s

i 48 ’*#ﬂ? we are concerned with aging due
WEle .r.rl d H""‘_ﬁﬁ{_—:{it}‘_ﬁ_ gj caused by harmonics. The
Of cuy Tentand voltage harmonics in today’s
YSEMS causes ﬁ@dﬁi!iona] losses in electro-
somponents and appliances, creating sub-
SVited temperature rises and decreasing

v
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lifetime |
L * s
‘ of machines and transformers. [herefore

al losses. l€mperature rises, and
5yatcm Components and loads has
rtant issue for utilities and end users

aging of power
become an impo
alike.

| Three different phases are involved
tion (or determination
devices:

In the estima-
) of the lifetime of magnetic

L. modeling and computation of the additional

losses due to voltage or
2 determination of the ens
and

current harmonics,
uing temperature rises.

3. estimation of the percentage decrease of life-
\me as compared with rated lifetime [1].

The literature is rich in documents and papers that
report the effect of poor power quality on losses and
lemperature rises of power system components and
loads; however, a matter that still remains to be
examined in more detail is the issue of device aging
under nonsinusoidal operating conditions. Earlier
papers were mostly concerned about magnetic device
losses under sinusoidal operating conditions [2-13].
However, more recent research has expanded the
scope to magnetic device derating under nonsinusoi-
dal operation [14-17]. Only a few papers have
addressed the subjects of device aging and econom-
ics issues caused by poor power quality [18-23].

In the first sections of this chapter the decrease of
lifetime of power system components and loads such
as universal motors, single- and three-phase trans-
formers, and induction motors are estimated based
on their terminal voltage harmonics. After a brief
review of temperature relations, the concept of
weighted harmonic factors IS intro@uced. This is a
quantity that relates the device lcrmiqal mllagt.t:. har-
monic amplitudes to its temperature rise. Add‘ltmnnl
temperature rises and losses due l.u harmonics i.iltt‘.'.
discussed. and thereafter the weighted harmnmc_
factors are employed to determine the decrease of
lifetime of electrical appliances. Toward the en.d c_:f
this chapter the time-varying :lmlure of harmtln{cs 1S
addressed with respect to their measurement, sum-

@ Elsevier Inc.
All rights reserved.
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is based on the separation of vy,

L ! al
pm:eﬂ“by Fourier, where T is the : dles 45

fil
CMpey at Pro.

el . . is the spatial coordinate as lllustrdled fos g,
le 6.1 cale : mﬁm- in Fig. P6.11, and 1 is the time. The by, ; anmmul
e !.,,n.mff of "' < ~ tions are Sy Cong;,
7(0, 1) =0 and I, 1= (b
_ for all times 7, and the initial conditj,
'f 40148 W .
tator slots §,=0.0701 m* T(x, 0) = fix
L £ Ol Jx), (1’6,11,3II

where f(x) is a given function of .
The temperature T(x, 1), is assumed sepyrh
x and r. e

T(x, 1) = X(x) - T(r)

i (F6.11)
~ sothat

_;Ln.:::'..l“: _l X” 1 ¥

U | =X T, (P11
coefficient
| fter dividing by X(x)7(r)

X 1T &

X a7 % (P6.114)

- _'r||| _,_.' - .
- 1|H_ f _‘1 I"-- ﬂl:!;ljl-ih-*:: =15

i-whmfk 1S the separation constant. We can expect f

_E , -.' L ¥ Fjﬂ Iff" §) _!-.
:L‘Eé’ negahve as can be seen from the fime

= ekl e i -‘ _I.
ALl I & 1 1_' i* '[l
== =i -

E’

(P6.11-7)
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'rwil] increase in time if k is positive i
ime if k is negative. The increase of |

r-L 1 YPQBSIble without any additional heat:
:l"f"fi""_:" m anc d therefore we assume that k is neg
) f -p’. The spatial differ
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FIGURE P6.11 I}_i'_hat.-cnndut:tiun in a homogeneous one-dimensional body of length €=1 m.

~ X(0)=0, X(0)=0.  (P6.11-11)

,_'.,l. €) = 0. resulting in p€ = nm. We take
eral solution by adding together all pos-

) (s "i T

gffi'i“q ons, satisfying the boundary conditions, to
. Wi

[
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l ) _ n'm'c’

- { : . . M ¥
:11 fﬁ)#—':' B" smeE ‘

s | n=0

(P6.11-12)

The final step is to apply the initial conditions
= s_iﬁ,;.sin?-: flx).  (P6.11-13)

'."‘ I "1’ 1€ mefﬁment of the above expres-

B,==[f(0sin"xdx  (P611-14)

Note that because every term in the solution for
T(x, 1) has a negative exponential in it, the tempera-
ture must decrease in time, and the final solution will
tend to T'=0.

T(x,t) _ BIT(.E, 0 the
ol ox”
boundary conditions 7(0, r) = T(1, t) =0, and the
nitial condition T(x, 0) = flx) =—4x* + 4x find 7(x,
1) for 0 < x < 1. The initial conditions and bound-
ary conditions are shown in Fig. P6.11 as a func-
tion of the spatial coordinate x and the time f.
Calculate and plot T(x, ) as a function of x for
¢ =1 ms; thereby it will be sufficient to take into

account three terms of the Fourier seres.
CAT(x,1) O T(x,1)

b) For A =1.€=1, thats, Y = =
boundary conditions 7(0, 1) = T(1. 1) =0, and the
initial conditions 7(x, 0)=flx)=x(for0<x< 1/2)
and T(x, 0)= fix)=1-x (for 12<x< 1) find
T(x, t). Calculate and plot T(x, t) as a function of
x for t=1ms; thereby it will be sufficient to take

into account three terms of the Fourier series.

2) For @=1, €=1, that is, 2
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devices conclu
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6.1 RATIONALE FOR RELYIN
mﬁﬂﬂﬁbﬂlﬁﬂs
Field measurements
ages and currents ;nf__ |
varying. This is due (0

=

LR

shgﬁ that fthe :hﬁrmunic volt-

a distribution feeder are time-

1. the changes in the loads. ans
2. the varying system’s configuration.
e means that steady-state harﬂlﬁnlc SPecn'a _du
E?ﬂmum r, :lgﬁds.- such as variable-speed
drives for air-conditioning, rolling mills, and arc fur-
naces operate during their daily operating cycle for
at least a few hours at rated operation. It is f?_" .-t]_:_us
operating condition that system components (€.g,
transformers, capacitors) and loads must be designed.
Most electromagnetic devices such as transformers
and rotating machines have thermal time constants
of 110 3 hours — depending on their sizes and cooling
mechanisms. When these components continually
‘operate at rated power, they are exposed to steady-
ient temperature of T = 40°C in the maximum
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where Tamn =40°C is the ambieny tem
lifetime of a magnetic device is greatly
this temperature rise and the lifetime
if this rated temperature rise is exce
length of time [1].

The presence of voltage harmonics in the
system’s voltage causes harmonic currep,,
tion motors and transformers of electric
ances, resulting in an elevated temper
(Triu_:rut +ATy) such that the device tempery

\
dﬂ'[‘lt h

et
Cde

OVer .

€ any

]'Hm"‘.r

I mdl&f_‘.

dl {1pph_
Wre. g,

[Llr-: 3

T= Ti'imh ar Trlw rat Lz &T;I, ” ]
W

where AT, is the additional temperature rise die |
]

yoltage (integer, sub-, inter-) harmonics, Through, §

series of studies this additional temperatue yjg, i
various electric machines and transformers ;. cal
gulated and measured as a function of the harmop
amplitude V;, and the phase shifts of the Yolage
harmonics @, with respect to the fundameyy
(18, 19].

The insulating material of electrical apparatys g
used in electrical appliances, is of either organic o
inorganic origin. The deterioration of the insulatioy
caused by the elevated temperature rise is mani
fested by a reduction of the mechanical strength and
or a change of the dielectric behavior of the insuls
tion material. This thermal degradation is best rep
resented by the reaction rate equation of Arrheniu
Plots which will be drawn based on this equation art
called Arrhenius plots [24, 25]. The slopes of thes

{ime peduction of Transformers and Induction Machines

Life
i will hardly be the same for any two networks
i'iI:'ldl Caltage harmonics result in additional losses
qinee mperature rises (A7)) in electrical appliances.
d be desirable to derive one single criterion
ich limits — for a mam'mu.m. allowable additional
mperature rise — the individual amplitudes and
(e e shifts of the occurring harmonic voltages
plmsdmg their relative weight with respect to each
h buting to the e¢levated temperature

if w{ll.l_i

incl .
other in contri

rise Al = A |
'AISU this criterion should be simple enough so
, 3

(hat the additional lnjﬁ*.ses, tcmpergturc rim.& AT, and
thﬁ_reduction of lifetime of elec‘:tncal appliances can
agsily be predicted a5 8 function of the harmonic
content of their terminal voltages. As most electrical
appliances USE tran?;formel.fs and moturs_as input
devices, 10 this section weighted harmonic factors
will be derived for single-phase and three-phase
(ransformers and induction machines.

The ambienttemperatureisat the most 7, = 40°C.
The rated temperature rise depends on the class of
nsulation material used. 7iir, = 80°C is a commonly

permitted value so that

Toy = Lamn + Trisera= 40°C +80°C = 120°C.  (6-3)

In transformers, iron-core sheets and copper (alu-
minum) conductors are insulated by paper, plastic
material, or varnish.

plots are proportional to the activation energy ko
the insulation material under consideration. Knowit:
the rated lifetime of insulation materials at rat
temperature (7, = Lamn + Triernr), and the elwmtft
temperature rise (A7)) due to given nmpliludgs‘ Vi
and phase shifts ¢, of voltage harmonics, one Wil ¥
able to estimate from the Arrhenius plot the redue
tion of the lifetime of an electrical apphance due 0
MﬂmThe activation energy L is the f'FIH-'fHJ'
transmitted in the form of heat to the chemical
reaction of decomposition.

gy " I |

- |
i1 1

6.3 WEIGHTED-HARMONIC FACTORS
The harmonic vo ia‘ga content (order /i
/i, and pl e shifs @) of power sysl.e

Hmpiiludf
m '.'L‘J'“ﬂgﬁ
neralod
5}-‘5[13“1‘

dt‘:ﬁcribing the spe

Ed Elf = ks gl "
of any ( degradation or deterioration

Organic, | | '

o ganlic, mnorganic) material. This deteriora-

Th. TE:I oxidation due to ¢levated temperatures
€ 1des a werghte ‘ .

ey L.d Fif 4 weighted harmonic factor for differ-
magnetic devices [20] is based on the f

2 A HC'. l ¢
the additional lemper hat

. alure rise AT, is different for
universal machines, and imnduction

| although the harmonic content (V. @) of
the terminal voltages is the same

transformers.
machines.

6.3.1 Weighted-Harmonic Factor for Single-
Phase Transformers

F}gurt: 6.1 illustrates the equivalent circuit of a
single-phase transformer for the fundamental (h=1)
and harmonic voltages of hth order.

T'he ohmic losses of the hth harmonic expressed
In terms of the fundamental ohmic losses are

Wonnicn _ ( Vo ] l Rt Roy }; RATIO), (6-4)
A ' R 4R, ) :

ohmic. 1

where

RATIO =
lR_I.'l T [{:] T R;-l'ld_l ]_ T f.”: [ f"lg.'ll T [":1 T L{l_';h].'| ]i
( RMJ T [{:J: iz !{1’11 ad, h }: + h{u]: l Lo+ Llr“ n L;ns.d.h )l

i £

' R, joL Ty
AN
~ +
+ |
"l‘ l nulmul | Z" 0 P =
~ ~ ~ load. 1 TR L
V -~ ’ \'.;, T \| ad, |
Pl EPI lllii!g, I lulmi I R load. | : i
e 0 ILml R, | -
| L,
(a)

. P I h™ ph
E i
I

R:{h jthLHh I’ = |
Z

e
f f e r]

sh load. b

W\«—"W"—*“ :

‘ I + + noload h ’ | -~ ~
o = load b | V' =V
v 1 ] V o l 2 5h IU-{!.!J, h
- Ph E : mag, h core, h R loadh
.- ph
“r = - ]u}hLmh Rfe, h -
! o
(b)
> , - Ase sformers.
IGURE & 4 .. : otant circuits of single-phase (rans
"SRR -1 Fundamental (a) and harmonic (b) equivalent CIFOUAS €

ECE

.

GEORCE COLL

- A




. the influence
-esidential power transformers
2 - lected. However, the

he skin effect can be neg
::1:1 effect of an ohmic load cannot be ignored,

because R';ﬁ_p, M: >> R RP:.. R, R;;: Therefore,
one obtains

» A
Wahm,n (Riwsa) *twt (L, + L+ Ligas )

wehmh.l
(65)

Bue tﬂ' Lﬂ Lph L&‘l I'.Ih L-kn:l,h L‘lmd.ls and thE
fact that the load resistance Ry increases less than
linearly with frequency [1 8], the following simplified

expression is cﬂns:ld:erad

B
Wosmien 1_‘[?@ ) : (6-6)
R WL

#ﬁm--ﬂmn < 2 depends on the resistance and induc-
ce values of the equivalent circuit of a load.

'ﬂm iron-core losses of a single-phase transformer

due to a voltage harmonic of order h are expressed

m terms M :hemm.spaudmg losses caused by the

ction of the eddy currents “'r

( ](R;,d,,) 24 (hoo) (L +Lﬂ+£w,,)'

According 10 [27], the core-loss resistance €r

f — K06 . ats

Ryl Ryea = h"* 80d because of the leakge

being proportional to A, one obtaing the iy
equ:

(EP)JEFI) < (VFH”VFI} or qukllil}.

[ Efﬁl }h ( ‘__fph ]m

E, P (6-10)
where the exponent m 1s less than 2 . Therefore
single-phase transformers Eq. 6-9 becomes Or

mﬂtﬂ\a‘l ., 1 Vpﬂ ‘+ 1 Vph i |
W B\ V h*S\ v - (6])

pl pl

Depending on the relative sizes of the ohmic and
iron-core losses at full load, Eq. 6-11 can be TeWritten
for all occurring harmonics and is called the weighted
‘harmonic factor [20]:

w’tﬂtﬁl h: ( FII J! g
5 (6'12}
'w'tetat 1 | z (h) ‘,,1

where W, and W1 are the total harmonic
losses and the total fundamental losses, respectively,
Also 0k <2.0and 0</<2.0. Average values for k
and / are obtained from measurements as discussed
in a later section.

6.3.2 Measured Temperature Increases

of Transformers

Measured temperature rises in transformers and
induction machines as they occur in a residentiall
commercial power system — together with calculated
dﬂﬁslﬂﬁfﬂﬂsﬁs due to voltage harmonics — represen!
a base for the estimation of the lifetime reduction
due to veltage harmonics. It is thereby assumed thal
ifgmm additional temperature rises — as compared
with ﬂm Tﬂtﬂd temperature rise — the additional

.

losses ﬂl;e proportional to the additional temperalure

i’ﬂgfﬂnf'base Transformers

gle-phase 150 VA transformer was tested (18,
Fi . “'Etﬁﬁ,h shows the measured temperature

‘J 3!
H‘- ntr'n

.. . ‘_| -l‘

& (e.g., Ty =23°C) and high (&
”“ ..,, tempetatures

if the third harmonic voltage v(1) SUPEF

‘_ _: ‘“‘ tﬂl voltage vi(1) preducﬂ='

‘-“-.- t) + va(1)) that is max!

S “ . flux density in ¢

rcen ﬁ 'B,f the rated temperature rises 2! full

. Reduction of Transformers and Induction Machines
me FE
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b ATh (%)
141 -
_f rated temperature at
121 2 ambient temperature
[ "::::!éi: Tamb, = 28°C: Traeq = 62.8°C (145 iF)
10': | . peak to peak is maximum
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g L' AN /¢ harmonic content of
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FIGURE 6.2 Measured additional temperature rise of the
lﬁﬂ"Vﬁﬁihﬁ&pﬁase transformer winding in % of the rated
Emperature rise at full load at an ambient temperature of
(ﬂ)@c:and (b) 40°C as a function of the harmonic voltage
amplitu n.phase shift, and frequency [29, 30].

Wl@}*t&i@)} IS minimum. That is, the total har-
mlm are smaller than those when the peak-
‘Wﬂﬁlﬁgem minimum, resulting in a maximum
-‘-"-‘--*!-E‘*ME:: vame of the flux density. This “alter-

vior of the harmonic losses and associ-
'_ tllres 18 discussed in detail in [27, 28].
L

w. r ﬂPhase Transformers

rlt H

SR "“” M—gmunded and Y-grounded/Y-
I | ”“‘*" rations and they were subjected to

:..-“ |]: E'

harmonic mltage COI’IdlthHS as the single-

ofthe “’“ sforn Erwmdmgsweremeasured
A 'HB for the single-phase trans-
i ore limited to balanced opera-
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FIGURE 6.3 (a) Measured additional temperature rise of
the transformer winding in % of the rated temperature rise
at full load at an ambient temperature of 23°C as a function
of the harmonic voltage amplitude and frequency for either
forward- or backward-rotating harmonic voltage systems,
if the transformer bank is in A/¥-grounded connection (29,
30]. (b) Measured additional temperature rise of the trans-
former winding in % of the rated temperature rise at full
load at an ambient temperature of 24°C as a function of the
harmonic voltage amplitude and frequency for either
forward- or backward-rotating harmonic voltage systems,
if the transformer bank is in Y-grounded/Y-grounded con-
nection [29, 30}.

tion. However. no phase-lock loop was available and
no stable relation between fundamental and har-
monic voltage systems could be maintained. There-
fore, the temperature data of Fig. 0. 3a.b represent

average values and the alternating behavior could

not be observed, although it also exists in three-

phase transformers.

6.3.3 Weighted-Harmnnic Factor for Three-
Phase Induction Machines

The per-phase equivalent circuits of a ‘three—phasel
induction motor arc shown for the hl[ldi]ﬂ'lt‘::[:"lh
(h=1) and a (integer, sub-, inter-) harmonic u] t
order in Fig. 6.4. 1n Fig. 6.4 the fundamental slip 1s
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(6-18)

ing Eqs. 6-16 and 6-18, the total iron-core

a1 5“;“;21’ a harmonic of order h of a three-phase
[oss€

duction: ‘machine become
|

2

R +R ol I
Wﬂ s th [
~ et ( ﬂ|+Rf, ][ } W 7°

WM‘: ] ~atart pu
Nl h (___ )
+ E h{l ]

ek all oeeurTing harmonics, one can show that the

’ 0 1| haﬂj‘[ﬂﬂlc losses Wmtu!h relate 1o the total fun-
)R totd defined by the weighted h

- damental losses, as delined by ey

monic factor [32]:

| . J
-“’_Imulhll = Z 1 (Vph :
mnm| h=2 (h]

(6-19)

(6-20)

pl

where 0€ k<2 and 0 </ <2.
Note that the relations for single-phase transform-

ers (Eq. 6-12) and that for a three-phase induction

- (R, + R, /s )2+(m L +wL) motor (Eq. 6-20) are identical in structure, though
- R e the exponents k and [ may assume different values

Sy | Imh ,ﬁﬁ lﬂip 5, = [h o (-1 —51)]”1 L UI v “‘;h‘ Eq i mxrlmglﬁﬂphMEtranflfOfmﬂrs ﬁnd thf?ﬁ phﬁdSL If'ldUL
' -ﬁgﬂfﬁ-ﬁa—&mﬁﬁm&n as | ﬁmmﬂlﬁﬂ' These exponents will be identified in the

(6-13b) next seetion and it will be shown that the same
. /- R, \(V sy structure of the weighted harmonic factor will also
i ,[Rgh"‘ ]( pf:] e /(614 e
J;I R.j’] +‘R:I V h Zﬂurl pii

=— = =, (615)

| fbfi‘ three-phase lransformers and smgie

ll"!— .-_.

”" epenc ng on the values of k and [ one obtains
*1ﬁr re nr 8 or temperature dependencies as a func-
ﬁ'ﬁquency Unfortunately, these depen-
‘F‘”L‘f‘ ’J t \fﬂ.l'}f within wide ranges from constanl

fore, one 1 " The ﬁ:':iMa'lJ iron-core losses due to a vollag
EHI F-I 's ”fj “* 'ﬂﬁ brder h Igferred 10O the Iron-core g8
a fundamental frequency are (see Fig. 6.4)

-'
L]

] f— L E Iﬁti\:lqllll

I W, .~ -ilnrliu- I*J I % | ':IZEI :R[..- h Em- E__ o ”1 perbolic functions. This is so because the iron-
T 1 Tl \" R \E.) R core losse depend on the electric steel (e.g., conduc:
- obmic,d e, '

‘“'" ' ” mination thickness, permeability) used and
*" """“M COTI gurauons n prlmary or stator and
ang f“__’ or rotor. These can exhibit different con-
ductivities Cu.,Al) or skin and proximity effects.
"L‘ **TH ) JIJhese dependencws yarious k and
bt’. assumed, as is depicted in Figs.

(6-17)

Ll Ilrl‘

s imk ll '-;l “'rﬂ

] |'|.,., [ .“'I -I-'. “;. ] |

band /=1 results in a linear frequency-
ndent characteristic (Fig. 6.5)

ults in a inverse frequency-
 chars H TS tic(mg 6.6).

N 16 in a quadratic inverse
enc ”' ﬂ(ﬁflﬁractensuc (Fig. 6.7)-

nel J.--.
II“" I‘: - l fI"l
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FIGURE 6.5 Lincar frequency- IH{IL['}L.H{]EH[ increase of
harmonic losses with harmonic voltage V,,
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FIGURE 8.6 Inverse frequency-dependent increase of har-
monic losses with harmonic voltage V.
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cto-peak value of the ‘efﬂlina] Yoi t@:”é:

— h-t a function of the SUPerposeq » - ¢
oltage with the fundamental voltage. t"’ﬁt&@

1 .
=y
= [y

I 1 i y
: ~ P=2hp. V.=11;u’2%\11___:4p : peak to peak is maximum

: f=60Hz. =073 n. =175 A peak to peak is minimum
i - P (&) , ' .
" " ” J 7 harmonic content of
parmon-  Figure 6.8a.b shows that the additiony p,,_ terminal voltage Vi/Veqs
= - the losses due to subharmonic voltages ang i:-u:;; ‘ _. ~_
[l I At N - - = !“ff“'-s e A : . .‘,::.‘.,
2 __:_ - :_’_'_:._',_1-'._' h m ﬁ-lndameﬂt&l t’e\.‘nme ‘_gn 1“{ W g o b h R e T —
N B e [ 1Y e P S N R S SRR,
I!.’::‘é en P"Pmemages and, therefore, the %3\‘ B S N R o R
Sl R : ~ % O e s = [T TS sl o) e D SR
 fungame . Note that at g : el
LT Ill _ > the slip &equfnf}' Which 360 480 600 720 840
corresponds to a ship of s=0 the total statqy | fr (H2)

Bl {see Fis. 6.32) because m:::

< about zero (see Fig. 6.8b).

(&)

Tamp = 23°C: T =78.2°C (172.6 °F)

__» peak to peak is maximum
= peak to peak is minumum
od harmonic content of
o2 terminal voltage Vi/Veos;
ST %

-

-----
------

--------
-------------------

' (b)

URE 6.9 (a) Measured additional temperature rise of
+nd winding at full load as a function of the har-
e amplitude, phase shift, and frequency for the

se machine of Eq. 6-21 [33] (referred to rated
. e .-'H: ‘of stator). (b) Measured additional tem-
perature rise of the squirrel-cage rotor winding at full load
s & function of the harmonic voltage amplitude, phase
ift, and frequency for the single-phase machine of Eq.
' | d to rated temperature rise of rotor).

il e '_.'.:\'._'.""l."-.-:-i.

Three-Phase Induction Motors
: 64ab ‘illu rates the equivalent circuit of
se induction machines for the fundamental
harmonics of order h (integer, sub-, and
mies). The total harmonic losses were cal-

19] for a three-phase induction machine

wing nameplate data and equivalent
"

y. '_Iu f:_r-' €S, e = 1738 rpm.
. =220/380 V, &Y connected.

Ra=7.0Q, X, =80,

- . 'i: ;.'E:_:-.' 91 'X:l . 7'3 Q‘ “6*22)

235

Figure 6.10a shows the
refe _rred to the total rate
depicts the

total harmonic stator losses

: d \statnr losses and Fig. 6.10b
otal harmonic rotor losses referred to
| ted rotor losses. In Fig. 6.10a there is a

from the ir
the lamin
losse

ifn-cﬂrg losses and its location depends on
: m;lzﬁn :j::k'ness of the iron-core sheets. 'ﬁm
e Lrea?e I‘GF subharmonics and inter-
& with decreasing frequency. The total

harmonic rotor losses of Fig. 6.10b are larger for
bac_kj\'ard-mtating harmonic voltage systems (full
lines) and smaller for t'unuard-rn?alin‘a harmonic
Systems (dashed lines). As for the ilal(;r. the rotor
losses due to subhamonics and mterharmonics
below 60 Hz increase greatly with decreasing fre-
quency. Note that at the slip frequency which Eﬂn‘e-
Sp("l“l'dj’i 1o & slip of s =0 the total stator losses reach
4 minmum (see Fig. 6.10a) because the total rotor
losses are about zero (see Fig. 6.10b).

For the three-phase induction motor with the fol-
lowing nameplate data:

=2hp, g, =3: N, =LPF, f=60 Hz,
Mo =1725rpm, Vi =200 A, [n=7.1 A,
ime: continuous. (6-23)
the additional temperature rise of the stator end
winding for forward- and backward-rotating har-
monic voltage systems superimposed with a forward
voltage system of fundamental frequency of 60 Hz s
shown in Fig. 6.11a. Note that for subharmonic and
interharmonics below 60 Hz the stator temperature
increases rapidly. The corresponding temperature
rises of the squirrel-cage winding of the rator are
depicted in Fig. 6.11b and 6.11c for forward- and
backward-rotating harmonic voltage systems, respecs
tively. The temperature rise due (o the backward-
mla{ing harmonic voltage system 1§ shghtly larger
than thhm of the forward-rotating system, if the rotor
se is considered. Again, the tempera-
and interharmonics below 60 Hz
are rapidly increasing with decreasing frequeni:‘%f.

Figures 6.10 and 6.11 illustrate that the ac-idltmnal
ture rises due to subharmonic and interhar-
60 Hz voltages become VEry large,
even at low percentages, therefore, the subharmonic
and interharmonics below 60 Hz voltage compa-

ts must be limited to below 0.5% of the funda-

nen bel
mental voltage. The sensitivity of large three-phase
\ ith respect 1© additional tem-

: ' hines wi
induction machines b ‘
also been calculated in [34). and 1t

o limit the subharmonic voltages

temperature rn
ture rises due to sub-

tempera
monics below

perature rises has
i« recommended

to 0.1%.
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harmonic content of
/ terminal voltage Vi /Veou,

fy (HZ)
l -
1080
(a)
fr (H2)
e = - . l -
960 1080

59 01 () ot o @imarmonic stator losses referred to the total rated stator losses for the machine of E¢.*

s referred to the total rated rotor losses for the machine of Eq 2

For h<1 corresponding to the slip fred™

where . . - . N o ’ h [t;
- Where the stator field is in synchronism ‘r“id :
mechanical rotor no voltage E will be indu h
'.'-,'"..'_ - - - e B - . < q .-,' [ J"L
the rotor and the rotor currents are zero: (13 F o
rotor loss is zero and the total motor 1055 P a_ﬁ
U . I’ i = - g | l 'ﬂ:
minimum, as is indicated in Fig 612 7 i

mter- or sub onic frequencies, > -:
N L '--'n- i re ma e g Rty : ]J aﬁd Ih
lagnetizing reactance is very ST
znt becomes very large resulting 10 ph
-LUIICS W ] dl.-‘-'

. | o - ‘ 1 EuSS'E
and harmonic torques as 4"

fetime Reduction of Transformers and Induction Machines

qugi 6.11 (a) !Vlcasured addi- AT, (%)
] (emperature rise of the stator A

[1.0:11. winding s fun::l_ion of fnrwanfl- 20
o packward-rotating harmonic 5

I

(tage systems superposed with a [ |] !

{nmnrd-fotalmg funda_ime.nlal v?!lage sa L4
the induction machine of .

gystem [or | 2 [l

$» §-23 [30] (referred to rated tem- 30 9%
e mrﬁ rise of stator). (b) Measured 8 A

Jditional temperature rise of the . |-I l\
a = :
i sq_ulrl'ﬂl"cﬂﬁ otatin : harmonic ' '\ of M-""‘CEEM? at amb. temp
ion of forward-r g 5 *\ Trtes = 186,8°C, 86.0°C.

yoltage systems superposed with a
[urwafd~rnlatiﬂg fundamental voltage
system for the induction machine of

Eq. 6-23 [30) (referred to rated tem-
rature rise of rotor). (c) Measured
additional temperaﬂ:lr; _ rise uff the - .
uirrel-cage winding as a func- L ————
E::r;;l backw;d-mtating harmonic 20 180 240 300 380 420 430 540800 560 220 75D ok gm_g!mm;m&
yoltage systems superposed with a (a)
forward-rotating fundamental voltage AT}, (%)
tem for the induction machine of
Eq. 6-23 [30] (referred to rated tem- 32
perature rise of rotor). 30
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- |8 - ‘Ii-l.-l A = b -
g 3 ﬂHAp]E“ ﬁlﬂmmnﬂmﬁ of Transformers and Induction Machjnes
- 4 AT, | 18 . 29 i
| Ewﬁ._{%) ._'-. . oted and measured in references [18, 19]. Pro. T = 4090 il 3
| b = , an

ﬁﬂﬁﬂ' hfm additional losses due to such time
o iee are ;sm‘g’]] as compared with the rated

1@@@%ﬂ"”ﬁ€€ Wiauii): @ proportionality between
_ ;ﬁgﬁfﬁaamoﬁﬂ; losses and the additional temper-

and I“g = ].?5' rated = 1 O{PC. Assume k“l - 0.9{}

6.5.2 Application Example 6.2: Temperature

Rise of 2 Single
Phase Ind
Single Harmonic Voltage uction Motor Due to

oy rises can be assumed because the cooling
dﬂﬁﬂiﬁﬂm’aﬂ? not significantly altered. Calculations B
L e i el e €lermin :

diiﬂt-_mwuraments show that the previously ¢ the temperature rise AT, of 4 single-

- s ﬁT,mf*'- e el I e . : phase induct;
el e | \ nentloned electromagnetic devices are sensitive o aetion motor provided V4 = 0,10 pu = 109

\ N mduction

i
-

—— E‘E'!Er- il — fﬂr mll:agﬁ harmomcs m the frequency range ;;'&hfqzofa{;md T = 100°C.  Assume Ky =0.85
. . agﬁrgMﬂﬂﬂﬁ ngmomcs of low order generate T s
ST L st sy the largest additional loss. The correspondence ransformers, induction machines. and universal
ey-dependent -mj“ 6.13 Hyperbolic inverse frequency-dep, oﬁ%ﬁ .gl;fﬁn value of the weighted-harmonic factor ".m_chlntsl have different loss or temperature sensi-
~incre: -7_-1_?fthgmmi¢ losses with harmonic %*nltfg:ﬂ;m (téimédﬂltlﬂﬂal loss and temperature rise) leads tvities with respect 1o voltage harmonics and, there-
ed : mmm&ﬁequency corresponding to mechanics| Spe;i mwthéﬁdd‘mnal temperature rise (or loss) versus fore, the additional lemperature rises are diifferent
'JIEI'@WRW)* fhghﬁrmﬂﬂmffacmf function [20] as shown in Fig, aral five types of devices. The additional lempera-
N ) | - 6.11"‘- t_urel mse (loss) versus weighted-harmonic factor
- quenc es and amplitude of references (18, 19] can b With assumed values for the average exponents function m_d:cates that the most sensitive compo-
. used. These calculated and measured functioye o ki:l and Ly, as they apply to transformers, induction nents are Slngl_eiphase Induction machines, whereas N
- "[f‘l_ﬁw'_.'__':l_l_ilfltﬁﬂ by a family of hyperbolas b i N i chines. one can compite for given the‘ I§ast sensitive de'vices are transformers with 5,
(EoAY *ig:ﬁg“ 6.13. Bf‘?g@jggggsg~.'éff-thﬂ--_ha‘rmonic voltages the weighted- :‘:mstwe i universal machines. This is so q§
=" One can determine the values of the eXponent | h or : factor and associate with it the additional ;cause . 0y harmonic terminal voltage, a single- e
| 1 m any Jéfﬁii'ﬂﬁ . mﬁ points (V... AT,,) and Vs mg@@ﬂpﬂmuw Fkeee Fhra:; n;z:l?ed(anq to some degree an unbalanced b
'ﬁ%ﬁﬁg&ﬂ for any given two harmonic fr. o 1 bpk dn Heron. machmeﬁ*) develaps forward- .
T ”U SEk (et and R i ak bac; war (;rotatmg h.arm?:-mc ﬁeﬁlx!s and responds T
: 1y 6.5.1 Application Example 6.1: Temperature l;:e ;:ngsuzf f; frlm'c“‘f"‘fti ‘E“df‘:m due to the P
(AT, (Y Rise of a Single-Phase Transformer Due to [gt_ i G W b o
-~ log i (hq] Singl *Jﬁ,g'i;@ﬁﬂ'ﬂ Voltage rotating rotor. In transformers thet resistive and 3
- L : (626) s ' | inductive loads can never haye zero impedance due 5
' - log[ Vphl] P&mg th& -It._il_-‘fmp'f-:ra.tl{re rise AT, of a single- to the nature of the frequency dependency of such s
2y ::l Vo phase transformer provided V,;=0.10 pu=10%, loads. Cs
I 'i_}f"?it_l_l'-:’ ) t,:-_:__j;’g, ation ﬂf measured pOlnl’S one finds the - a4
following [33]: _ e L) NN 3
| ® Single- and 150<1<2.0 B NN e NRRNS h b

1.0</<1.80

—

12<1<20

o N IO = o
" M [ -.,.-"" - -
versal machines | 15</<25 e —
- A el single and three
. L Y ory are 4, s phase transformers
YETage vall ':'"'17:' gl'{"'ti" ‘!Efp‘r each caleg B 2 o B e e universal motors
| -5 v Eaes e o e el 7 T e s
. . r H [ B . 4 B i g
- i ' T:' T e
II | -mI Iﬁt asaguemnpmpe=r I ----- T ----- I i l l I 1 I l I I l _’
—1 . - TUHE | * S - T ]4 I:’ lb I'T '[g 19
= 1 p iy :1-;_--.-.:.-.-:_1 = -.,_‘.,_- ) % - A | - b — ik
NEIGHTED-HARMONIC F | 5 1 Vay
SEERPE I_—_—_____ e ,-ises due 0 e Lpt v, |
K A taraner (& x - _single-
IRRERS Alk tl """““ ansform® FIGy; . . us weighted-harmonic factor function for universal motors gl
terminal voltage of "7  Additional temperature rise (o loss) vers

4 i ersal machines ?

pee ransformers. and induction motors [33].
indol |f._ ‘ et ' :
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mall g lead, "

Kﬂi”],glgaseonstant or, depending gp, y
Bnlmnnmnstant, I'is the absolye
in kelvins, and E is the activation epe,
5 85 | reaction (large E leads to fast aging ¢
e [18, Equation 6-27 expresses the rule of chem;

w whfch was derived by Svante Arr}ical_[‘?i;.
1880. The form of the original Anhenmf?mz” .
temperature rise Of ThE THEE 7 can be obtained from the differential ———
yres. Thequestion arses 0 jntegration as follows: M

nperz - dR = Ae*FXD g,
IdR:AIL’_"ﬂ”'dL
R=Ae'"*Nqy,
E: Ae—lf;‘KT]
r 3
- In(R/t) = In(Ae™ =57,
o InR — Int=1InA — E/KT,
or
' E\1
N 111!-:(—)—--!-3 (6-28
- _ KT A

m}lﬁt In £ versus 1/T is a straight line with the
slope E/K. if for the lifetime ¢ a logarithmic scales
nployed. as shown in Fig. 6.15.
2quation 6-28 expresses that the logarithm of ix
degradation (decreased life) time £ is proportional{o
1& acti ﬁaa;@nergy E: this energy is transmittcc 2
to the chemical reaction or decot-
erent kinds of materials need 2 differ-

iy 1'_,:-:. ) ' m
sl = Hy

e € 10111 Ol 11Cd
=t A s i ~ L .

- Tesearc fiﬁs en done [24]. In this reference, 0%
can find not only a list of the activation energics, ™

s -.‘ £ N ".__ B aal = . g 3 f}
ner e '”“'} distribution of the activation encre

f_lf "jﬁl 'li.ml-“dﬁ flexural strength. impact strength,

dis

p— -

__ peduction of Transformers and Induction Machines

ous materials. Properties monitored for these

qric strength. In Fig. 4 of [24], one notes

;;‘f;l “ber of materials for each increment of 0.1 eV

tion energy (see Fig. 6.16). The peak of this

mﬁuﬂm curve occurs at about E=1.15eV.

‘ﬂlﬂ?ﬂm use of the Arrhenius plot and the
__auences of the data of Fig. 4 of [24] will be
«<ed in the next section.

ECREASE OF LIFETIME DUE TO AN
ADDITIONAL TEMPERATURE RISE

mmpeanhe Arrhenius plot based on

6.8 D

E\1
Int= (——]— +B (6-29
KIT ;

-« the most important guantity (proportional to the
activation energy E) for our investigation: this is the
cnl! qyan_ﬁty that determines the aging of the insula-
tion material. Therefore, we have to use the slope of
the Arrhenius plot as a measure of aging.

Iﬂ;ng knows from experiments two (different)
pm_ﬂtﬁﬂﬁhﬁ p]pt belonging to temperatures T, and
&%ﬁdmﬁmﬁ t; and B, respectively, thatis. (7. ;)
and (T, 1;). then one can obtain for a given insulation

b EX(1 1
Int,—Int, = )[ = )
B Inl & (K il T (630)
I
1!
|
11
B
|
1=
Y
|
i |
|1l
L l_l'—:-l W=

241

It must he noted that if the 3

: ctivation .
Measured in electron vol energy E is

Is one has to usge {1
Boltzmann constant: K =138 - 102 J/Ke] fnr_K
VIM; In case

the activation energy is piven in k: '
t::: constant K w%fl biwf}?emgﬁﬂzz;?lp?in Elc
2.84 - 10~ keal/mol, Note that 1 eV=1602- 07
or 1/=0.624-10% ey Rikes
apiﬁiie:? knows the rated lifetime 1, of an
e S and its rjated (constant) temperature T at
it I operating. The question arises to what
extent the lifetime decreases provided the elevated
lemperature becomes T, = T, + AT where AT = AT,

To answer this '
SWe question one has to substitute |
n Eq.
6-30 T, by T, + AT: =

E\( 1 |
int -l“f-r= — ==

After some manipulations, the new decreased life-
time 1s
{Ey AT
| — e

_1._'| :
BT S LN

(6-32)

where 1, is the rated lifetime, 75 is the rated tempera-

ture in kelvins, and AT is the (additional) tempera-

ture rise in degrees Celsius. Several examples will
illustrate the use of the above relation as applied
to the calculation of the decrease of the hifetime
due to the additional temperature rise caused by
the additional harmonic losses. In all following
examples it is assumed that the rated lifetime of
the apparatus is =40 years, and the steady-
state rated temperature of the hottest spot 1s
T,=100°C=273 + 100 = 373 “Kelvin.

6.8.1 Application Example 6.3: Aging of a

Single-Phase induction Motor with
E=0.74 eV Due to 2 Single Harmonic Voltage

Determine for an activation energy of E=0.74 eV
the slope E/K and for the additional temperature
rise ATy = 6.6°C (€€ Application Example 6.2 with
T =405, T=Tw= 100°C) the reduced lifetime of

a single-phase induction moLor.

6.8.2 Application Example 6.4: Aging of a

ith
ingle-Phase Induction Motor W
2 :g0.51 eV Due to a Single Harmonic Voltage

for an activation €ncrgy of E=0351¢eV

10 2.0 3.0
'f v Ve ' N energy (EV)

6 “requer distribution of activation €
15 organic and inorganic materials [24].

ner-

Determine ® ‘
the slope E/K and for the .dditional temperature nse

T, =6.6°C (€€ Application Example 6.?_. Wllh
f; }F-: 4U‘ T: 7. = 100°C) the reduced lifetime ot

2.8 5.4
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. all calculations on an activation energy of about 7 |
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6.10 POSSIBLE LIMITS FOR
'HARMONIC VOLTAGES

In order to illustrate the use of Eqs. 6.33 s 63
the harmonic voltage spectra for 2 single-phase 14
for a three-phase feeder (see Table 6.1
B3]

‘With average values of k,,=0.85 and Ly =14
mon-  for single-phase induction motors, Kavy =095 and

eIs Ly, = 1.6 for three-phase induction motors, Koy =090
and /,,, = 1.75 for single-phase and three-phase trans
fﬁ!ﬂlﬂmg, and :'k,,,.gﬁ 1.0 and live=2.0 for universi
machines, one obtains for the single-phase spectrun
of Table 6.1 the weighted harmonic-voltage factor
\,‘ I T _ hmiax 1 Vn
4 forsingle-phase induction motors [l
g forsnglephase inducion moors
for the three-phase spectrum of Table 6,1 fo

el B : Tk |
L - '“.‘ r' J_-" H I u ' 1 - _ ; Hmax 1 V,h
ase induc- -:LIItFuf phase induction motors Y. o -V’— =3
- L AN £ ::; I‘ . ] h=2 ]

r

) are proposeg

(
e hmax 1 (Y,
e ph | =737
lor sigle-phase transformers Z k7R ] 1
' a2 1\ Vo

{
g . _ hmas ] (V|
phase transformers Z = __""-] =74,
Ty =R
/

Vﬁj‘r | i Bj‘ Aﬂ:!'

oltage har) ""'ﬂ!'_l_'ﬁ;ﬁ-is fea.Qibre if Eq. '5;%3
fied. Based on Fig. 6.14 (with T,=85%
E= ;.,' rated lifetime of fr; i-
, those harmonic factors result in (he ? :
temperature rises and lifetime reducto™

-l |

pitetime:
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0.1 Appucatwn Example 6.5: Estimation of
6.4V

Lifetime Re

:'m:n:nnl“ penetration with Activation
arimes

E ~1.1eV

Efimate the lifetime reductions of

duction for Given Single-Phase ang
phase Voltage Spectra with High

Energy

induction

e transformers, and universal machines for
machines, tran

the Si

ngle- and three-phase voltage spectra of Tapje

£6.5.1 and their associated lifetime reduction for an
.-J-‘i;v&ﬁb“’ energy of E=1.1¢eV. The ambient tem.-
flﬂ , ﬁﬁe is Tymy=23°C, the rated temperature s
T::35°C= and the rated lifetime of 1, =40 years cap

bg assume d'

TABLE 6.1 Possible Voltage Spectra of Single-Phase and

Three-Phase Feeders

. )
4 N Ve ) o (%) Voot J1g (%)
Fi T 100 100
2 0.5 0.5
3 4.0 2.0¢
4 0.3 0.5
5 3.0 5.0
6 0.2 0.2
7 2.0 35
8 02 0.2
g | 1.0 0.3
10 0.1 0.1
1 , 1.5 1.5
n 0.1 0.1
13 1.5 1.0
A 0.1 0.05
5 05 0.1
(B 0.05 0.05
m 1.0 0.5
. 0.05 0.01
g 1.0 0.5

____ All'higher harmonics < 0.5%

¥ AR
€-phase system.

-I il -:_-.-IIT- b=,
[

: I

I?ﬂOn_dumns '.(e.g-.; DC bias of transformers as

cussed | "Eﬁﬁﬂmﬂrlaﬂﬂ the harmonic generation of syn-
Eenerdtors as outlined in Chapter 4) triplen harmup
FMIEZEro-sequence type and can therefore exist in

Three-Phase

Estimate the
machines, trans
the single- and three-
E6.6.1 and their asso
activation energy of E
Perature is 7, . — 9300
I; =85°C. and
be assumed.

TABLE E6.5.1 Possible v

Pplication Ex
uction for Gijye

formers,

ample 6.6: Estimation of

lifetime reductions for

and universa| machines for
phase voltage spectra of Table
ciated lifetime reduction for an
=1.1eV. The ambient tem-

. the rated [€Emperature s

the rated lifetime of ;=40 years can
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induction

Penetration

Ji.} ( V. J
h s o (%) Btz Jyg (70) :;:
| 100 100 i
2 25 0.5
: 3.71 1.0 A
e 1.6 0.5 .
: 1.25 7.0 .
6 0.88 02 E;
7 1.25 5.0 &
0 0.62 0.2 ~i
9 0.96 03 O
10 0,66 0.1 )
11 0.30 25 J
12 0.18 0.1 Y
13 0.57 20 3
14 0.10 0.05 *é
15 0.10 0.1
16 0.13 0.05 =
17 0.23 1.5 '
18 0.22 0.01
19 1.03 1.0

All higher harmonies < 0.2%

2 Add glaTEM'pE:rature Rise and Associated Lifetime Reduction

of Induction Motors, Transformers, and Universal

rmonic Spectra of Table 6.1 e
—— e _-- - — ——— " = =, - asﬁ'
Single-phase Three-phase ~ Single-phase ““1: P - el

inducti . t induction motors (ransformers transforme : 1

ction motors : )
T, 6.2 3.2 0.74 .81

| 3.84 1.5 71 7.1

315 13
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intervals, and combined dett.rm.mshc
description [41-45]. These public ‘Uﬁnsm
harmonic summation and propa gation b, Wdreg e
the sum of random harmonic ph aS0rS vig “Xply
sentatlon of harmonic phasors, m‘"bllnl the rt‘pn;‘
components, pdf of sum of Projectiong “ OF of 1
dentphasors, and pdf of magnitude of g, Vi iNdepe,
phasors. These papers apply the methg, ey
1o a 14-bus transmission system and Brovide ©SCTigg
guidelines with respect 1o their ﬂpphf-‘ablhmw
probabilistic evaluation of the econopm;, Lm[‘\ The
harmonic losses in industrial energy sy S de 1y

Sl€ms I8 r
sented in the next section. Pre

.12 THE COST OF HARMONICS

The cost of harmonics can originate either ip

o the mmphcated solid-state componens Necessy
to maintain the current or voltage harmonics 3::
low level, for example, switched-mode POWer sy
phes operating at unity-power factor 139], or in
» the use of simple peak-rectifiers resulting ;

In hig}
harmamc amplitudes [40]. ~

Both costs are not negligibly small and must he 0o
.mdered in the future. The first approach appears
tnba favored by the IEC [36] for low-, mediun

d high-voltage power systems, whereas the latte
PPM tu be favored by IEEE [35] for single-phas

In ref remes [41-45] the cost of the latter approach
SCUSSeC by defining the economic damage (cos)
srmonic losses D = D, + D, where D, is th

> 0061 and D, is the aging cost. This e
nmage ls a probabilistic quantity because the
-‘!ﬂ’ or current spectra change iné
r. The expected value of these cost
HEE(E'} E(D,) + E(D,), where E(D,)8
nt-worth expected value of the operatitg
S¢ *” ‘?f"kh 'monic losses and £(D,) is the preseit
: '-f_;: i ﬁ' exp ar ‘value of the aging costs duc 10 har:
m . '_ mncalresultsfordzf) KV, 1350 MVA
| - illustrale that the economic damag
T 1N “'*”'"h]u sui@ s sigmﬁcant and within 4 ife-
ime of ars amounts to about the purchist oS
of ,=.- motor.

P q*l _j A FUNCTION O

| n_-'__

es, U -E:f---- mers, and inductors mus
ir rated temperatures will .
rotating machines the maxin

. 'ul-"r
{
Tn criterion 45 long &
ate. The maximum pr

F TIME
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ytetime RE

mjﬁjmgmmparature (hotspot) must not be exceeded.
the lifetime will be reduced. Note that any

acl'l‘tﬁe works most efficiently and cost- -effectively if

he Parmwmble (maximum) rated temperature wil
:}ewa ed but not exceeded at any time. At steady
ate machines must be able 1o operate at rated
std .ue. For a short time machines can be operated
torg’ d torque. This leads to the concept of inter-

above rate 3 :
mittent © pperation discussed 1n a later section,

A motor ¢an be replaced by a radiating sphere as
uumated in Fig. 6.17. During a small time incre-
ment dt one can assume that the temperature of the
sphere: increases by the incremental temperature 46,
For this reason the change in stored heat (increase)

40 during the time dr 1s

dQ¢=C - d6, (6-34)
where @is the temperature rise and C is the heat-
4BsE ':-m--ﬁgn.-_capacity. Note that Eq. 6-34 is indepen-
dent of time.
| Hu;.ta,-t_he_rma] radiation a part of the stored heat
will be emitted to the surrounding environment. The
changBOf the stored heat (reduction) dQ, is time
dependent:
dQ.=A-0-dt, (6-35)
wlmmﬂ is the heat-radiation capacity.
sum of Eqs. 6-34 and 6-35 yields the ordinary

diﬁquﬁtlﬂ equation
%_@H—dgﬁ =C:-do+A 0-dt=P,-dt,

(6-36)

{{ 1S the (loss) energy absorbed by the
during the inecremental time dr. Dividing
(636 by dr and A, one obtains the first-order
ordinary differential equation

II AC IHI|
i - 1-11"1-.'

' :'E' a.’::.!

C de de
e O=T.-—+0. 6-37)
A dr o di (

e U

A €54, (6-38)

Fort=0and g= 6, (initial te
f-ﬂquthﬂ B P“_.“IA(
obtains for the lemperat

mperature rise) and for
final temperature rise) one
ure as a function of time

6= 6, - (6,—8,) - ¢ (6-39)

Figure 6.18 illustrate '
‘ i s the solut
including its ti by, oo

ME constant. The temperature tran-

sient during a load cycle is schematically depicted in
Fig. 6.19 with 6,= P__/A_ '

6.13.1 Application Example 6.7:

Temperature Increase of Rotating Machine
with a Step Load

An enclosed fan-cooled induction motor has a
thermal time constant of =3 h and a steady-state
rated temperature of §,= 120°C at an ambient tem-
perature of 8., =40°C. The motor has at time t=0_
a emperature of 8=6,... and the motor is fully
loaded at1=0,. Calculate the time #ss+ when the fully

loaded motor reaches 95% of its final temperature
6,=120°C.

6.14 VARIOUS OPERATING MODES OF
ROTATING MACHINES

Depending on their applications, rotating machines
can be subjected to various operating modes such as
steady-state, short-term, steady-state with short-
term., intermittent, and steady-state with intermittent

operating modes.

0, t|h]
_'.

FIGURE 6.18 Solution of Eg. 6-39 including its time

constant.
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Tstandstill

{qpﬁnom-tem operation.

Toper)s that 1S, Teyqaqin > Toper- FOT short-term operatio
the times 7, and fyuan must relate to the time
constants as follows:

loper < (3—4) Topers (0-43)

-1 .t '[. 1 e Lytangsiitl < (3—4) Tyandsi (6:44)
i |

e 1 o 'I'I- &y * m t.ranswnt tﬁmperature 18 for short-term opers:
IH_ nachi 1 ‘F L| (] hﬂn (B‘EB Figc 6-20):
Busntem =Orea = Biportsem | 1€ 7 |- (649

mm short-term temperature is obtained ron

M«%

ril S =
t "J.__.-|_

mlc-.l ' (thfll

)

(647

yme Reduction of Transformers and Induction Machines
Life '
(ollows for the losses during short-term
(e
o
il loss_rated :
Ploin_,nlmltftnrm == [_ Tage J y (6'49]
1—¢' "
For machines whose losses consist of iron-core
\dcopper losses (e.g., induction machines) the total
:Js'ses.at rated operatlon are

Pltm,rmnd =10 Pmled +q* Pratcd- (6-50)

The first term of Eq. 6-50 pertains to the iron-core
and the second term to the copper losses. The losses
during short-term operation are

2

PUS.S! ort-lcrm
=p Pyt 4 P:m[ et ] (6-51)

rated

ﬂ@un—tﬁﬁﬁ

(ntroducing Eqs. 6-50 and 6-51 into Eq. 6-49 yields
the ratio

Floss short-tem _ P 1 P
R

rnpltl

-Bﬁt'ed s
where the ratio p/q is available from the manufac-
turer of the machine.

6.14.3 Steady State with Short-

Term Operation

In this case the short-term load is superposed with
l_ﬁﬁfﬁﬁ.i?&_ﬁﬂg}!%ﬂ_ﬂf& load (see Fig. 6.21). The operating
1ime fye and the pause time £, relate to the time
constant as follows:

and the ratin between the
steddy -State with short-
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required power during

IS -lerm load to the rated power
f.lt'.ad'-r-ﬂ:'.h:-l-5hn1‘l-unh: —_ | l
Pr.‘ﬂcd ‘ill - (6h55)
(=g Sty
In Eq. 6-

55 the iron-core ! :
(p=0) © 0SS are neglected

6.14.4 Intermittent Operation

The mode of intermittent operation occurs most fre-
quently. One can differentiate between two cases:

* irregular load steps (see Fig. 6.22), and
* regular load steps.

The case with irregular load steps 1s discussed in
Application Example 6.8.

The case with regular load steps can be approxi-
mated as follows based on Fig. 6.23:

P t ermittent
inte = { 1+ £ P 1 + P'l“-""-' : rl‘)' _.E‘ (6-56)
Pfﬂlt’d \ q : L : q

aper standsnll

6.14.5 Steady State with
Intermittent Operation

Steady state with superimposed periodic intermit-
tent operation (see Fig. 6.24) does not occur fre-
quently. The ratio between the power required for
this case and the rated power is

Ric.hh'-:‘-t.ﬁt+Pﬂ‘imliﬂ int ermittent _ JL 1+ fF'H"-L"f‘-' } (6_57)
E led I

r oper

for foper < <(3-4)10 and fgue <(34)76. In summary

loper </(3-4) * T, 1§38) one can state that for the motor sizing the maximum
' > vt the torgue) is important.
= Toause > (3-4) * T, (6-54)  temperature (and not the torg 2
mFL
'-i’ u
4
I “ Blucl TH
1 —
K . Q.E ltﬁgﬂy state+short time |[©~ y =
! topu 4?3 tpausc
Ofo
t[hi'_

R
&4 dransient temperature for steady-state 10
[ ]

ad superposed W

ith shori-lerm load.




t|h]
+
t[h}
&
8 92 “‘Bral
— — |
t[h]
= -

. b
. lmﬂ at variable frequency and constan! (ralv;dl
- flux (that is, lﬁlff= constant) and has the followi

- namepla «dnt;. Vi, =460 V, f=60 Hz, p -;: gﬂ':p
B o = 20594 kW of B
Ahe stator winding is Y-connected, and the pif ¢
aseare R, = 0.5 Q R, =0.2Q.X.= X7

- Loib iy The o
-& GOL f 1-|,' SATAE B ¥ and R | 4 o e ]
% - gm0 bz is J. = 0234k’

ment of inertia of the motor is /o 0

1€ Viscous damping coefficient B can be asf;ﬂn
€ro, and the inertia of the load %

notor s '“I_ 1-i ﬁ Jh’d:S kgml The sicd ’
load cycle is shown IR

periodic intermittent operation with regular load steps.
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FIGURE E6.8.1 Steady-state/intermittent load cycle.

The induction motor is operated at 60 Hz (natural

torque-speed characteristic).

a) Determine the rated synchronous speed, rated
synchronous angular velocity, rated angular
velocity, rated slip, rated stator current |/,
rated rotor current |/7), and rated induced
voltage |E].

b) Calculate the maximum torque 7., &t s, and
the fictitious maximum torque T, ;. at s = 1.

¢) Derive from the equation of motion the slip s(1)
as a function of the initial slip s(0). the load
torque 7,(r), the maximum fictitious torque
Trac s, the time constant 7,,, and the time .

d) Apply the solution for s(r) to the different
regions of Fig. E6.8.1 and plot s(1) from r=0 to

 the maximum time /=35 s of the load-cycle time

f'eﬂﬂdﬂf Locria=3'S,

¢) Calculate the torque 7(r) and plot it from £ =0

1) Based on the slip function compute pointwise

5

. m:-:ﬁurrent If,(r){ and plot 1] ()] from =0

H.i]llllj " ﬁﬂa’ 1
1*11"‘1 E‘i ﬂ?)}’ as a function of time from =0 to

i
[N =% c

| —

- Wssa,
| l '4 ljl: II rl ;1 (1
ey ]

1 i+T : "
. "f’“j’“:J'f }[ |,(0)| dr.

K Th i
' |4 0

Sinduction motor over- or underdesigned?
| . 1t '.Erl:._-. | X + -
15 underdes oned, what is the reduction of

6.14.7 Reduction of Vibrations and Torque
Pulsations in Electric Machines

Vibrations and torque pulsations generate electro-
magnetic forces that mainly act on the end turns of
stator windings. As it is well known the turns resid-
ing in the stator slots are not exposed to high mag-
netic fields and for this reason the magnetic forces
acting on the turns within the slots are relatively
small. Besides increased temperatures, vibrations
and torque pulsations are a major reason for the
deterioration of the insulation materials. Vibrations
and pulsating torques can have their origin in motor
asymmetries (e.g., rotor eccentricities, interturn
faults, cogging due to permanent magnets, and a
poor selection of stator and rotor slotting [47]) and
loads (e.g., piston compressors). For this reason it
will be important to demonstrate how torque pulsa-
tions caused by loads can be reduced 1o an accept-
able level. This will be the subject of Application
Example 6.9.

6.14.8 Application Example 6.9: Reduction of
Harmonic Torques of a Piston-Compressor
Drive with Synchronous Motor as Prime Mover

The drive motor of a piSton COmPressor 1s a nonsa-
lient-pole synchronous motor with an umﬂnmwi
To compensate for the piston stroke an eccentric
shaft is employed. The load (L) torque at the eccen-
tric shaft consists of an average torque and two har-
monic torques:

Ti=Taet T+ T (E6.9-1)
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| wg_guas 6.25 Heat flow within a homg

~ (principle of heat pipe). seneous by

. | AT
current 3 1 _ls_'f_-—ls

4 g
. stator

(6-5§)

i“ ?_15 the thermal conductivity of a homogeneo

yeasured in [ ] § is the surface of (b

m°C

b 'r{;ma seneous ba-dy perpendicular to the heat fioy
. ua'! sur J:l in m°, and £ is the length of the homoge
' _.”- ,;’;‘*?"'ﬁ%'au 0C _y along the direction of the heat flow mea.

i, YT R,

- 1-“[_]':- EE tjﬂ,_
' The temperature at end #1 6, is given by Eg

Py .
s
-
e e
|| . -]
1 r an —
| i II - r.

P

loss

1 g _; .ﬂgl)__l 5 lm-— Rukh (6-39)

‘where fﬁiilﬁ term [—— is defined as the heal

L
'u
-._“;__fmr -n-’m-ﬁﬁa Sis

'Rbuﬁﬁud- 5 I_E

Heat Flow Relatec fn Radiation and Convection.
. -._5;-...'*“1 r dmmﬂ and conveetion f
ce to the ng medium (€2
LA -.:-.‘ body (64
raonal '_._.-.':-.]J'h{ surface A of the ad i
W :,-.!_s_ the heat source resides

ifference AT = (6, — ) vith 7"

[
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L . s -
I§ RS i
L 1Y

B b (8~ 6):

: sur
© 'r f:;;.hs_nf'lll { 00 uctl\flt}' mﬁa

By Eﬂ d lhc C{}Ulmg

e TR
/een the heat ¢

LT (640

The
rom L0¢

ambientair

| - (6.6] 3)
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«pondingly, one can define

ﬂl) = _— Ptms Rraﬂiullunkunvutiun - les

MW
| - (6-61b)

1
. the term - A 18 defined as the heat

- Jeonvection resistance

&5l

. ' ‘ 'Hﬁdiﬁliun!mnfacuun o-A : (6"62)

’I’li@ agplicaﬁon of the conduction relationship
5;59) generates Fig. 6.26, where a linear func-
ﬁmle,aﬂs to the heat flow from a high-temperature
bﬂd?f (e 2 winding) via insulation — with the heat

E‘
.;mduchﬂ)idﬁﬁiﬁtﬂnce B it = 1S to a low-tem —

-.pmtims body #1 (e.g., iron core).
: ri‘hé zf‘r Eﬁcaﬁau of the radiation/convection rela-

tionshif . 6-61) generates Fig. 6.27, where a step
;mﬁiﬁ%ﬂﬁaﬂs to the heat flow from a high-tempera-
},% Gﬁ'g'i frame) with the heat radiation/

=—— —toa
oA

| |¢]!&J3Htf' me a wgd the ambient air.
Fi g;Ti"Ja tLdepxcts the heat ﬂow as it occurs from

nding v
ffg‘!’jnﬁ‘f v egn iron core and frame, and from the

frame mh & glg,ctncal apparatus to the ambient air

5;:“;:- l-.w.o  medium. Note that the heat

tra
nsfer via conduction) with the frame and sume

e

4

81°C|

|
|
|
RUOIA2 o = TRR body &1
conduct2 | ET: Rmnguﬂl >0
l %‘E ll\
=i
body #2 : s il body #1
| | X [ml

FIGURE 6.26 Linear heat flow through conduction from

a high-temperature body #2 to a low- -temperature body #1
with finite thermal resistances.

t e1°Cy I

I

body #2

Rmnguctl =0

| body#1 _

bﬂd}' #2 | Rc:nsnctl =0
| body#1
| X [ml,

FIGURE 6.27 Step-function heat flow through conyection/
radiation from a high-temperature body to a low-
temperature cooling medium.
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30 FIGURE E6.10.1 Thermal network of g (o

fan-cooled induction motor.
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H{ Al h R]'iﬁ the thermnl radiation/convection Tesistancy f
1l gt gap the outSIdt‘: of the stator frame and the MOVifg

nh'.w
0. A secon P, is the stator ohmic (copper) loss
q s the heat of the rotor v ,.nmh .Pm,m tha rotor ohmic (alummum) loss
: '--“-“ “;,'f' ..';'5'1, y the &L@ lllB stator teeth (iron-core) loss
| MOATANITS ¢ if? ¢ rotor %d&ﬂlﬂﬁt&‘tur yoke (iron-core) loss
serature of M.mthp friction (bearing, windage) loss

14.11 Application Example 6.11:
AU

mtura-msa Equations for a Drip-Proof

- tempe '-"'turﬁ rise equation is written for a dnp-
~ proof uu- [48] This equation is based on the fok
I|LF-,L ving mmpﬁnn&

_-_ - .-....;‘

'51{ ﬁﬁx; ohmic losses in the embedded parl of e
. :f_._r:_'_'fl*j_*, _ ne ing produce a temperature drop acres
the slot ir u]utian
| . The iron-core losses of the stator teeth, the ohmg
losse S 00 ih.a embﬁdded part of the stator winding,
ind +hf > ohmic lmses of the rotor bars and half of
!'“'-“"I“-'””ﬂ” of the stator back jron gener
""'iﬁ erature ﬂrops qeross the stator hmkll;‘i
nd the "*ﬁ“lh ﬁ'ﬂmﬁ The thermal mtwnrkufli
drip-pr {,,a.“'['[” or based on the above ! *1*~.*~un'|pltu:lli
s depicte “?m:' fﬁﬁll 1, In this figure Fe ni.mm
m.un s Josses in the embedded parl of |
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Flﬂﬂﬂﬁg‘i‘l“! Thermal network of a drip-proof induction motor,

) wy il

ional emperature rise for rated operation of
rmers, induction motors, and universal

un.nnf .m; fﬂl' the voltage spectrum with maximum

?. :'ﬂwid\lﬂl harmonic voltage amplitudes,

31 %%Wﬂighted -harmonic voltage factor

- gﬁ&[%]

i

(6-63)

deseribed in this chapter is related to the square
| gﬂmﬁﬂm] harmonic¢ distortion of the voltage

| “ , TR
ge THD, = JZ[—"-] (6-64)
- _“ h=2 VI

k

o {
gh;j bﬂllcing the weighting function Lﬂ)

replacing the exponent 2 of the ratio by

_}_3
— |-'E.-LJ by the exponent /.
\ |-. '.'I' :ﬂ _'

1.’
) can be used as a measure for the

_'-;;-P.i nd n’tﬁﬂlperature rises of electromagnetic
,_15“ ‘due to harmonic voltages.

septable limits for the reduction of lifetime
due “““'1"* 'mal aging requires limits fur tlu. value

!
1.

and | lllillu _

y limits the amplitude uf 111:. Qceur-

*'“ % ¢ ﬂmmumcq.
armonic factor of

" - : N\
‘ ” 1 (V ) =58 (6-65)
' ~f
o nt ”’*  for a given weighted- harmonic

Lor. ’”' h‘* and three-phase induction
- dre uluu wmagptlblg 1o ug‘lnb than
ners and universal machines.

3

8) :;!:z::\; b:-t‘tl: ::Enﬂ;:lurrcm or voltage harmonie
y changing as a function of
time due to changing system configuration and
loads, and the assumption of time-independent
Spectra is a simplification leading to a first-cut
approach only,
The cost of harmonics incurs by either purchas-
INg More expensive solid-state equipment (e.g.,
PWM inverters, switched-mode power supplies),
which generates a reduced amount of harmon-
Ics, or by using less-sophisticated but harmonic
generating equipment (e.g., six-step inverters,
diode rectifiers), which generate a greater
amount of harmonics than the more expensive
switched-mode equipment. In the first case the
losses occur in the switched-mode equipment
(e.g., efficiencies ranging from 80 to 98%),
whereas in the second case of less-sophisticated
solid-state equipment (e.g., efficiencies ranging
from 90 to 98% ) the harmonic losses incur in the
loads (e.g., induction motors) and their reduc-
tion of lifetime must be accounted for due to

J)

temperature increase,
10) Design considerations for intermitient operi-
tion are presented so that no lifetime reduction

QCCUIS. |
11) Most drives are subjected to pulsating loads that

cause vibrations within the drive motor, in par-

ticular the motor windings. To limit vibrations

to a certain value the required axial moment of

inertia J of a ﬂmfhu,l is calculated.

fan-
12) The temperature rises for totally enclosed fi

cooled and for drp- -proof induction MOLOTS are

derived.

6.16 PROBLEMS

problem 6.1: Aging of Transformers and
Induction Machines Due to Single

e
armonic Voltag ‘
H a single-phase (ransformer

= - oltage of
The terminal v -phase induction

(rated resistive load) and a single-
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mmm speed in rpm. on) §.7: Calculate the Reduction of Probi
, ‘) The hp output. c Synchronous Motor Torques for a lndu:t:n 5.8: Temperature Transient of
-. d) Rotor copper loss (I57,) in term, e-Dependent Load on Machine -
- X ”__. of . : - y
on the tem- rotor copper loss at rated fﬁ-‘quenm > "y ' ﬁmf of a pulsating load is a nonsalient- 1 encloeed fancooled inducti

3 occur  ©) Estimate the reduction of li 2 voly o e thermal time og O motor has a

e it 0 l[ﬁ{lme for T - H‘jif' VIV motor with an amortisseur. To rated nstant of =4 h and a itead\
) S for the changing load torque as a func- lemperature of 8= 140°C R

i e r‘_.smsg_m years, an ==Y
__..5. dE-—lh eV ?efatureofﬂﬂz-lﬂ”(j The - R
- m .
a4 lemperature of =g g

' ad (L) i loaded = and the motor s fully
ﬂctlll'sa IEAEE vy harmoni _ at =0« Cal _ :
I nd Transformers for o e and TWO harmonic torques: fully loade ey culate me time fye when the

lﬂywheﬁl is coupled with the shaft. The
e at the shaft consists of an average

mw Tt | e B ches 95% of its final tempera-
Wm the lifetime reductions - - Ty=Tiwe+ T+ Tis, (P6.7-1)
ramsh ’ m“i:fl: Prob
1 . mr; and universal machipe;;_ - 'rm lem 8.9:  Calculation of the
_ : and three-phase voltage speciry Dt_ k_ w - cemlvelature Rise of a Totally Enclosed Fan-
- !!65. and their associated lifetime reduction, bd ' | ooled 100 hp Induction Motor
m energy of E=1.15¢eV. The amn = : Tioe =260 kNm. (P6.7-2)  a) Based on Application Example .10
ature 15 Tes—40°C, the rated temperzie. - S | ; temperature nse ph pik
Perat: & T,, =30 kNm sin{ @1 — 7). (P6.7-3) nse AT of a totally enclosed fan-
T‘ Mand th £l = hS e ) an
“— e rated hifetime of 1. = 40 years o | coled mnduction motor provided the following
h ' fia=0 R, —xh).  (Perd) data are given: Input power P, =79,610 W. ourpui{ -~
s . p()‘.fer P_.,_.._ =-'_],‘t{!:j W. lme ﬁequeﬂﬂh f— &0 Hz _i‘:
oble 5.5: Calculate the Stator rms The salient-pole synchronous motor has the fol- thickness of stator slot insulation }3_‘=‘9- 10~ m, "-f
rent of an luﬂucﬂ?n Motor at Steady-Stat jowing data: Pe=5 MW, p=40 poles, f=60 Hz. thermal conductivity of stator slot insulation i
: ) lﬂi Superimposed Intermittent ﬂaﬁﬂf cos @, = 0.8 overexcited. 7. =93%. T:O‘lﬁ Wm™C, total area of the stator slots &
' 'I.Dlﬂ Steps [t Iz __ Ihe slip of the Ilonsahent pOIe SYD- ;=2.006 m, thermal mﬂduf:tin'n' of the stator a
I&mmaneﬂ: {iron — 47 1
| the analysis of Application Exampk i : RRasee 24 Wim™C, radial -
m ot dri Si eight of stator back mon h..::l)_lti}ul, Cross- ¥
g : | _ 1 = rmc; orﬂ Ve ; operats ._:_ £ sectional area of the stator core at the mddle of X
with nos ux, (E/f)=co=stm synchronous speed n,., synchro- the stator back iron (stator voke) §,.=0482 or, E
mty o rated stator current length of the small air gap between the stator core >
§ Possible voltage spectra with high-Summ d 10!'que T... the torque angle &, stator and the frame of the motor f;=3 - 10~ m. thermal .
2 _I_ﬂ: _;;“_'_q W P T e ¥ 'hﬂ rm and the synchronous reactance conductivity of the small air gap between stator %
— _: . 5 ﬂlﬂ in per unit). core and frame A= 0.028 W/m°C, outside SUTTace 3
e Nis “' : pm‘ﬂded by nduction- area of Lhe-}:{gtof H'fi.: ‘e 15_==_ 0583 m-. surface -;
e A Ve (%) Vom 2 or acti ﬁgnve the nonlinear differential thermal coefbcient E?r m‘rafun at: heat 1o sta- '
tif,n']_r\‘ j_ir — "'ﬂ W/ mTL. SUriace ‘.hfl'mﬂl -

T 10 I' MMtor torgue, and by lineanzing
—--'—" - coefficient for dissipation of heat to MOVIDg air
his equation find an expression for the eige
 fr - f the undamped :111.=1h'nw1-\3m\‘. ‘m>=C. surface area m
| SR --: i-.H; {[k. = o e - -
- B contact with stationary am 3,= 0. ~.-11 m. and
s N - q = _’ ‘t" m_
SR e g . surface areainc ontact withmoving air
\SPeatl parit o, hl; negl ~|amp a pro-
i vl _é:' - : Reh ) me P Table P6.9 det .uh the percentage values of the
- e _ mduchon motor acton. o< of the 100 hp nduction motor. Note

L. . VAnous losses
sarized differential equations of part that the iron core losses of the roforT are very small
ng) and part ¢ (with dampir:;: due to the low frequency in the rotor member
2t by introducing phasors - \
- q\L‘[? frequency .
____1 ofinertia J required so i b) Determine the rated temperature of the MmO
JICC m I:orque will be l't’.“dl.h?i‘d o T ['tfu.}\'u._.ﬁ'u the dmt‘“."‘ﬁl lempcramrr: s Tzz‘-:
se torque (Eq. P6.7-2). 1°C.
| j e e gen frequency foe with the
| "'r# 1S mng at the eccening
S e 1 omses of a 1005p Threc-Fhase
3 TABLE P6.9 Percemmaze LOSS it .

'{.I-:.] \ !. ':.‘-{ L.‘I

InductlE

or torque Tir) as @ function of

ng da -n. o) for one revolution of
and compare it with the load
| .'_'._’;_":.‘;,;u .ﬂmy different?




