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— FIGURE 2.3 DC resistance Ry versus AC resistance Racn

may result that could cause transformer failure. In
most cases hysteresis losses can be neglected because
they are relatively small as compared with copper
losses. However, the nonlinear saturation behavior
must be taken into account because all transformers
and electric machines operate for economic reasons
beyond the knee of saturation.
Faraday’s law

elf)= dA(f)

(2-5)

or
A1) = [e(o)at, (2-6)

i1s valid, where e(r) is the induced voltage of a winding
residing on an iron core, A(r) = N®(¢) are the flux
linkages, N 1s the number of turns of a winding, and
d(¢) 1s the flux hinked with the winding.

Depending on the phase shift of a harmonic
voltage with respect to the fundamental voltage the
resulting wave shape of the flux linkages will be dif-
ferent and not proportional to the resulting voltage
wave shape due fo the integral relationship between
flux linkages A(¢) and induced voltage e(7) [1-6].

2.2.3.1 Application Example 2.1: Relation
between Voltages and Flux Linkages for 0°
Phase Shift between Fundamental and

Harmonic Voltages

Third harmonic voltage e;(¢) is in phase (0°) with the
fundamental voltage e,(f) resulting in a maximum
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T e(t), A(t)
e \_\// i[lsl'::urn of :;"“ harmonic voitage
3 / €il)+ea(n)

fundamental voltage

3" harmonic voltage

total flux linkages
{A(6)+ 13(!)}|m“

maximum).

peak-to-peak value for the total nonsinusoidal
voltage. According to Eq. 2-6, the peak-to-peak
value of the generated A(f) is minimum, as illustrated

N by Fig. E2.1.1.
"‘ Rule. A “peaky” (peak-to-peak is maximum) voltage
. {ei(f) +e5(r)] results in “flat” (peak-to-peak is
1 minimum) flux linkages.

ol 2.2.3.2 Application Example 2.2: Relation

s between Voltages and Flux Linkages for 180°
| Phase Shift between Fundamental and
Harmonic Voltages

The third harmonic voltage es(r) is out of phase
(180°) Wlﬂl the fundamental voltage e,(s). In this

case, ‘.ﬂ)ftntal voltage and the resulting flux linkages
have minimum and maximum peak-to-peak values,
spectively (Fig. E2.2.1).

Rule. A “flat” (peak-to-peak is minimum) voltage
hm&;@m] rgsults in “peaky” (peak-to-peak is
maximum) flux linkages.

- .

"_' . For higher harmonic orders, similar
on '~' tween the nonsinusoidal waveforms of
- and flux linkages exist; however,
N ﬁng behavior as demonstrated in

Thi : _.’_ qr 4 bﬁhﬂmr (due to the mtegm]
| : . . 4_{.‘- 1-! g{t) alld '1(‘)) mﬂuenﬂﬁs Ihe

FIGURE E2.1.1 Superposition of fundamental and third harmonic voltages that

are in phase (0°, peak-to-peak voltage is

TABLE E2.2.1 Phase Relations between Induced Voltages
and Flux Linkages when a Harmonic is Superposed with the

Fundamental
e ————————————————————————————————————————————————

Harmonic Nonsinusoidal voltage Nonsinusoidal flux
order e(1) +eulr) linkage A,(¢) + (1)
h=3 [e1(2) + es(1)] peaky” {A(0) + A1) Alar®
{e,l1) + es(1)] fiat {A(1) + As(1)} peaky
h=5 {ei(1) +edr)] peaky {A(1) + A<(r)] peaky
le(r) + es(r)] fat {Au(1) + A<(r)] Bat
h=7 |e,(r)+ e+(1)) peaky (A1) + A-(1r)) Aat
[e(r) + &5(1)) Rat [4:(r) + A:(1)} peaky
h=9 {eulr) + eslr)] peaky [A,(£) + Aslr)| peaky

le,(r) +es5(r)) Aat {4:(0) + A(r)) fiat

‘Maximum peak-to-peak value.
*Minimum peak-to-peak value.

iron-core (magnetic) losses significantly. Therefore,
it is possible that a nonsinusoidal voltage results in

less iron-core losses than a sinusoidal wave shape [2].
Note that the iron-core losses are a function of the
maximum excursions of the flux linkages (or flux

densities B...)-

2.2.4 Loss Measurement

For low efficiency (1< 97%) dewvices the conven-
tional indirect loss measurement approach, where
the losses P, are the difference between measured
input power P.. and measured output power Py 18

acceptable. However, for high efficiency (72 97%)
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FIGURE £2.2.1 Superposition of fundamental and third harmonic voltages that are out of phase (1807, peak-1o-pes)

voltage is minimum).

yields losses that have a large error.
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FIGURE E2.3.1 Application of direct-loss measurement technique to a single-phase transiormer: () equivalent circuit,

(b) measuring circuit.

increased temperature beyond rated temperature).”
As has been discussed in Section 2.2 harmonic cur-
rents and voltages result in harmonic losses increas-
ing the temperature rise. This rise beyond its rated
value results in a reduction of lifetime [10] as will be
discussed in Chapter 6. For transformers two derat-
Ing parameters can be defined:

* reduction in apparent power rating (RAPR).
and
* real power capability (RPC).

Althoueh the first one is independent of the power
factor. the second one is strongly influenced by it.

2.3.1 Derating of Transformers Determined
from Direct-Loss Measurements

The direct-loss measurement technique of Section
2242 is applied and the reduction of apparent
POWET | RAPR) is determined such that for any given
total harmonic distortion of the current (THD,). the
rated losses of the transformer will not be exceeded.
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FIGURE 2.9 Measured reduction in apparent power rating
| (RAPR) of 25kVA single-phase pole transformer as a
- function of tatal harmonic current distortion (THD,) where
' f 3rd and Sth current harmonics are dominant. Calculated
- I.t values from K-factor [12},
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o FIGURE 2.10 Measured real power capability (RPC) of
25 kVA single-phase pole transformer as a function of total

harmonic current distortion (THD) [12],
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nique for (ransformer derating that includeg loag

characteristics [11, 13]. | |
The assumptions used in calculating K-faciq,
e found in ANSVIEEE C57.110, [Ep

can b :
tice for ESIE]NIShiI‘Ig

Recommended Prac Tran:.
former Capability when Supplying Nonsinusojg,
Load Currents [13]. This recommendation calcylyy,,
the harmonic load current that causes losses eqy;y,.
lent to the rated (sinusoidal) load current so that the
transformer’s “hot spot” temperature will nog ,
exceeded. The hot spot is assumed to be where ¢,
current losses are the greatest and the coolant {(}i.lp
is hottest (e.g., at the inner low-voltage winding).
The load loss (LL) generating the hot spot tep,.
perature is assumed to consist of 'R and edgy.

current Pgc losses:
Piy=FR+ Pge  (watts). (2-12)

The eddy current losses (Eq. 2-12) are proportiong|
to the square of the current and frequency:

Pec= KeclPH, (2-13)

where Kge is a proportionality constant. Under rated
(sinusoidal) conditions, the load loss resulting in the
hot spot lemperature can be expressed as

Piin=TR*+ Pec.g, (2-14)

where Pecp 1S the eddy-current loss resulting in
the hot spot temperature under rated (sinusoidal)

operating conditions. In per unit of the rated °R loss,
Eq. 2-14 becomes

Piyp=1+Pecg (pu). (2-15)

Therefore, the transformer load loss under harmonic
conditions is

. B musx b max
b= ?3 I *'{ 2, IE.hZ)PEc-R (pu).  (216)
hi=i b=

Thc ﬁrﬁl qnd second terms on the right side of the
above equation represent the /2R loss and the eddy

current loss, respectively. Setting Py, = Py, p gives

_ hmu s miax
I*EEG = *Z I§+[ Z f:'hi JPEC-R (pl.l}; (2'17]
A=l . .

Now, if we define the K-factor as follows [13):

(pu), (2-18)

CHAFTERQ

|
|
i_
|
|
ﬁ

H."nm“g Models of Transformers

then

(hmsx
fimax 5 hz--.; !;': 5

{4 Peean= EIIJ,"’K wmar— 1R |Pec-g (pu),

L
\ h=)

(2-19)
h ok

Golving for z e
h=l

h max 14+ P
Y Ii= i (pu). (2-20)
LK gt (Pre)

2 Ik
h=1

Therefore, the maximum amount of rms harmonic
load current that the transformer can deliver is

[P - .
12
1+ K —2—[(Pscr)]

i max
{5
h=1

Using the K-factor and transformer parameters,
the maximum permissible rms current of the trans-
former can also be defined as follows [11];

[ = (pu). (2-21)

(AP, +AF,
Roc+Rocn(1-K)- ’F ost.)
K

I = . (222)
= RH{"

Roe= Rpcorimany + R bescconary 18 the total DC resist-
ance of a transformer winding., Rpc.p is the rated
pu additional resistance due to eddy currents. In
addition,

h mnx

AP, = Z P;;-J:'P,r.'m
h=1
and

s

AFy5 = z Fosin— Posir:

h=]

AP i5 the difference between the total iron core
losses ’(iﬁt!ludin'g harmonics) and the rated iron core
lmf without harmonics. APy is the difference
hﬁmﬁﬁn the total other stray losses (OSL) including
ham“i“? and the rated other stray losses without
. ffh_ﬁ reduction of apparent power (RAPR) is

= L= (Vamiev g, I, (2-23)

63

Wherﬂ Vlrliunhlll_‘air " rat
ams  And VI are the total rms value of

the secondary voltage includ; g
&€ Including harmonies and the

rate v value
d rms value of the secondary winding without

2.3.3 Derating of Transformers
from the Fu-Factor

The K-factor has been devised by the U
Laboratories (UL ) 113] and has been recognized as
a ITIE.:EISUI'E for the design of lranﬁ[f_:rmcr; f-;:.f-:dine.:r
nonlinear loads demanding nonsinusoidal currem:
l:JL designed transformers are K-factor rated. l.r;
February 1998 the IEEE C57 1 LO/D7 {14]
wascreated, whichrepresents an
for assessing

Determined

nderwriters

standard

alternative approach

transformer capability feeding nonlin-

ear loads. Both approaches are comparable [15].
The Fy,-factor is defined as

h max

5 2K
- — ‘I'-_ — 1=
r”t - P —= Jh r!n:n ' {2'241

EC-{0) 2
z !ﬁ

fi=1

Thus the relation between K-factor and Fy-factor
1S

{ 1 max

N

K={2%L_|[p (2-25)

\

I

J

or the maximum permissible current is [15]

AP. + AP
Jl'f l"'|1I
Rm. + R[.{ LpE=—— "—!-_: =
JPY — R  (2-26)
Mmax
R pc Ty Rec-g

and the reduction in apparent power rating (RAPR) 15

f l).-_ln.'nninu'-;u ' - A
RAPR=1-| =zt — }I;M. (2-27)
The RAPR as a function of Fy;, is shown in Fig.
2.11.

2.3.3.1 Application Example 2.4: Sensitivity
of K- and F,-Factors and Derating of 25 kVA
Single-Phase Pole Transformer with Respect to

the Number and Order of Harmonics

The objective of this example is to show that the K-
aclors are a function of the number and
of harmonics considered in their calculation.

and Fy-
order
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These detrimental effects call for the understand-
ing of how harmonics affect transformers and how

N against poor power quality condi-
a transformer, the design of a harmonic
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‘0 protect th

formers under harmonic voltage and current condi-
tions; and introduces harmonic transformer models
Suitable for loss calculations, harmonic power flow
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815, and computation of derating functions.
Hter a brief introduction of the conventional (sinu-
Soidal) transformer model, transformer losses with
on the impacts of voltage and current har-
monics are | :;g_ ed. Several techniques for the
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factors (functions) are introduced. Thereafter, a
survey of transformer harmonic models is given. In

subsequent sections, the issues of ferroresonance.
geomagnetically induced currents (GICs), and trans-
former grounding are presented. A section is also
provided for derating of three-phase transformers,

2.1 SINUSOIDAL (LINEAR) MODELING
OF TRANSFORMERS

Transformer simulation under sinusoidal operating
conditions is a well-researched subject and many
steady-state and transient models are available.
However, transformer cores are made of ferromag-
netic materials with nonlinear B-H (A—1) character-
istics. They exhibit three types of nonlinearities that
complicate their analysis: saturation effect. hystere-
sis (major and minor) loops, and eddy currents.
These phenomena result in nonsinusoidal flux.
voltage and current waveforms on primary and
secondary sides, and additional copper (due to
current harmonics) and core (due to hysteresis loops
and eddy currents) losses at fundamental and har-
monic frequencies. Linear techniques for trans-
former modeling neglect these nonlinearities (by
assuming a linear A —1 characteristic) and use con-
stant values for the magnetizing inductance and the
core-loss resistance. Some more complicated models
assume nonlinear dependencies of hysteresis and
eddy-current losses with fundamental voltage mag-
nitude and frequency, and use a more accurate
equivalent value for the core-loss resistance. Gener-
ally, transformer total core losses can be approxi-
mated as

Pl'c = Php: + Pw:ddjr = Kh)s (Bmu)lf'i' Kﬁ!dy(Bm)zf11 (2—1)

where Py, P.ssys B and f are hysteresis losses,
eddy-current losses, maximum value of flux density,
and fundamental frequency, respectively. Ky is a
constant for the grade of iron employed and K. g 15
the eddy-current constant for the conductive mate-
rial. S is the Steinmetz exponent ranging from 1.5 to
2.5 depending on the operating point of transformer
COre.
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