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. Become familiar with the flux linkages that exist

Oh! ECTIVES B ‘between the coils of a transformer and how the
: voltageés across the primary and secondary are
established.

« Understand the operatian of an iron-core and air-
core transformer and how to calculate the currents
and voltages of the primary and secondary
circuits.

. Be aware of how the transformer is used for
impedance matching purposes to ensure a high
level of power transfer. ' '

. Become aware of all the components that make
up the equivalent circuit of a transformer and how -{
they affect its performance and frequency

! response. ; i

» Understand how to use and inta‘rp,ret the dot
’ '  convention of mutually coupled coils in a network.

22.1 INTRODUCTION

Chapter 11 discussed the self-inductance of a coil. We shall now examine the mutual induc-
tance that exists between coils of the same or different dimensions. Mutudl inductance is a
phenomenon basic to the operation of the transformer, an electrical device used today in al-
most every field of electrical engineering. This device plays an integral part in‘'power distribu-
tion systems and can be found in many electronic circuits and measuring instruments. In this *
chapter, we discuss three of the basic applications of a transformer: to build up or step down
the voltage or current, lo act as an impedance matching device, and to isolate (no physical
connection) one portion of a circuit from another. In addition, we will introduce the dot con-
vention and will consider the transformer equivalent circuit."The, chapter concludes with a
‘word about writing mesh equations for a network with mutual inductance.

22,2 MUTUAL INDUCTANCE

A transformer is<constructed of two coi1§ placed so that the changing flux developed by one
links the other, as shown in Fig.22.1. This results in an induced voltage across each coil. To
distinguish between the coils, we will apply the transformer convention that ;

the coil to which the source is applied is called the primary, and the coil to which the load
is applied is called the secondary. ) y

For the primary of the transformer in Fig. 22,1, an application of Faraday's law [Eq. (11.9)]
results in :

.

(volts, V) C (22.1)
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FIG. 22.1
Defirling the components of a transformer.

revealing that the voltage induced across the primary is directly related
to the number of turns in the primary and the rate of change of magnetic
flux linking the primary coil. Or, from Eq. (11.11),

o di

=L~ (222)

(volts, V)

revealing that the induced voltage across the primary is also directly re-
lated to the self-inductance of the primary and the rate of changc of cur- -
rent through the primary winding.

The magnitude of e, the voltage induced across the secondary, is de-

termined by

dr

e, = N, 22n © (volts, V) (22.3)

where N, is the number of turns in the secondary winding and ém is the
portion of the primary flux ¢, that links the secondary winding.
If all of the flux linking the primary links Lhe secondary, then

=

ds

i (volts, V)

and ey =N, — (22.4)

The coefficient of coupling (k) between two coils is determined by

* 1

¥

k Icuefficient of coupling) = %ﬂ (22.5)

Since the maximum level of ¢,, is by, the coqﬂ" icient of coupling
between two coils can never be greater than 1. -

The coefficient of coupling between various coils is indicated in
Fig. 22.2.'In Fig. 22.2(a),.the fcrromagnetic steel core ensures that

‘most of the flux linking the primary also links the secondary, estab-

lishing a coupling coefficient very close to 1. In Fig. 22. 2(b), the fact
that both coils are overlapping results in the flux of one coil lmkmg the

other ch with the result that the coefficient of coupling is again very . -

close to 1. In F1g 22.2(c), the absence of a ferromagnetic core results
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in low levels of flux linkage between the coils. The closer the two coils
are, the greater is the flux linkage, and the higher is the value of k,
although it will never approach a level of 1. Those coils with low.
* coefficients of coupling are said to be loosely coupled. .
" For the secondary, we have

do | dkey
o~Vog *Ng
dey,
and h e, = kN; r (volts, V) (22.6)

mined by
M = Md—%‘r" (henries, H) S @
: dip :
El d,
or M=N,—=| (henries, H) - (22.8)
¥’ 5 ; b

Note in the above equations that the'symbol for mutual imductance
~ is the Capital letter M and that its unit of measurement, like that of self-
'i_nduct'ance, is the henry. In words, Egs. (22.7) and (22.8) state that the

ritutual inductance between two coils is proportional to the
instantaneous change in flux linking one coil due to an ipstantaneous
change in current through the ather coil.

In terms of the inductance of each coil and the coefficient of-cou-
pling, the mutual inductance is determined by y

.

The greater the coefficient of coupling (greater flux linkages), or the:

greater the inductance of either coil, the higher is the mutual inductance
between the coils, Relate this fact to the configurations in Fig. 22.2.

The secondary voltage e, can also be found in terms of the mutual in-

ductance if we rewrite Eq. (22.3) as - -

wen(8)()

and, since M = N, (dd,,/di,), it can also be written

' . i, | ; : |
1 ‘ (volts, V) (22.10)

v
Similarly, e =M (vl V) @2.11)

The mutual inductance between the two coils in Fig. 22.1 is detefs

_M'—-k@ " (henries, H) @)

MUTUAL INDUCTANCE 111 989
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FIG. 22.3
Example 22.1 -
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EXAMPLE 22.1 For the transformer in Fig. 22.3:

a. Find the mutual inductance M. )

b. Find the induced voltage &, if the ﬂux &, changes at the rate of

© 450 mWh/s. i

c. Find the induced voltage e, for the same rate of change indicated in
part (b). T |

d.. Find the induced voltages e and e, if the current i, changes at the
rate of 0.2 A/ms. :

Solutions:

a. M = kVLL, = 0.6V{200 mH)E0mH) *

.+ =06V16 X 1072 = (0.6)(400 X 107%) =240 mH
’ db, h .
b. €, = N,—= = (50)(450 mWbfs) = 225V " -
#P = I' = 3 -
¢ e = kN~ = (0.6)(100)(450 mWh/s) =27 V
; di, ; -
d. e, = LPE- = (200 mH)(0.2 A/ms) -
- = (200 mH)(200 A/s) = 40 V ;
: di, % . S
¢ = M —- = (240 mH)(200 A/s) = 48 V >
22.3 THE IRON-CORE TRANSFORMER
An iron-core transformer under loaded conditions is shown in Fig, 224, '
The iron core will serve to increase the coefficient of coupling between
the coils by increasing the mutual flux ¢m, Recall from Chapter 11 that
magnetic flux lines always take the path of least reluctance, which in this
p . case is the iron core. . ; f
= In the analyses in this chapter, we assume that all of the flux linking

coil 1'will link coil 2. In other words, the coefficient of coupling is its

- ,Laminated ferromagnetic
strips of meta]

Primary windings

Secondary windings

& Magnetic flux

FIG. 22,4
Iron-core trangformar.



maximum value, 1, and ¢,, = ¢, = ¢, In addition, we first analyze the
transformer from an ideal viewpoint; that is, we neglect losses such as the
geometric or dc resistance of the coils, the leakage reactance due to the
flux linking either ¢oil that forms no part of ¢,y and the hysteresis and
. eddy gurrent Josses. This is not to convey the impression, however, that
we are far from the actual operation of a transformer, Most transformers
manufactured today can be considered almost ideal. The equations we
develop under ideal conditions are, in general, a first approximation to the
actual response, which is never off by more than a few percentage points.
The losses are considered in greater detail in Section 22.6.

When the current i, through the primary circuit of the iron-core trans- -

former is a maximum, the flux ¢, linking both coils is also a maximum. In
fact, the magnitude of the flux is directly proportional to the current through.
the primary windings. Therefore, the two are in phase, and for sinusoidal
inputs, the magnitude of the flux varies as a sinusoid also. That is, if'

= V’ﬁ!p sin wt

then - ¢y = O, sin wt
The induced voltage across the primary due to a sinusoidal input can
be determined by Faraday's law: ' ' :

do db.. -
=N— =N, = i
# di dr
Substituting for d;,,, gives us
- . d. n
.. &= NP E[‘?M sin wt)

and diﬂ'cremiat_iﬂg, we obtain
: ep = WN; P, cos Wt
or = wN,®,, sin (wt + 90°)

indicating that the 1n::luced ‘voltage e, leads the current through thl: pn-
mary coil by 90°.
The effective value of e is

3 wh Py, 20fN,D,,-
S VE TV

\ s

which is an equation for the rms value of the voltage across the primary
coil in terms of the frequency of the mpul current or voltage, the number
of turns of the primary, and the maximum value of the magnenc flux
linking the primary.

For the case under discussion, where the flux linking the secondary
equals that of the primary, if we repeat the procedure just described for »
the induced voltage across the secondary, we get

)

Dividing Eq. (22.12) by Eq. (22.13) as
E, 444fN,0,

E,  444fN®, =

THE IRON-CORE TRANSFORMER |11 891
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we 6bta_in
E, N,
L A £ (22.14)
E, N,

¥
revealing an important relationship for transformers:

The ratio of the magnitudes of the induced vollages is the same as the
ratio of the corresponding turns.

If we consider that .
‘o dbw ddp

= Np? and e; = N,? i
and divide one by the other, that is, }
& _ Ndon/dt)
e;  Nddu/dr)
& ﬁ
Shes h €5 _""N:

The instantaneous values of e) and e, are therefore related by a con-
stant determined by the turns ratio. Since their instantaneous magnitudes

~ are related by a constant, the induced voltages are in phase, and

Eq. (22.14) can be changed to intlude phasor notation; that is,

E ;'\T, G % (22.15)

or, since V, = E; and Vi, = E, for the ideal situation,

' v, N
* g S ’ '
T (22.16)

The ratio N,/N;, usually represented by the lowercase letter a, is re-

~ ferred to as the transformation ratio:

(22.17)

o
(]
|zl=

If a< I the transformer i§ called a'!tep-,up transformer smce the volt-

 age E; > E,; that is, 5

»

B E,

E=E=s or E,-:-a—
and, ifa<1, ' E,> E,

If a > 1, the transformer is called a step-down l‘.ransformer since

By <E i that is,.

-EP iy .aEJ i »

‘and, if a> 1, then’ v By >



EXMI.E nimm iron-core transformer in Fig. 22.5:

a Find 1I1e maximum flux @,
b. Find the secondary turns Nj.

" FIG.225°
Example 22.2.
Solutions;
a. E, = 444N,/ et
o E 200V
P
Th . @D, == = :
orefore, P = JAa N,/ (a.44)(50 1)(60 Hz)
Land’ S o o Gy 1582 mWh
E, N, 25 - 4
b £ =-F .
ES Nl
N, E; (:SOt](ZilO(} V)
B . s :
Thcrf:forc, . Ny= E, 00V -

= 600 turns

The induced voltage across the secondary of the transformer in
Figl 22'.4 establishes a current i, through the load Z; and the secondary
windings. This current and the tumns N; develop an mmf Ngi, that is not
present under no-load conditions since i = 0 and Ny, = 0. Under loaded

or unfoaded conditions, however, the net ampere-tums on the core pro-

duced by both the primary and the secondary must remain unchanged .

for the same flux ¢,, 10 be established in the core. The flux ¢, must re-
main the same to have the same induced voltage-across the primary and
to balance the voltage impressed across the primary. To-counteract the
mmf of the secondary, which is tending to change ¢y, an additienal cur-
rent must flow in the primary. This current is called the load component
of the primary current and is represented by the notation 7

For the balaneed-or equilibrium condition,

X Npi, = Nyl
The total current in the primary under loaded conditions is

Iy ip =ip + g,
: . .- . 4 :
where iy_is the current in the primary necessary to establish the flux ¢,
For most practical applications, i, > ig_. For our analysis, we assume
E e N :
I, = Ips so :
Npip = Niis  *»

&
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= - Since the instantaneous valyes of i, and iy are related by the turns
ratio, the phasor quantities I, and I, are also related by the same ratio:

NI, = N,

or (22.18)

Ll B
vl
<=

“t The primary and secordary currents of a transformer are therefore
related by the inverse ratios of the turns. - ;

Keep in mind that Eq. (22.18) holds true only if we neglect the effects of
' ig,. Otherwise, the magnitudes of I, and I, are'not related by the turns
ratio, and I, and 1, are not in phase,
For the step-up transformer, a < 1, and the current in the secondary, /I, =
alp, is less in magnitude than that in the primary. For a step-down trans-
. former, the reverse is true. ? y

22.4 REFLECTED IMPEDANCE AND POWER

. i " - : i -In the previous section we found that
= ¥ .. LM, e ami L %
' MW Pk Ny e
Dividing the first by the second, we have
| VAR
L/ - 1a
; Y/l _- - %_ Y
J =i L FWEE. 0./ ¢
or : VI, a and L L
However, since '
! % ; \/3
’ - . ) = — Z = —
g : Z, I a?d ¥ L
then Z,=dZ; - (22.19)

&
That is, the impedance, of the primary circuit of an ideal transformer is
the transformation ratio squared times the impedance of the load. If a
 transformer is used, therefore, an impedance can be made to appear
larger or smaller at the primary by placing it in the secondary of a step-
down (a > 1) or stgp-up (a < 1) transformer, respectively. Note that if
the load is capacitive or inductive, the reflected impedance is also ca-
“  pacitive or inductive. '
For the ideal iron-core transformer,

EF "s
— =gq=—=
- . E: IP
o - [EL=EL] . (2220)
and * -\ [Py=Pu| (ideal conditions) (22.21) -

v o,
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Dcncm:s iron core

.EXAMPLE 22.3 For the iron-core transformer in Fig. 22.6: ~ 100 mA
a. Find the hmgnittide of the current in the primary and the impressed
" voltage across the primary. ; ta
b. Find the input resistance of the transformer. Rg2K0 W,
Solutions: J__ 1 -
I N, —’\’M]LNﬁl.
8, —— -
I, N, - ; FIG.226
' N : 4 ) Example 22.3.
L=t = (St)(01A)—~125mA .
N,
V, =14,z = (0.1 A)(2kQ) = 200V i
V, N : ' 4
Also, o W
L/ A,
N 40t
P
‘i‘f’g - '!‘ZVL = ( )(200 V) = 1600V
b. Z, = a’Zt :
N
= il = R
2 N j o
Z, = (8)2(2kQ) = R,;"= 128 k2
EXAMPLE 22.4 For the residential supply appearing in Fig. 22.7, de-
termine (assuming a totally resistive load) the following:
a. the value of R to ensure a balanced load _ ‘
b. the magnitude of /; and I ' Y "
c. the line voltage V, o
d. the total power delivered for a balanced three-phase load -
e. the mms ratio a = Np/N;
b .
I 1
' } ; 5
I ] - .
Terll 60 W bullbs
TV
200 W
L
4
it [ [
[ )
' g
[ir__|
i Air
: ’ Residential service: . conditioner L
Main scr\-'ictv——{ 1201240 V, 3-wire, ' 2000 W i :
single-phase

FIG. 22.7
Single-phase residential supply.
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Solutions:

a. Pr=(10)(60 W) + 200 W + 2000 W
- = 600 W -+ 200 W + 2000 W = 2800 W

; . Pin = Pou
VoI, = ViI; = 2800 W (purely resistive load)
(2400V)! = 2800 WandJ, = 1.17 A

ol Vo 2400V
R=9"=T17A =2051.sz1
' b. P, = 600W = VI, = (120 V)1,
: and Chp=8AC
Py = 2000 W = VI, = (240 V)1,
: - and L =833A

c. V= V3V = 1.73(2400 V) = 4152V
d. PT = 3P¢ = 3(2800 W)'-= 84 kw_
No Vo 2400V _

- =“=—=—'—10
el aE R 2

- 22.5 IMPEDANCE MATCHING ISOLATION,
AND DISPLACEMENT

Transformers can be particularly useful when you are lrying to ensure
that a load receives maximum power from a source. Recall that maxi-
mum power is transferred to a load when its impedance is a match with
the internal resistance. of the supply. Even if a perfect match is unat-
tainable, the closer the load matches the internal resistance, the greater
is the power to the load and the more efficient is the system. Unfortu-
nately, unless it is planned as part of the design, most loads are-not a

. close match with the internal impedance of the supply. However, trans-
formers have a unique relationship between their primary and second-
ary impedances that can be put to good use in'the impedance matching
process. Example 22.5 demonstrates the significant difference in the
power delivered to the load with and without an impedance matching
transformer. '

EXAMPLE 225

a. Thc source impedance for the supply in Fig. 22.8(a) is 500 ﬂ which
is a poor match with the 8 () input impedance of the speaker. You
can expect only that the power delivered to the speaker will be

. significantly less than the maximum possible level. Determine the

P T power to the speaker under the conditions in Fig. 22.8(a).
- - b._In Fig. 22.8(b), a commercially available 500 (1 to 8 () audio.im-
pedance matching transformer was mtroduccd between the speaker

_ and the source. Determine the input impedance of the transformer
and the power delivered to the speaker,

¢. Compare the power delivered to the speaker under lhe condmons of
paits (3) and (b). -

d. "Find the approximate turns ratio for the transformer,




IMPEDANCE MATCHING, ISOLATION, AND'DISPLACEMENT 111897

R, 500080 ; '

- Solutions:
a. The source current:

E 120V 120V Y ¥ : 2 ;
- - 2362 mA MFE - e
b=R T s00+80  so8a - O e i o

. The power to the speaker: : )
. P=PR=(2362mA) '8 )= 4463 mW =045 W

or less than ¥ W.
b. Since the input impedance of the ttansformer matches that of the
source, maximum power transfer conditions have been established,
and the source current is now determined hy e
E 120V 120 V
[ =— == = 120 mA "
*~Rr. 5000+ 5000 10000
'The power, to the primary (which equals that to the secondxry for
the ideal transformer) is .

P=PIR= (120mA)3-50011 =72W

The result is not in milliwatts, as obtained above, and exceeds 7 W, ‘

which is a significant improvement. 3
¢. Comparing levels, we see that 7.2 W/446.3 niW = 161, or more

thin 16 times the power is delivered to the spesﬂ:r using the m‘lpnd-

ance matching transformer.

d. z, —aZZ,_

f ||500
= = =
a =0 791 =8:1

Another important application of the impedance matching capabilities
of a transformer is the matching of the 300 {) twin line transmission line
from a-television antenna to the 75 () input impedance of a television
(ready-made for the 75 () coaxial cable), as shown in Fig. 22.9. A match
must be made to'ensure the strongest signal-to the television receiver.

* Using the equation Z, = aQZL. we find

300 Q = a®75 O TV inpus
3000 300 0:75 O
=2
and _ e e = V4 _ 750
i ‘ - FIG. 229
Wi Mpiliy =2 '_-1 G step-cliit fsisfarmen) Television impedance matching transformer.
-~ F .

Introductory, C.-64A. . | _ '
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EXAMPLE 22.6 Impgdance matching transformers are also quite evi-
dent in public address systems, such as the one appearing in the 70.7 V
system in Fig. 22.10. Although the system has only pne set of output ter-
minals, up to four speakers can be connected 1o this system (the number
is a function of the chosen system). Each 8 {) speaker is connected to the
70.7 V line Lhrough a 10 W audio-matching transformer (defining the
frequency range of linear operation).

a. If each speaker in Fig. 22,10 can receive 10 W of power, what is the

maximum power drain on the source? :

b. For each speaker, determine the impedance seen at the input side
- of the trapsformer if each is opergting undeér its full 10 W of
power.

" Determine the turns ratio of thc transformers.

At 10 W, what are the speaker voltage and current?

e. What is the load seen by the source with one, two, three, or four

speakers connected?

e e

Very low output impedance -
| :

Public address |
system lﬂ.? v -—J

3NIOW
=== malching audio

P s ) : transformers * -
) . ; 8 {1 speakers
~ FIG. 2210
Public address system.

Solut:ans

a. Ideally, the primary power equals the power delivered to the load,
resulting in a maximum of 40 W from the supply. :
b. The power at the primary is_

P, = VI, = (0.7 V), = 10W

10W
ad :,—70'7\,_141.4@
L1 : v
: _%_ _mav
so that ZP'J,, = 500
Z, soon
c zp—uizf_aa—,/z" \/625—791
oL,
Vo 70V .
A Yo W =894V=9V

3 : TR a1
' e. All the speakers are in parallel. Therefore, -
One speaker: Ry =50002

08 _ 00

Two speakers: =~ Ry =

.

. A el o . . [ #t Introductory, C.- 64B




% S v ' IMPEDANCE MATCHING, ISOLATION, AND DISPLACEMENT 11| 998

Rr _.s000

.']. bm ; m‘ “ kers - L
Ry oo 500 0

Four speakers: Ry = = 1250}
Even though the load seen by the source varies with the number of
. speakers cormected, the source impedance is so low (compared to the
lowest load of 125 €1) that the terminal voltage of 70,7 V is essen-
tially constant. This is not the case where the desired result is to
match the load to the input impedance; rather, it was to ensure 70,7 V
 at each primary, no matter how many speakers were connected, and

to limit the current drawn from the supply. !

. The transformer is, frequently used to isolate one portion of an elec-
trical system from another. Isolation implies the absence of any direct
physical connection. As a first example of its use as an isolation device,
consider the measurement of Hne - voltages on the order of 40 000 V

(Fig. 22.11).

1k Y

' +
40,000V
A e i e
-
N
—£=
e Voltmeter
“ ] 100 V

FIG. 22.11
Isolating a high-voltage line from the point of measurement.

“To apply a voltmeter across 40,000 V would obviously be a danger-
ous task due to the possibility of physical contact with the lines when

" making the necessary connections. Including a transformer in the trans-

mission system as original equipment can bring the potential down to a
safe level for measurement purposes and can determine the line voltage
using the turns ratio. Therefore, the transformer serves both to isolate
and to step down the voltage.

As a second éxample, consider the apphcatzon of the voltage v, to the
vertical input of the oscilloscope (a measuring instrument) in Fig. 22.12.
If the connections are made as shown, and if the generator and escillo-
scope have a common ground, the impedance Z; has been effectively
shorted out of the circuit by the ground connection of the oscilloscope.
The input voltage to the oscilloscope is therefore meaningless as far as
the voltage v, is concerned. In addition, if Z, is the current- -limiting im-
pedance in the circuit, the current in the circuit may rise to a level that
causes severe damage to the circuit. If a ransformer is used as shown in
Fig. 22.13, this problem is eliminated, and the input voltage to the oscil-
!uscope will be v,.

- FIG.2212
Demonstrating the shorting effect introduced by the
grounded side of the vertical channel of an
oscilloscope.

Oscilloscope

Vv

i

-

iH &

FIG. 22.13
Carrecting the situation of Fig. 22.12 using an
isolation transformer.
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The linear variable differential transformer (LVDT) is a sensor that
can reveal displacement using transformer effects. In its simplest form,
the LVDT has a central winding and"two secondary windings, as
* shown ifi Fig. 22.14(a). A ferromagnetic core inside the windings is

free to move as dictated by some external force. A constant, low-level

ac voltage is applied to the primary, and the output voltage is the dif-

DN ference between the voltages induced in the secondaries. If the core is

. ; in the position shown in Fig. 22.14(b), 2 relatively large voltage is in-

" duced across the secondary winding labeled coil 1, and a relatively

small voltage is induced across the secondary. winding labeled coil 2
(essentially an air-core transformer for this position), The result is a
relatively large secondary output voltage. If the core is in the position
shown in Fig. 22.14(c), the flux linking each coil is the same, and the
output voltage (being the di fference) will be quite small. In total, there-
fore, the position of the core can be related to the secondary voltage,
and a position-versus-voltage graph can be developed as shown in
Fig. 22.14(d). Due to the nonlinearity of the B-H curve, the curve be-
comes somewhat nonlinear if the core is moved too far out of the unit.

xlllvl.l.

coil 1, | cqil2 —-‘(-— : s

1 +
==
mﬂ ﬁw‘
+d§ 6~ o o- '

’ Primary winding End plate - € max €ymin + e -+ e -

_Ferromagnetic core € — €; = eymax e, — ey = ermin
(@ m ©)
ey (induced voliage)

x displacement

FIG. 22.14 '
LVDT transformer: (a) construction; (b) maximum displacement; (c) minimum displacement;
(d) graph of induced voltage versus displacement.

¥

22.6 EQUIVALENT CIRCUIT (IRON-CORE
- TRANSFORMER) ]

For the nonideal or practical iron-core transformer, the equivalent circuit
appears as in Fig. 22.15. As indicated, part of this equivalent circuit in-
cludes an ideal transformer. The remaining elements of Fig. 22.15 are
those elements that contribute to the nonideal characteristics of the de-
vice. The resistances R, and R, are simply the dc or geometric resistance |
of the primary and secondary windings, respectively. For the primary
and secondary coils of a transformer, there is a small amount of flux that
links each coil but does not pass through the core, as shown in Fig. 22.16
for the primary winding. This leakage flux, representing a definite loss
! . in the system, is represented by an inductance L, in the primary circuit
A s ; . and an inductance L, in the secondary.



>

CH
| ‘ T
: d Rp L I\
ale
: g
p I -
ol i I
E_ .
Ideal transformer
FIG. 22.15

Equivalent circuit for the practical iron-core transformer.

The resistance R, represents the hysteresm and eddy current losses
(core losses) within thc core due to an ac flux through the core. The in-
ductance L,, (magnetizing inductance)'is the inductance associated
with the magnetization of the core,.that is, the establishing of the flux
¢m in the core. The capacitances C, and C; are the lumped capaci-
tances of the primary and secondary circuits, respectively, and C,, rep-
resents the equivalert, lumped capacitances between the windings of
the transformer.

_ Since ip, is normally considerably larger than iy (the magnetizing
current); we ‘will ignore iy Ifor the moment (set it equal to zero), re-
sulting in the absence of R, and L,, in the reduced equivalent circuit in

Fig. 22.17. The capacitances Cp, C,,, and C, do not appear in the equiv- -

alent circuit in Fig. 22.17 since their reactance at typical operating
 frequencies do not appreciably affect the transfer characteristics of the
transformer. 1

N,
; X
' v g
R
¥ L N, N,
" Il
L ]
-; ' Ideal transformer

iy FIG. 22.17
eruce-d! equivalen circuit for the nonideal iron-core n-an{fomur

If we now reflect the secondary circuit through the ideal transformer
using Eq. (22. 19), as shown in Fig. 22.18(a), we will have the load and
generator voltage in the sime continuous circuit. The total resistance and
inductive reactance of the primary circuit are determined by -

(22.22)
™

Requivatem = Re = Rp 2 azR:

’

and xequivalsn! =X, = XP + ﬂzxg (22.23)

EQUIVALENT CIRCUIT {IRON-COHE-TﬁANSFOHMEH} 111001

FIG. 22.16 -
Identifying the leakage flux of the primary.

B
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Ideal transformer

(a)

. N,
R ¢
R, X, =
Yy Uﬂa +
+ ) " N, N, +
-Iv
Ve @ aVyp g g SRV
—— i E
- i R, = azﬁ‘r_ ¥ -
= Ideal transformer
2 ()

FIG. 22.18

Reflecting the secondary circuit into the primary side of the iron-core transfornier.

8 (power-factor angle of the load)

FIG. 22,19

' Phasor diagram for the iron-core transformer’
with (a) unity power-factor ioad (resistive) and-

(b) lagging pawer-factor load (inductive). -

it

which result in the useful equivalent circuit of Fig. 22.18(b). The load
voltage can be obtained directly from the circuit in Fig. 22. iS(b) through
the voltage divider rule:

2 R,-\-’g
a Lo 4 7Y T e T T
2 > (Re + R?) + jX,
d y, = LA 5554
an ST L T g .
L= R+ R + X, -,( )

* The network in Fig. 22. 18(bj also allows us to calculate ihe generator

“voltagc necessary to establish a particular load voltage. The voltages

across the elements in Fig, 22.18(b) have the phasor relaticuship indicated
in Fig. 22,19(a). Note that the current is the reference phasor for drawing
the phasor diagram. That is, the voltages across the resistive elements are

‘in phase with the current phasor, while the voltage across the equivalent in-

ductance leads the current by 90°, The primary voltage, by Kirchhoff’s voltage
law, is then the phasor sum of these voltages, as indicated in Fig. 22.19(a).”
For an inductive load, the phasor diagram appears in Fig, 22.19(b). Note
that @V, leads I by the power-factor angle of the load. The remainder of
the diagram is then similar to that for a resistive load. (The phasor diagram
for a capacitive load is left to the reader as an exercise.)

The effect of R, and X, on the magnitude of V for a particular V is
obvious from Eq. (22.24) or Fig. 22.19. For mcreaud values of R, or X,,
an increase in V,, is required for the same load voltage, For R, and X, =
0,V and Vj are s:mply related by the turns ratio,

EXAMPLE 22.7 For a transformer havmg the equwalcnt «circuit in
Fig. 22.20:

FlG 2220
Example 22.7



5

a, Dencrmmc R, and X,.
b Detenmnc the magnitude of the voltages V; and Ve
¢. Determine the magnitude of the voltage Ve to estabhsh the same
load \_roltage in part{(b) if R, and X, = 0 (). Cornpare with the result
of part (b). ;
Solutions: ' ;
e R =R +aR=10+(2)¥10)=50
X, =X, +dX, =20+ (2)1(29) =100
b. The transformed equwalent circuit appears in Fig, 22. 21
= (I,)(a*R;) = 2400 V
Thus,
v LI
y, = 200V LU0V _ ey
CR 2
and
3— ,,(Rt + &Ry + jX,)
=10A50Q+2400+;10Q) = 10A(245.Q +j10Q)

Ve = 2450V +j 100V =-2452.04 V £2.34°
¢o= 245204 V £2.34°
L = 10A£0°

Rt X,

a’Rp = (4)(600) = 2400

FIG. 22.21
Transformed equivalent circuit of Fig. 22.20.\
c. ForR, anﬂX. =0,V =aV, = (2)(1200 V) = 2400 V.
Therefore, it is necessary to increase the generator voltage by
52.04 V (due to R, and X,) to obtain the same load voltage.

22.7 FREQUENCY CONSIDERATIONS

For certain frequency ranges, the effect of some parameters in the equiv-
alent circuit of the iron-core transformer in Fig, 22 15 should not be ig#
nored, Since it is convenient to mnmderaIW- mid-, and high-frequency
region, the equivalent circuits for each are now introduced and bncﬂy
examined.

For the low-frequency region, the series relcmncc (27fL) of the pri-
mary and secondary leakage reactances can be ignored since they are
small in magnitude, The magnetizing inductance must be included, how-
ever, since it appears in parallel with the secondary reflected circuit, and
small impedances in & parallel network can have a dramatic impact on
the terminal characteristics. The resulting equivalent network for the
low-frequency region is provided in Fig. 22.22(a). As the frequency de-
creases, the redctance of-the magnetizing inductance reduces in magni-
tude, causing a reduction in the voltage acrogs the secondary circuit. For
f =0 Hz, L, is ideally a short circuit, and Vy = 0. As the frequency

FREQUENCY CONSIDERATIONS |11 1003

-+
>
% RS "251-:5 av,
(b)
FIG. 22 22

(a) Low-frequency reflected equivalent circuir
* (b) mid-frequency reflected circuir,
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increases, the reactance of L, is eventually sufficiently large compared
with the réflected secondary impedance to be neglected. The mid-

frequency reflected equivalent circuit then appears as shown in . '

Fig. 22.22(b), Note the absence of reactive elements, resulting in an in-
phase re[auonshlp between load and generatur voltages.

For higher frequencies, the capacitive elements and primary and sec-
ondary leakage reactances must be Iconsldered. as shown in Fig. 22.23.
For discussion purpeses, the effects of C,, and C; appear as a lurrlpcd ca-
pacitor C in the reflected network in Fig. 22.23; C,, does not appear since
the effect of C predominates. As the frequency of interest increases, the
capacitive reactance (X¢ = 1/2mfC) decreases to the point that it will
have a shorting effect across the secondary circuit of the transformer,
causing V; 1o decrease in magnitude.

FIG. 22.23
High-frequency reflected equivalent circuit.

A typical iron-core, transformer-frequency response curve appears in
Fig. 22.24. For the low- and high-frequency regions, the primary ele-
ment responsible for the drop-off is indicated. The peaking that occurs in
the high-frequency region is due to the series resonait circuit established
by the inductive and capacitive elements of the equivalent circuit. In the
peaking region, the series resonant circuit is in, or near, its rssonanl or
tuned state.

a

Vy (for fixed V,}

" Pairly flat -
‘L res| & region
L R vtgonky S @
L s . 1 f 1 - ]
100 10000 10,000 100,000  f(Hz) ~
l 4 ; (log scale)
' FIG. 22.24

Transformer-frequency response curve.

22.8 SERIES CONNECTION OF MUTUALLY
COUPLED COILS

In Chapter 11, we found that the total inductance of series isolated coils

. was determined simply by the sum of the inductances. For two coils that

are connected i series but also share the same flux linkages, such as
those in Fig, 22:25(a), a mutual term is introduced that alters the total in-
ductance of the series combination. The physical'picture of how the coils
are connected is indicated in Fig, 22.25(b). An iron core is included,



n]thom &smm be developed are for any two mumaliy coup!ed-

" coils with any value of coefficient of coupling k. When referring to the
‘voltage induced across the inductance L; (or Ly) due to the change in
flux Tinkages ofithe inductance L, (or Lj, respccnvely} the mutual in-

ductance is represented by M. This type of subscnpt notation is partic-

ularly important when there are two or more mutual terms.

Due to the presence of the mutual term, the induced voltage 91 is
composed of that due to the celf—mductance L and that due to the mutual
inductance M 3. That is,

! di
e =L M,
»
However, since iy = iy = i, - i
L]
e Wl di
= — 4 Myy—
. _ €1 le‘ 12
e A
or -+ ep = (L + M;z)z : (volts, V) (22.25)
and, similarly,
di {
e = (Lt M) | - (volts, V) . (22.26)

For the series connection, the total mducecf voltage across the series
coils, reprcsented by ey, is '

g el di ' di
ep=er+ e S+ Mp)p + Ua + Mk,
; i
or er“(L]+IQ+M]z+M[2)d
and the total cffecnvc inductance i 1s

I_LT‘” =L+l + w,,\ (henries, H)  (22.27)

- The subscript (+) 'wns included to indicate that the mutual terms have
a positive sign and are added to the self-inductance values to determine
the total inductance. If the coils are wound such as shown in Fig. 22.26,

“- where ¢, and ¢, are in opposition, the induced voltages due to the mu- -

tual terms oppose that due to the self-inductance, and the total induc-
tance js determined by '

.Lr( - = Ly + Ly — 2Mpa (henries, H) (22.28)

-

Through Eqgs. (22.27) and (22.28), lhc mutual inductance.can be de-
termined by

: :
My = Lz~ L) (22.29)

Eq. (22.29) is very effective in determining the mutual inductance
between two coils. It states that the mutual inductance is c.qual to one-
quarter the difference between the total inductance with a positive and
negative mutual effect. :

(e e

8 el s ; SERIES CONNECTION OF MUTUALLY COUPLED COILS Il 1005

M= Mj3H#)
LI ‘,a-—-\Lz

'1' t; -_
(a)

L Ma®

Ll
orrr

+ 8 =

f‘+el—i? + g =
' (b)

FIG. 22.25
Mutually coupled coils conmecied in series.

L M) L’

C
¢ FIG. 22.26

Mutually coupled coils connected in series with
negative mutual inductance,
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oo OO0
L 1y
(a) b
/700 00
L
e ' o
FIG. 22.27

Dot convention for the series coils in (a) Fig. 22.25

and (b) Fig. 22.26.

My = |H

My = 2H My = 3H
12 )

gE

From the preceding, it should be clear that the mutual inductance di-
rectly affects the magnitude of the voltage induced across a coil since it
determines the net inductance of the coil. Additional examination re-
veals that the sign of the mutual term for each coil of gcoupled pair is
the same. For L., they are both positive, and for Ly, they are both
negative. On a network schematic where it is inconvenient to indicate the
windings and the flux path, a system of dots is used that determines
whether the mutual terms are to be positive or negative. The dot conven-
tion is shown in Fig. 22.27 for the series coils in Figs. 22.25 and 22.26,

If the current through each of the mutually coupled coils is going
away from (or toward) the dot as it-passes through the coil, the mutual
term will be positive, as shown for the case in Fig 22.27(a). If the arrow
indicating current direction through the coil is leaving the dot for one
coil and entering the dot for the other, the mutual term is negative.

A few possibilities for mutually coupled transformer coils are indi-
cated in Fig. 22.28(a). The sign of M is indicated for each, When deter-
mining the sign, be sure to examine the current direction within the coil'
itself. In Fig. 22. 28(1)} one direction is indicated outside for one coil
and through for the nther It initially may appear that the sign should be
positive since both currents enter the dot, but the current :hrough ‘coil 1
is leaving the dot; hencé a negative sign is in order.

LR I%E; _%g

M (+)

—
i

T35

LsSH Li=10H L=

FIG. 22,29
Example 22.8.

I3H

(b)

FIG. 22.28
Defining the sign of M for mutwally coupled transformer coils,

.

The dot. convenﬁqn also reveals the polarity of the induced voltage
across the mutually coupled coil. If the reference direction for the current in
a coil leaves the dot, the polarity at the dot for the induced voltage of the

. mutually coupled coil is positive. In the first two figures in Fig. 22,28(a),
- the polarity at the dots of the induced voltage is positive. In the third figure

in Fig. 22.28(a), the polarity at the dot of the right coil is negative, while the
polarity at the dot of the left coil is positive, since the current enters the dot
(within the coil) of the right coil, The comments for the third figure in Fig.
22.28(a) can also be applled to the Tast figure in Fig. 22.28(a).

EXAMPLE 22.8 Find the total lnductance of the series coils in Fig. 22.29.

- Sn!uﬂon.

Current vectors leave dot,

Coil 1: Ly + Myz ~ Mis

. On-:'\mnt.wm enters dot, while one leaves:
Coil 2: Ly + My, = My
Coil 3 Ly — Mgy — My

i
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and =

Ly=(Li + My - Mls) + (Lz + My~ Mas) + (Ly — My — MES)
=Lt Ly + Ly + 2Myy — 2Myy — 2My3

- Subsmuhng valucs, we find

Lr=5H+ 10H + ISH + 2(2 H) - 2(3 H) — 2(1 H)
=34H-8H=26H

R

EXAMPLE 22.9 Write the mesh equations for the transformer network
in Fig. 22.30.

[l

Q)88 =

"

Snﬁutfbn For each coil, the mutual term is pbsitivc and the sign of M
in X, = wM £90° is positive, as determined by the direction of I and
13 Thus, ;

AAA
vy
]
r~

B - LRy — LiXp, £90° — X, £90° = 0 = -
or E; — LRy + jX,) = LX, £90° =0 . - . FIG 2230
For the other loop, Example 22.9. 4
~LXy, £90° — LiXp £90° — R, = 0 : ' :
or 1R, + jX,) = B £90° = 0
22,9 AIR-CORE TRANSFORMER. *
As the name implies, the air-core transformer does riot have a ferromag- _ s
netic core to link the primary and secondary coils. Rather, the coils are g

placed sufficiently close to have a mutual inductance that establishes the
desired transformer action. In Fig. 22.31, current direction and polarities
have been defined for the air-core transformer. Note the presence of a
mutual inductance term M, which is positive in this case, as deterxmuod

by the dot convention. &
.M ‘
R’ "/ \
1‘1'1‘ x s ‘.l'.l' ’
' P+ L B
R ol P Ll
z; ] +

Ildul-:nﬁufmr
FIG, 22.31
Air-core transformer equivalent circuit.
- . w!‘ '
From past analysis in this chapter, we now know that

& = Li— + M=* (22.30)

~ for the primary circuit.
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+ Solving for I, we have

We found in Chapter 11 that for the pure inductor, with no mutual in-
ductance present, the mathematical relationship
i Lﬂ '
: Yi dt
resulted in the fc;llowing useful form of the voltage across an inductor:
V, = X, £90° , where X,.= wl

Similarly, it can be shown, for a mutual inductance, that

o diy
L M dl‘
results in
Vi = LX, 290°  where X,, = wM| @231) -

Eq. (22.30) can then be written (using phasor notation) as

E, = 1,X;, £90° + 1,X,, £90° (22.32)

and Vy = 1,R, £0° + L, X, £90° + L X, £90°
or [V = LR, + iXy,) + 1, Xy, £90° (22.33)

For the secondary cirbuit.

(&, = 1K, £90° + 1, X £90°] (2239)
and V= LR, £0° + I:X;_’ £90° + 1, X, £90°
& Vi = IR, + X)) + L, Xy £90° (22.35)
Substituting Ve=~-LZ;

into Eq, (22.35) results in
0'= I(R, + jXr, + Z) + 1, X,, £90°

3 —-1,X,, £90°
, Ry + X, + 2t
and substituting into Eq. (22.33), we obtain

V, =L(R . (-'—**——— IF Xnt )X ap®
- £33 9 :
s = LR "Jf"’) R, +jX, +Z; m &

L

Thus, the input impedance is

h/ (X £90°)?
A L ORI . b 3.1
Ak X R KL Iy

or, defining .
Z,=R,+ X, Z,=R+jX, and X,290°= +joM

&
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wehaye .

: (+jwM)?
e Ty

(oM)?
Lyt 2

and =2, - (22.36) L e

The term (wM)*/(Z, + Zp) is called the coupled impedance, and it is : S 000
. +independent of the sign of M since it is squared in the equation. Consider —
. also that since (wM)? is a constant with 0° phase angle, if thedoad Z; is . Coupled| o
50 L7 s u AR Z impedance| Z.+Z
resistive, the resulting coupled impedance term appears capacitive due to i ;
division of (Z, + Rp) into (wM)?. This resulting capacitive reactance op-
poses the series primary inductance Ly, causing a reduction in Z;. Includ- -
ing the effect of the mutual term, the input impedance to the network 2 FIG. 22.32 -. '
appears as shown in Fig. 22.32. : Input characteristics for the air-core transformer.

EXAMPLE 22.16 Determine the input inqpedancc to the air-core trans-

former in Fig. 2233. p
© M=09H
o R,
o—AM——— ———MA—
N . L 050
Z, Lp = ﬁﬂg g‘,‘ =1H R;_EE-‘U“
w = 4m 'l X
L O
p
FIG. 22.33
" Example 22.10.
- Solution: :
(oM I '
Z'. - p + (__i i !
Z,+Z; .
=R, + jX; + {NM)I - 3 ‘
TP Ry PRy
0. Faoy e ((400 rad/s)(0.9 H))?
— -+ g
J3AKY e O T 4000 + 400
, 129.6 x 10°
ey
=j24kQ + 32240 £—-84.22° ;

capacitive
. = j2.4 k€ + (0.0325 k{2 — j 0.3208 k{2)
= 0.0325 k2 + j (2.40 — 0.3208) k)

and Z; = R; + jXp, = 325 0 + 2079 2 = 2079.25 () £89.10°
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Secondary

o — »
P

]

; L____p2000V
't Iron core &
FIG, 22.34

Demonstrating why transformers are rated
in kVA rather than kW,

=S Xe= 5000

4
e o rsnimen

E-

22.10 NAMEPLATE DATA

A tyiaical iron-core power transformer rating included in the nameplate
data for the transformer might be the following:
SkVA  2000/100V 60 Hz
The 2000 V or the 100 V can be either the primary or the secondary volt-
age; that is, if 2000 V.is the primary voltage, then 100 V is the secondary
voltage, and vice versa. The 5 kVA is the apparent power (§ = V/) rating
of the transformer. If the secondary voltagc is 100 V, then the maximum
load current is
§ _ 5000VA

BTy e
and if the seconda.ry \roltage is 2000 V; then the maximum load current is
=== i 1 25A

2000V
The transformer is rated{;n terms of the apparent power rather- than
the average, or real, power for the reason demonstrated by the circuit in
Fig. 22.34, Since the current through the load is greater than that deter-
mined by the apparent power rating, the transformer may be perma-
nently damaged. Note, however, that since the load is purely capacitive,

" the average power to the load is zero. The wattage rating is therefore

meaningless regarding the ability of this load to damage the transformer,
The transformation ratio of the transformer under discussion can be
either of two values. If the secondary voltage is 2000 V, the transforma-
tion ratio is a = N,/N, = V,/V, = 100 V/2000 V = 1/20, and the trans-
former is a step-up transformer. If the secondary' voltage is 100 V, the
transformation ratio is @ = N,/N; = V,/V; = 2000 V/100 V = 20, and
the transformer is a step-down transformer.
The rated primary current can be determined by applying Eq. (22.18):
I, = s

which is eqpal to [2.5 A/(1/20)] = 50 A if the secondary voltage is'2000 V,

“and (50 A/20) = 2.5 A if the secondary voltage is 100 V.

To explain the necessity for including the frequency in the nameplate
data, consider Eq. (22.12):

E, = 444N, D,
and the B-H curve for the iron core of the Lramformer (Fig. 22. 35)

S,
p—uh .

g e
M:ﬁm!'

L]
1 Knee of curve 1'
: |
1 1
Y !
0 I ( f N
-NyAl H=
A Fen
FIG. 22.35

Demonstrating wity the frequency of application is important far rramfarmers



The point of uperxuon on the B-H curve for most transformers is at
the kniee of the curve. If the frequency of the applied signal drops and N,

‘and E,, remain the same, then ®,, must increase in magnitude, as dcter— ;

rmnedbyEq (22.12):
E
Ot = —F—
444N,

The result is that B increases, as shown in Fig. 22.35, causing H to in-
crease also. The resulting Al could cause a very high current in the pri-
mary, rcsu]ung in possible damage to the transformer.

22.11 TYPES OF TRANSFORMERS

Transformers are available in many different shapes and sizes. Some of
the more common types include the power transformer, audio trans-
former, IF (intermediate frequency) transformer, and RF (radio fre-
quency) transformer, Each is designed to fulfill a particular requirement
in a specific area of application. The symbols for some of the basic types
ofl:mnsfonncrs are shown in Fig. 22.36.

g

g  gg

Air-core Iron-core Variable-core

FIG. 22.36
Transformer symbols,

The method of construction varies from one transformer to another.
Two of the many different ways in which the primary and secondary
coils can be wound around an iron core are shown in Fig. 22.37. In either
case, the core is made of laminated sheets of ferromagnetic material

Lami.naied sheets

Secondary
(a) Core type g E (b) Shell type

FIG. 22.37
Types of ferromagnetic core construction.

.. m.

TYPES OF TRANSFORMERS 111 1011
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separated by an insulator to reduce the eddy current losses. The sheets
themselves also contain a small percentage of silicon to increase the
electrical resistivity of the material and further reduce the eddy current
losses.

A variation of the core-type transformer appears in Fig. 22.38. This
transformer is designed for low-profile (the 1.1 VA size has a maximum
height of only 1 in.) applications in power, control, and instrumentation
applications. There are actually two transformers on theé same core,
with the primary and:secondary of each wound side by side. The
schematic is provided in Fig. 22.38 for a single 115 V, 50/60 Hz input
using a series connection with centertap for the output. For this unit, the
output voltage is 10 V line to centertap with a current rating of 0.11 A,
satisfying the condition that (10 V) (0.11 A) = 1.1 VA as indicated
above. Note the dot convention and the commercial representation of
the transformer coils. -

The autotransformer [Fig. 22.39(b)] is a type of power transformer
that, instead of employing the two-circuit principle (complete isolation,
between coils), has one winding common to both the input and the out=

ey xfm":“ put circuits. The induced voltages are related to the turns ratio in the
1 5 : ~ same manner as that described for the two-circuit transformer. If the
. 5 :jﬂ it Ve proper connection is used, a two-circuit power transformer can be used
1S5V :E_Gf;ﬂt as an autotransformer. The advantage of using it as an autotransformer is
50/60 Hz 30— 307 % ST _that a larger apparent power can be transformed. This can be demon-
p ::D [[: S ouput  girated by the two-circuit transformer of Fig. 22.39(a), shown in Fig.
22.39(b) as an autotransformer. -~
FIG. 22.38 For the two-circuit transformer, note that § = (35 A)(120 V) = 6 VA,
Laminated power transformer. whereas for the autotransformer, § = (135 A)(120 V) = 126 VA, which
(Courtesy of the Tamura Corp. of America.) is many times that of the two-circuit transformer. Note also that the cur-
rent and voltage of each coil are the same as those for the two-circuit
- configuration. The disadvantage of the autotransformer is obvious: loss
A y of the isolation between the primary and secondary circuits. - '
o iy LA A pulse transformer designed for printed-circuit applications

+ + + i ‘where high-amplitude, long-duration pulses must be transferred with-

' out saturation appears in Fig. 22.40. Turns ratios are available from 1
1105 1 at maximum line voltages of 240 V rms at 60 Hz. The upper
unit is for printed-circuit applications with isolated dual primaries;
whereas the lower unit is the bobbin variety with a single primary
winding. 5

%

(b). #

FIG. 22:39 : " Pulse transformers.
(a) Two-circuit transformer; (b) autotransformer. i (Courtesy of DALE Electronies, Inc.)
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.. The ultra-wideband audio-transformer in Fig, 2341 is designed to
- work inthe frequency range of 300 Hz to 100 kHz. The unit is quite
- Small, with dimensions of 031 in. by 0.41 in. for the area aid 0.465 in.
for the height. The ac impedance at the primary is 200 k2 CT, and it is
_ 1 k€2 CT at secondary. The tums ratio is 14.1 CT:1 CT, with & maximum
power rating of 10 mW. The de resistance of the primary is 5.3 k), with
120 €2 at the secondary. )

S _ iy
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'22.12 TAPPED AND MULTIPLE-LOAD

- TRANSFORMERS :
For the center-tapped (primary) transformer in‘Fig. 22,42, wiiore the ' FIG. 22.41
voltage from the center tap to cither outside lead is defined as E,/2, the i Uf:rt}\;:ggbﬂng ;m,fo;m“ g
relationship between E, and E,is . & _ (Councey of the Tumuta Cotp. 3 America)
E N, !
P P - i
ol e B & (32.37
E N, .(-2'?)
L tAw f .
— E
a Zp 4 'i: !!L 1 _
i el e nall: W
P g :
z'ﬁ-n_. p : Ef Ny
' TR 2
z{& - 3!
-_3 . - *
FIG. 22,42

ldeal transformer with a center-tapped primary,

For each half-section of the primary, o

]

Npf2\2 1 Np\2 ;
o e (R m i
o " “
g L ‘ Ny 2
with ZJ'{A_S,} == (E) JLL

3 h 3 2 1 = .. !
'I'l'lerefor_e, i ‘ Zm = “'{ Z,' ' ‘- (2238}

For the multiple-load transformer in Fig. 22.43, the following ::qua;‘-
tions apply: 4

VBN BN B N ‘
Lf Fel, - e —F? = 2 (22.39)
L3

E :
TE N 3 M Nz[

The total ini:)ul impedance can be determined by fifst noting that, for
the ideal transformer, the power delivered (o the primary-is equal to the
power dissipated by the load; that is, '

o . FIG. 22.43 -
PL=PFy * Proo ; ldeal transformer with multiple loads.
- v .

Introductory, C.-65A
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JVQ_’
o g N ] E,| 7
Z; i Ni L] %2
Ny
Ey| 4y
P % o
FIG. 22.44
Ideal transformer with a tapped secondary
and multiple loads.
o gy
Z, rel
K —hl T'z
. ® +

, FIG. 22.45
Applying nesh analysis to magnet ically
“coupled coils.

i FIG. 2236 :
Applying mesh analysis to a nenwork witl twa
magnetically coupled coils.

»

gE

and for resistive loads (Z; = Ry, Zy = Ry, and Zy = R3),
E} B3 E}
L |

R Rz R
of, since Esy e E‘EE. “and « E3 = 28
¥ J‘\"[!. : : hri
Bl [(NM/NDEP - [(NofNyE
then S A i
Rl Rz R:a'
3 EZ ) L3 E2.
and i A ‘2,;,__ f.z .
Rie (Ny/N2Y'Ry  (Mi/N3) R
Thas, EIRIT WA bt (22.40)
' , AR T (NyM)Ry. (NifN3)'Rs o,

= ;
indicating that the load resistances are reflected in parallek

For the configuration in Fig. 22.44, with E; and’E; defined as shown,
Eqs. (22.39) and (22.40) are applicable. '

22.13 NETWORKS WITH MAGNETICALLY
COUPLED COILS S

For multiloop networks with magnetically coupled coils, the mesh-
analysis approach is most frequently applied. A firm understanding of
the dot convention discussed earlier should make the writing of the
cquations quite dircct and free of errors. Before writing the equations for
any particular loop, first determine whether the mutual term is positive
ot pegative, keeping in mind that it will have the same sign as that for the
other magnetically coupled coil. For the two-loop network im Fig. 22.45,
for example. the mutual term has a positive sign since the currenl
through cach goil leaves the dot. For the primary loop,

E, = 1Z; ~L1Zt, — YZg — Zaolh = 1) =0

~ where M of Z,, = wM £90° is positive, and -

' (24 + Ly, + Z3) ~ B2y — Zp) = Ey ‘
Note in the above that the mutual impedance was treated as if it were

an additional inductance in series with the inductance Ly having a sign
determined by the dot convention and the voltage across which is deter-

mined by the current in the magnetically coupled loop.

For the secondary loop, ,
-2y = 1) — LZy, — iZy, —J'I-zzs =0
or 1,(Zy + 2, + Zy) — L(Z; = Zy) =0

For the nétwork in Fig. 22.46, we find 2 mutual term between Ly and
L and Ly and Ly, labeled M2 and M, respectively.

For the coils with the dots (L; 'and Ly), since each current through the
coils leaves the dot, M5is positive for the chosen direction of {; and I3
‘However, sinte the current J; leaves the dot through Ly, and I, enters the
dot through coil Ly, M is negative. Consequentlystor the input circuit,

E.~ ]‘121 - 12, - 12_{—2,,,,‘1) = 12y, = 0 A
or i EE = ll(z.l. :I' ZLJ mlzmu = IF?‘HHB = -
‘ Introductory, C.- 658



- For loop 2,

T by ~ N2y, — L(~Zy,) =0
o xt __l].zml; i I2(ZE + Z.f.;] =0
and for loop 3, ' I
+Ll ~ by, ~ 12, =0
or b L2y, l3{353 Zy) =0
Ifn determinant form, . v
II(Z| + ZLI) = I;Zm,: + 132,"]1 = g, i
“I]Z,,,u + 12(22 Tt Z'Lp) +0 5 U'.
1L,Z, 40 ; + 13{23 + l'iz) =0

22.14 APPLICATIONS

The :runs{ormer Has appeared lh:oughout 1he text in a number of de-
scribed apphcahons, from the basic dc supply to the flyback transformer
of a simple flash camera. Transt'orzpe: s were used to increase or decrease
the voltage or current level, to act as an ||npcdam,L matching device, or
in some-cases to play a dual role of transformer action and reactive ele-
- ment. They are so common in suth a wide variety of systems that it is
important to become very familiar with their general characteristics. For
_ most applications, transformer design-can be considered 100% efficient,
“That is, the powér applied is the power delivered to the Joad. In general,

however, transformers are frequently the large,si'elcmem of adesignand, '

because of the nonlinearity of the B-H curve, can cause some dislortion
of the transformed waveform. Therefore, they are useful only in sita-
tions where the applied voltage is chatiging with time. The application of
a dc voltage to the primhry results im0 V at the secondaty, but the appli=

cation of a voltage that changes with time, no'matter what ils general up--

‘pearance, Tesults in’a voltage on the secondary. Remember that even

thowgh it can provide isolation between the primary and secondary cir- -

cuits, a transformer can transform the load impedancé to the primary cir-
cuit at a level that cah- significantly affect the behavior of the network.
Even the smallest impedance in the secondary can be made to appear
very large-in the primary when a step-down transformer is used.
“Transformers, like every other component you may use, have power
ratings. The larger the power rating, the larger is the resulting trans-
former, primarily because of the larger conductors in the windings o
handle the current. The size of a transformer is also a function of the

frequeficy involved. The lower the frequency, the larger is the required *

. transformer, as is easily recognized by the size of large power trans-
formers {(also affected by the current Jevels as mentioned above). For
the same power level, the hi gher the frequency of transformation, the
smaller the transformer can be. Because of eddy current and Liysteresis
losses in a transformer, the design 'of the core is quite importani. A solid
core would introduce high levels of such losses, whereas a core con-
structed of sheets of high-permeability steel with the proper insulation
between the sheets would reduce the Iosses significantly..

Although vesy fundamental in their basic structure, transformers ure,

ameng the basic building bl ks of electric and electrpnic systems
There is not a publication on new components that does not inelude
new design for the variety of applications being developed every da}.

APPLICATIONS (11 1015
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Solderin'g Gun

Soldering and welding are two operations that are best performed by
the application of heat that is unaffected by the thermal characteristics
of the materials involved. In other words, the heat applicd should not be
sensitive Lo the changing parameters of the welding materials, the met-
als involved, or the welding conditions. The arc (a heavy current) estab-
lished in the welding process should rémain fixed in magnitude to
ensure an even weld. This is best accomplished by ensuring a fixed cur-
rent through the system even though the load characteristics may
change—that is, by ensuring a constant current supply of sufficient am-
perage to establish the required arc for the welding equipment or even

- "heating of the soldering iron tip. A furthier requirement for the soldering
. process is that the heat developed be sufficient to raise the solder to its

melting point of about BO0°F.
The soldering gun of Fig. 22.47(a) employs a unique approach to es-

tablishing a fixed current through the soldering tip. The soldering tip is.
‘actually part of a secondary winding of transformer having enly one turn-

as its secondary, as shown in Fig, 22.47(b). Because of the heavy currents

Primari'/
5 120V ac

(e)

FIG, 22.47 .

'_ Soldering gun: (a) appearance; (b) internal cansiruction; {c) turns ratie confrol.

%



um wdﬂk establ;shed in this smgle -turn secondary, it is quite large '

i sizc to ensun: ‘that it can handle the current and to minimize its resis-

: !ancc level. The pnma.r9 of the transformer hag'many turns of thinner

‘wire to establish the turns ratio necessary to establish the required cur-
" fent in the secondary. The Universal® unit of Fig. 22.47 is rated
140 W/100 W, indicating that it has two levels of power controlled by
the trigger. As you pull the trigger, the first-setting will be at 100 W, and
a fully depressed t;iggér will provide 140 W of power. The inductance of
the prithary is 285 mH at the 140 W setting and 380 mH at the 100 W
setting, indicating that the switch controls how many windings of the
primary will be part of the transformer action for each wattage rating, as
shown in Fig. 22.47(c). Since inductance is a direct function of the num-
ber of turns, the 140 W setting has fewer turns than the 100 W setting.
"The dc resistance of the primary was found to be about 11.2 () for thg
- 140 W setting and 12.8 €} for the 100 W setting, which makes sense also
. since more turns will require a longer wire, and the resistance should in-
crease accordmgly )
Under rated operating conditions, the pnrnary current for each setting
can be determingd using Ohm's law in the following manner:
For 140 W, 'Y i

L=o =T =1J7A
P Y 120V "

For 100'W, % =t s
©p 00w -
b= = gy ~ 084

Ags expected, the current demand is more for the 140 W sétting that
for the 100 W setting. Using the measured values of input inductance
and resistance for the 140 W setting gives the equivalent circuit of
Fig. 22.48(a). Using the applied 60 Hz to determing the reactance of

the coil and then determining the total impedance seen by the primary -

results in the following for the source current: -
: Xp = 2m/L = 27(60 Hz)(285 mH) = 107.44 Q
" and Zy =R+ jX; = 11.20 + j107.44 Q) = 108.02 () £ 84.05°

Ei_ 120V

Zrl  108.020

= LI11A
Zr

so that | =

whwh 1s a close match with the rated level.
~ For the 100 W level of Flg 22.48(b), the fn!lowmg analysis would
result:
L}

X = 2mfL = 24(60 Hz)(380 mH) = 14326 Q.
and  Zr=R+jX, = 1280 + /143260 = 14383 (} 284.89°

= 12| < 120V
y |zT 143830

which is a match to hundrcdths place with the value caleulated from
rated conditions.

Removing the tip and measunng the pru:nazy and secondary volt-
ages resulted in 120 V/0.38 V for the 140 W setting and 120 VjD KIRY
for the 100 W selting, respectively. Since the voltages of a transformer
are directly related to the turns ratio, the ratio of the m;imber of turns in

s0 that = 0.83 A

0

APPLICATIONS 111 1017
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100 W
(b) )

FIG. 22.48

-

Equivalent cirouits for the soldering iron |

of Fig: 22.47(a): at 140-W setting;
{b) ar 100-W setting.
*
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the primary (N;;) to that of the secontary (N;) can he, estimated by the
following for each setting: ' . :

" . For 140 W,
& ]
Ny 120 .
W= oaiy e
For 100 W, ]
N, 1
i IZOV ~ 187
N, 031V

| rmkmg at the photograph of Fig. 22.47(b), one would ccrtamly con-
sider that there are 300 or more turns in the pnmary winding:

The currents of a transformer are related by the turns ratio in the
following manner, pcrmmmg a calculation of thc sccondary current for
each setting: .

For 140 W,

N, A
Iy= —1, = 316(1.17.A) = 370 A
.,ﬂv‘
For 100 W,
. . . I =

5

387(0.83 A =321A

3|z

Quite clearly, thc secc-ndary current is mm:h higher for the 140 Woset-
ting. Using an Amp- -Clamp® showed thal the current in secondary ex-
ceeded 300A when the power was first applied and the soldering tip was
“cold. However, as the tip heéated up because of the high current levels, -
the current through the prima;y‘dmppcd to about 213 A for the 140 W
setting and to 180 A for the 100 W setting. These high currents are part
of the reason that the lifetime of most soldering tips on soldering guns is
about 20 hours. Eventually, the tip will simply begin to melt, Using these
: L ; levels of current and the given power rating, we can approximate the re-
. 5  sistance of the secondary as fol.lows
' For 140 W,

P 140W

e _ R=E " aisar
_ For 100W, ’
oA _ oW 100 W =3mQ
P (180 A)
_ which is low, as expected when you consider the cross- -sectional frea of .
. the secondary and the fact that the tip is a shorf section of lowfrcslstancc
; ! tin-plated copper. ;
Ore of the obvious advantages of the soldering gun versus the ifon is
v that the dron is off when you release the trigger, thus reducing energy
\ SR " costs and extending the life of the tip. Applying de current rather than ac
: ? . todevelop a constant cu rrent. would be impractical because the high cur-
' , ,_ “ rent demiand would require a series of large batteries in pasallel. -,
L ' The above investigation was particularly interesting because of the
: " * manner in which the constant current characteristic was established, the
- : ‘évels of current established, and the excellent manner in which some of
the theory intraduced in the text was ve.nﬁcd

w
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Low Voltage Compensaﬂon g g

At times-during the year, peak demands from the power company can re-
sult in a reduced voltage down the line. In midsummier, for example, the
line voltage may drop from 120 V to 100 V because of the heavy load
often due primarily to air conditioners. However, air conditioners do not
run as well under low-voltage conditions, so the following option using
an autotransformer may.be the soiutmn
In Fig. 22.49(a), an air conditioner drawing 10 A at 120 V is con-

nected through an autotransformer to thé available supply, which has
dropped to 100°V. Assuming 100% efﬁmeney, the current drawn from :
the Jine would have to b&'12 A to ensure that P; = B, = 1200 W. Using - :
the analysis introduced in Section 22. 11, we find that the current in the e %
primary winding is 2 A with 10 A in the secondary. The 12 A exist only

* in the line connecting the source to the primary. If the voltage level isin-

. creaséd using the traditional step-up transformer shown in Fig. 22.49(b),
the same currents result at the source and load. However, note that thv:
current through the pnmary is now 12 A, which is 6 times that in the au®
totransformer. The result is that the winding in the autotransformer can
be much thinner due to the significantly lower current level,

et s -
120V air conditioner
e : A s RS
o - ' - :
Source T 10A 120V air chnditioner
-— 12A X ;
£y 100V ’ )
i . + 2
: i Step-up isvlation
Autotransformer ‘ transformer
(a) : : U

0 B ey B FIG. 22.49
3 Mmmmmng al2o V.mpp:‘v Sor an air conditioner: (a) using an auiormu:famier-
{b) using a rraditional step-up transformer

: ' - ¢

' Let us now examine the turns ratio required and the number of turns
involved for ea¢h setup (associating one turn with each volt of rhc pri-
mary and secondary).

For the autotransformer,

N _ Vi _ 10V _ 10t

N, V,- 100V 100t

-+ ¥ow
For the traditional transformer,

N, _Ve_ 120V 120t ¥

= =~
= . N, ‘.’p 100V 100 t

In total, therefore, the autotransformer has only ]0 turns in the second-

ary, whereas the traditional has 120. For the aytotransformer, we need

only 10 turns of heavy wire to handle the current of 10 A, not the full

120 required for the traditional transformer. In addition, the total number

of turns for the aulolransformer is 110, compared 1o 220 for the tradi- -
tional transformer.
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The net result of all the above is that even though the protection of-
fered by the isolation feature is lost, the autotransformer can be much
smaller in size and \_xeight and, therefore, less costly.

v

" Ballast Transformer

Until just recently, all fluorescent lights like those in Fig. 22.50(a) had a
ballast transformer as shown in Fig. 22.50(b). In many cases, its weight
alone is almost equal to that of the fixture itself. In recent years, a solid-
state equivalent transformer has been: developed that in time will replace
most of the ballast transformers.

@

oL ' - FIG. 22,50
) Fluorescent lamp: (a) general appearance;
(b) internal view with ballast.

Thc basic connections for a single-bulb ﬂumﬁcenl light are provided
in Fxg 22. Sl(a} Note that the transformer is connected as an autotrans-
former with the full applied 120 V across the primary. When the switch is

.closed, the applied voltage and the voltage across the seeondary will add

and establish a current through the filaments of the {luorescent bulb. The

. starter is initially a short circuit to establish the continuous path through

the two filaments. In older fluorescent bulbs, the ‘starter was a cylinder
with two contacts, as shown in Fig. 22.51(b), which had to be replaced on

" occasion. It sat right under the fluorescent bulb near one of the bulb con-

nections. Now, as shown by the sketch of the inside of a ballast trans-
former in Fig. 22.51(c), the starter is now commonly built into the ballast
and can no longer be replaced. The voltage. established by the anto-r.rans-

. former action is sufficient to heat the filaments but not light the fluores-
cent bulb,. The fluorescent lamp is a long tube with a coating of

fluorescent paint'on the mmde It is filled .with an inert gas and a small.
ameum of liquid mercury The distance between the electrodes at the

"ends of the lamp is too much for the applied autotransformer volmgc to

estz"ghsh conduction. To overcome this problem, the filaments are first

he.ate.d as descnbed abovc to conveit the mercury (a gﬁod candué:or)



Filament starter

* Jﬁhmm

Fluorescent bulb

Filaments
X . L@

Laminated core
' Windings gy -
Oil-impregnated, 5
‘heat-absorbing

mateial throughout
inside of contaner

tc)

FIG. 22.51
(a) Schematic of single-bulb fluorescent lamp; (b) starter;
{c) internal view of ballast transformer.

&

from a liquid to a gas. Conductiun can then be established by the applica-
tion of a large potential across the electrodes. This potential is established

when the starter (a thermal switch that opens when it reaches a particular

temperature) opens and causes the inductor current to drop from its es-

“tablished level to zero amperes. This quick drop in current establishes a '

very high spike in voltage across the coils of the autotransformer as de-
termined by v, = L(di;/dr).This significant spike in voltage also appears
actoss the bulb and establishes current between the electrodes. Light is
then given off as.the electrons hit the fluorescent surface on the inside of
the tube. It is the persistence of the coating that helps hide the oscillation
in conduction level due to the low-frequency (60 Hz) power that can re-
sult in a flickering light. The starter remains open until the next time the
bulb is turned on. The flow of charge between electrodes is then main-
. tained solely by the voltage across the autotransformer. This current is
relatively lowsin magnijude because of the reactance of the secondary
_ " winding in the resulting series circuit. In other words, the autotransformer
_ has shifted to one that is now providing a reactance to the secondary cir-
* cuit to limit the current through the bulb. Without this limiting factor, the
current through the bulb would be too high, and the bulb would quickly
burn out. This action-of the-coils of the transformer generating the re-
quired voltage and then acting as a coil todimit the cusrent has resulted in
the general terminology of swinging choke: '

" APPLIGATIONS 111 1021
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The fact that the light is not generated by an IR drop across a filament of
a bulb is the reason fluorescent lights are so energy efficient. In fact, in an
incandescent bulb, about 75% of the applied encrgy is lost in heat, with
only 25% going 10 light emission. In a fluorescent bulb, more than 70%
goes to light emission and 30% to heat losses. As a rule of thumb, the light-
ing from a 40°W fluorescent lamp [such as the unit in Fig, 22.50(a) with its
two 20 W bulbs] is equivalent to that of a 100 W incandescent bulb.

One other interesting difference between incandescent and fluores-
cent-bulbs is the method of determining whether they are good or bad.
For the incandescent light, it is immediately obvious when 1t fails to give
light at all. For the fluorescent bulb, howVer, assuming that the ballast is
in good working order, the bulb begins to dim as it life wears on. The
electrodes became coated and less efficient, and the coating on the inner
surface begins to‘deteriorate.

Rapid-start fluorescent lamps are different i in operation only in that
the voltage generated by the transformer is suffi ciently large to atomize
the gas upon application and initiate conduction, thereby removing the

- need for a starter and eliminating the warm-up time of the filaments. In

time, the solid-state ballast will probably be the unit of choice because of
its quick response, higher efficiency, and lighter weight, but the transition

“ will take some time. The basic operation will remain the same, however.

Because of the fluorine gas (hence the name ﬂuorescem bulb) and the

' mercury in fluorescent lamps, they must be discarded with care. Ask .

your local disposal facility where to take bulbs. Breaking them for inser-
tion in“a plastic bag could bé very dangerous. If you happen to break a
bulb and get cut in the process, go immediately to a medical facility
since you could sustain fluorine or mercury poisoning.

Recent Developments

As pointed out in Chapter 4, the compact flouréscent bulb (CFL) hashad
a tremendous 1rnpacl on the “green” movement, with entire countries de-
termined to be't fully fourescent within the next 3 to 4 years. However, the
design of the CFL is electronic in nature and does not use the ballast and

‘starter mechanism described above, allhough its actual made of operation-
_is the same. Notc in Fig. 4.25 the package of electronics crowded into

each CFL, rcsuilmg in the higher cost compared to incandescent lighting.

In fact, fake particular note of the small transformer in the center of the
package that is used to help establish the required firing voltage, ‘Further
impact on the lighting industry is bound to come from the growing interest
in light-emitting diodes (LEDs), which have even lenger lifetimes than

CFLs and do not require a firing mechanism of any kipd. As with any
new source of light, however, there are both positive and negative aspects
to cach approach. Some suggest that the future holds'a mixture of use, de-
pending on the application, cost involved, and effect on the environment.

On the very positive side, however, it is nice to have options, and those

bemg develops seem to be full of promrse

22.15 COMPUTER'ANALVStS
PSpice - ,
hanﬂormar {Controllsd Sources] The simple lransforme{ con-
ﬁgummn in Fig. 22:52 is now investigated usmg cantrolled sources to

mimic the behavior of the transformer as dcﬁncd by its: basm mltnge and
current rclé\ionsh:ps o 3



+ FIG, 22.52
Applying PSpice 10 a step-up transformer.

For comparison purposes, a theoretical solutmn of the network ylelds
the following:

Z = a'%;

({ma

=6250
_ (6250)(20V)

g TN+ 100

=T7692V

(7 692 V) = 4(7.692 V)= 30. 7".-"\/

- 1
with E; = E p.'

(1J‘4)
and e V;=E,=30.77V 5 -_._ = _-..

For the ideal transformer, the secondary voltage is defined by E, =
Ny/Np(E,) which is E; = 4E, for the network in Fig, 22.52. The fact that
the magmtude of one voitagc_m controlled by another requires that we-
use the Voltage:Controlled Voltage Source (VCVS) source in the
ANALOG library. It appears as E in the Parts List and has fhe format
appearing in Fig. 22.53. THe sensing voltage is E1, and the controlled

TR AN AR

QAD Captors (11 - Do [ i e h
e - !41 mhbﬁlmmmw.hw% [rad
; fantes, ,

% o
i< Loy -
e | 5 2 . __.l"i @‘
N ‘ S : e
. i
14 JE] AC =0k ;
:-_’i?ﬂ WG A
- N . + W
- D je!
: R e 5 %
L ) . H “\E"’%‘}
.w,,. | F1 L E1 '}.“'
| CRL < 100 [l
—fF Rkt
Ve L I \
(_"_‘:.I WAMPL =20V ;@: EZ ¥ s %‘ ;.
-/ FREQ=1KHE COEFF =4 FE=4 i
PHASE=0 ] N !

. FIG. 22.53
Using PSpice to determine the magnitude and phase angle for the load voltage
af the nerwark in Fig. 22.52.

1
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voltage appears across the two terminals of the circular symbol for a
voltage source. Double-click on the source symbol to set the GAIN to 4
for this example. Note in Fig. 22.53 that the sensing voltage is the pri
mary voltage of the circuit in Fig..22.52, and the output voltage is con-
nected directly to the load resistor RL, There is no real problem making
the necessary connections because of the format of the E source.

The next step is to set up the current relationship for the transformer.
Since the magnitude of one current is controlled by the magnitude of -
another current in the same configuration, a Current-Controlled Cur-
rent Source (CCCS) must be employed. It also appears in the
ANALOG library under the Parts List as F and has the format appear-
ing in Fig. 22.53. Note that both currents have a direction associated
with them. For the ideal transformer, /, = N,/N,, (;) which is I, = 41,
for the network in Fig. 22.52. The gain for the part can be set using the
same procedure défined for the E source. Since the secondary current is
the controlling current, its kevel must be fed into the F source in the
same direction as‘indicated in the controlled source. When making this
connection, be sure to click the wire in location before crossing the wire
of the primary circuit and then clicking it again after crossing the wire.
If you do this properly, a connection point indicated by a small red dot

‘will not appear. The controlled current lg, can be connected as shown

because the connection E1 is only sensing a voliage level, essentially
has infinite impedance, and can be looked upon as an open circuit. In
other words, the current through R1 will be the same as through the
controlled source of F.

A simulation was set up with AC Sweep and 1 kHz for the Start -
and End Frequenéies. One data point per decade was selected, and the
stmulation was initiated. After the SCHEMATICI screen appeared,
the window was exited, and PSpice-View OQutput File was selected (o
result in the AC ANALYSIS solution of Fig. 22.54. Note that the volt-

" age is 30.77 V, which is an exact match with the theoretical solution.

v Prorue' "SCHEMATICI-PSpice 22-1°
I C'ﬂCAlZ_\PSplce\i’Sploe 22-1- PSmeF‘IeS\SCHEMAT!Cl\PSpu:e 221 sim ]

Tie AIJ AN ALYSIS il TEMPERATURE: 27.000 DEJG c

n-t_nu’nnnnun’anui' . : L] '-.t_
CFREQ VM(NDOY0S) © VP (ND09OS)
LOODE+03  3.077E+01 _ " D.000E+00

FIG. 2256 '

The output file for the analysis indicated in Fig, 22,53,

Multisim -

-Trans‘forme-r{Lihra_ry] Multisim is now used to analyze the same

transformer configuration just investigated using PSpice. In Fig, 22.55,
obtain the source, by first selecting Place Source to open the Select a
Component dialog box. Select SIGNAL_VOLTAGE followed by
AC,_VOLTAGE and click OK. For the source, peak values are set, hence -
the difference in the sef value in Fig. 22.55 and the rms multimeter read-
ing. Obtain the transformer by selecting Place Basic-Family-BASIC_
VIRTUAL-TS_ .VIRTUAL. Then select the turns ratio of 2 to open the

 TS_VIRTUAL dialog box. Change the Primary-to-Secondary Turns
-Ratio: to 0.25 for this example.
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FIG. 22.55
The rest of the configuration is constructed using techniques de-
scribed earlier. A simulation results in the meter displays in Fig. 22.55.
Changing the rms reading of 20.893 V to a peak value results in 29.54 V
which is a close match to that obtained using PSpice. : 4
PROBLEMS ’ b. Find the induced voltages e, and e, if the flux linking
? ; the primary coil changes at the rate of 0.08 Wh/s,
SECTION 22.2 Mutual Inductance ¢. Find the induced voltages e, and e, if the current i,
“1. For the air-core transformer in Fig. 22.56: changes at the rate of 0.3 A/ms, Mo
a. Find the value of L, if the mutval inductance M is equal 2. & ‘Repeat Problem 1 if & is changed to 1.
to 40 mH. . " b. Repeat Problem L if k is changed t0 0.2, »
. c. Camparc the results of parts (a} and (b).
g 3. Repeat Problem 1 for k = 0.3, N, = 300 turns, and N; =
L,=50mH  N,=80 ) _ 25 turns.
s i £ + " SECTION 223 The Iron-Core Transformer
. i 4. For the iron-core transformer (k = 1) in Fig. 22.57:
‘p &’ E a. Find the magnitude of the induced voltage Eq.
b. Find the maximum flux &,
= = 5. Repeat Problem 4 for N, = 240 and N; = 30.

N Ls 6. Find the applied voltage of an iron-core transformer if the
N8 secondary voltage is 240 V, a#d N, = 60 with N, = 720.
FIG. 22.56 7. 1f the maximum flux passing through the core of Problem 4

Problems 1, 2and 3. ' is 3.75 mWh, find the frequency of the input voltage. -
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SECTION 22.5 impedance Matching, Isolation,
and Displacement

13. a. For the circuit in Fig. 22.59, find the transforma-
tion ratio required to deliver maximum power 1o the
speaker.

b. Find the maximum power delivered to the spcaku

FIG. 2257
* Problems 4, 5 and 7. 7 =R=40
SECTION 22.4 . Reflected Impedance and Power -
8. For the iron-core transformer in Fig. 22.58:
a. Find the magnitude of the current /; and the voltage VL
ifa= t/5, fp = 2A,and Z; = 2 resistor. .
b. Find the i mpul resistance for the data specified jp part (a).
FIG.2259
Problem 13,
5 =
V.f_
‘SECTION 22.6 Equivalent Circuit i b E !
u _ {lron-Core Transformer}
FIG. 22.58 14. For thetransformer in Fig. 22.60, determine,
Problems 8 through 12, a. " the equivalent resistance R, d

~. b, the equivalent reactance X,.-

. the equivalent circuit reflected to the primary.

. the primary current for V, = 50V £0°.

. the load vellage Vi.-

the phasor dingram of the reflected primary circuit.

. the new Toad valiage if we assume the transformer to be
ideal withad : 1 wrns ratio, Compare the result with that

9. Find the input impedance for the iron-core transformer of
Fig.22.58ifa =2, =4 A, and ¥, = 120 V.

Find the voltage V, and the current I if the input impedance
of the iron-core transformer in Fig. 22.58 is 4 {1, and V; =
600 Vanda = 1/4, '

. 10

= B

i o]

1. IfV, =240V, Z, = 20 O resistor, [, = 0.05 A, and N, = ) of part (e).
, 0. find the number of tums in the primary circuit of the 15, For the transformer.in Fig. 22.60, if the resistive Joad is
iron-core transfonmer in Fig. 22.38. replaced by an inductive reactance of 20 {):
12 a. IEN, =400, N, = 1200, and Ve = 100V, find the mag- a. Determing the total reflected primary impedarnce.
nitude of /, for the iron-core transformer in Fig. 22.58 if b Calculate the primary current, I,
Z=120+j120. ¢. Determine the voltage across R, and X,, and find the
b. Find the magnitude of the voitage V;, nnd the current [; « reflected load. )
for the candltions of part (a). 5 d. Draw the phasor diagram,
Lo ok X 41

v, = 120V £0° ”g

) + [deal transformer
; T , © FIG. 2260
: :  Problem 14 through 16, 30, and 3.




gllg A TN T e 3 PROBLEMS |11 1027

16. chéa: Problem 15 for a capacitive load having a reaciance SECTION 22.9 Air-Core Transformer

Al 0 22, Detetnine the input impedance to the air-core transformer

1 ; ; : _ in Fig. 22.65. Sketch the reflected primary network.
- SECTION 22.7 Frequency Considerations

17. Discuss in your own words the frequency characteristics of

k=005
the transformer. Use the applicable equivalent circuit and "\i:‘l\r Fan Af;
" frequency characteristics appearing in this chapter, - 4l ;rw
¢ SECTION 228 Series Connection of Mutually 5 . % | r=20
Coupled Coils ; '
18. Determine the total inductance of the series coils in — 4
Fig 22.61. ' : ; T o !
My =L H 4 %5 FIG. 22.65
: Problems 22 and 32.
" L] L .
i et o o Epe e SECTION 22.10 Nameplate Data
FIG. 22.61 ' ! ! 23, An ideal Lransfurmcr is rated 10 Ic\*'z\,.240£1(12(} V, 60 Hz.
Problen 18. A T a, Find the transformation ratio if lhe 120V is the second-
; ary voltage.
19. Dutrmme the total indoctance of 1hc series coils in . b. Find the current rating of the secondary if the 120 V is
Fig. 22.62. —in . the secondary voltage.
8 e * _ ¢, Find the current rating of the primary if the. 120v is the
v k= 038 ; " secondary voltage.
it . /\ ‘ d. Repeat parts (a) through (©if the 2400 V is the.second-
3 . 2 ol 75 _ary voltage.
e 2 A
i Ly =200mH L; = 600 mH :
; FIG.22.62 SECTION 22.11 T-‘;pes of'Transfnrmgrs
e Pmbk’m 19. : 24, Determine the primary and secondary voltages and currents
: for the autotransformer in Fig, 22.66. e o
20. -Determine 1hc total inductance of the series cmls in - °
Fig. 22. 63
I =2A
it
ﬁ
M3 = 0.1H : + ]f,
My = 02 H 9 2
E - .
L] L] L] 5
— | <
Ly=2H IL;=1H Ly=4H W samaw |
' FIG. 22.63 o
Problem 20.
: ’r’TgEr V=40V )
21. Write the mesh equations for the network in Fig. 22.64. 3 o
:
FIG. 22.66
Problém 24.

SECTION 22.12 Tappad and Multnple-l.oad
Transformers

25. For the center-tapped transfonmer in Fig, 22.42, where N, =
00,N, =252, =RALCP=5020°,and E, = 100V £L0%
. g a. Determine the load voltage and current,
FIG. 22.64 b. Find the imipedance Z;
Problem 21. ¢. Calculate the impedance Zy,.
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26. Forthe multiple-load transformer in Fig. 22.43, where N-=
90,.Ny = 15, N3 =45, Z; = Ry L0° =82 L0° 2y =
R £0°=50 L0°, and E, =60V £L0%
a. Determine the load voltages and currents.
b. Calculate Z,;.

27. For the multiple-load transformer in Fig. 22.44, where N} =
20, Ny =40, Ny = 30, 2y = Ry £0° = 1200 L0°, Zy =
Ry £0°= 100 £L0°andE| = 120V £60%
a. Determine the load voltages and cusrents,
b. Calculate Z,.

SECTION 22.13 Networks with Magnetically
Coupled Coils

28. Write the mesh equations for the network of Fig. 22.67.

Z

FiG. 22.67 .
Problem 28.

29.  Write the mesh equations for the network of Fig. 22.68.

L N

My

FIG, 22.68 .
Prablem 28.

'PSplco or Multisim

: - gE

SECTION 22,15 Computer Analysis

L

#30, Generate the schematic for the nalwork in Fig. 22.60, and
find the voltage V.

e, Develop a technique using PSpice or Multisim to find the

input impedance at the source for the network in Fig. 22.60.

*32. Using a transfarmer from the library, find the load voltage for
the network in Fig. 22.65 for an applied voltage of 40V £0°.

‘GLOSSARY

Autotransformer A transformer with one winding common to
both the primary and the secondary cireuits. A loss in-isola-
tion is balanced by the increase in its kilovolt-ampere rating.

Coefficient of coupling (k) A measure of the magnetic coupling of
two coils-that ranges from a minimum of 0 to a maximum of 1.

Dot convention A technique for labeling the effect of the mutual
inductance on a net inductance of a network or system.

Leakage flux The flux linking the coil that does not pass
through the ferromagnetic path of the magnetic circuit.

Loosely coupled A term applied to two coils that have a low co-
efficient of coupling.

Multiple-load transformers Transformers having more than a
single load connected to the secondary winding or windings.

Mutual inductance The inductance that exists between magnei-
ically coupled coils of the same or different dimensions.

Nameplate data Information such as the kilovcl'l-umpc:e rating,
voltage transformation ratio, and frequency of application that
is of primary importance in choosing the proper transformer
for a particular applicatioh,

. Primary The coil or winding to which the source of clccmcai

energy is hormally applied.
Reflected impedance Thg impedance appearing at the primary
of a transformer due 1o a load connected to the secondary. Its
" magnitude is controlled directly by the transformation ratio.
Secondary The coil or winding to which the load is nounally

applied.

* Step-down transformer A transformer whose secondary volt-

age is less.than its primary voltage. The transformation ratio a
is greater than 1. '

Step-up transformer A transformer whose secondary voltage is
greater than its primary voltage. The magnitude of the trans-
formation ratio a is less than 1.

Tapped transformer A transformer having an additional connec-
tion between the terminals of the primary or secondary windings.

Transformation ratio (a) ,The ratio of primary to secondary
turns of a transformer.
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23.1 INTRODYCTION

'Polyphkse Systems

+» Become familiar with the operation of a three-

phase generator and the magnitude and phase
relationship connecting the three phase voltages.

= Be able to calculate the voltages and currents
for a three-phase Y-connected geperator and
Y-connected load. '

« Understand the.significance of the phase sequence
for the generated valtages of a three-phase
Y-connected or A-connected generator.

* Be able to calculate the voltages and currents for
a three-phase A-connected generator and
A-connected load.

« Understand how to calculate the real, reactive,
‘and apparent power to all the elements of a Y- or
A-connected load and be able to measure the
power to the load.

An ne generator designed to develop a single sinusoidal voltage for each rotation of the shaft
(rotor) is referred to as a single-phase ac generator. If the number of coils on the rotor is in-
creased in a specifled manner, the result is a polyphase ac generator, which develops more
than one ac phase voltage per rotation of the rotor. In this chapter, the three-phase system is
discussed in detail since it is the system most frequently used for power transmission. .
In general, three-phase systems are preferred over single-phase systems for the transmis-
sion of power for many reasons, including the following:

1. Thinner conductors can be used to transmit the same kVA at the same voltage, which
reduces the'ameun; of copper,required (typically about 25% less) and in turn reduces
construction and maintenance costs.

2. "The Ilghler lines are easier to install, and the suppurlmg structures can be less massive

and farther apart.

3. Three-phase equipment and motors have preferred running and starting characteristics
compared to single-phase systems because of a more even flow of power 1o the trans-
ducer than can be delivered with'a single-phase supply.

4. In general, most larger motors are three phase because they are essentially self-starting
and do not rcqutre a special design or additional starting circuitry.

The freqitency generated is determined by the number of poles on the roror (the rotating
part of the generator) and the speed with which the shaft is turned. In the United States, the
line frequency is 60 Hz, whereas in Europe the chosen standard is 50 Hz, Both frequencies
were chosen primarily because they can be generated by a relatively efficient and stable me-
chanical design that is sensitive to the size of the generating systems and the demand that
must be met during peak periods. On aircraft and ships, the demand levels permit the use of a

400 Hz line frequency.

. Intradimbas, A oene

<
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The fl":rec-phas_c system is used by almdst all commercial electric
generators. This does not mean that single-phase and two-phase generat-
'ing systems are obsolete. Most small emergency generators, such as the
gasoline type, are one-phase generating systems, The two-phase system
is commonly used in servomechanisms, which are sel f-correcting con-
trol systems capable of detecting and adjusting their own operation. Ser-
vomechanisms are used in ships and aircraft to keep them on course
' automatically, or, in simpler devices such as a thermostatic circuit, to
i B regulate heat output. In many cases, however, where single-phase and
two-phase inputs are required, they are supplied by one and two phases
of'a three-phase generating system rather than generated independently.
The number of phase voltages that can be produced by a polyphase
generator is not limited to three: Any number of phases can be obtained
by spacing the windings for-each phase.at the proper angular position
around the stator. Some electrical systems operate moreg efficiently if
- more than three phases are used. One such system involves the process
of rectification, which is used to convert an alternating output to one
having an average, or dc, value. The greater the number of phases, the

smoother is the dc output of the system, - : 3

5

232 THREE-PHASE GENERATOR

P 3 _ The three-phase generator in Fig. 23.1(a) has three induction coils 7
E placed 1207 apart on the stator, as shown symbolically by Fig. 23.1(b).
*Since the three coils have an equal number of turns, and each coil rotites
with the same angular velocity, the voltage induced across each coil has -
7 . the same peak value, shape,-and frequency. As the shaft of the generator
f is turned by some external means, the induced voltages ey, egy, and eqy
. are generated simultaneously, as shown in Fig. 23.2sNote the 120°
phase shift between waveforms and the similarities in appearance of the
three sinusoidal functions. , N

W g ' " FIG. 23.1
(a) Three-phase generator; (b) induced voltages of a three-phase generator.

I particular, note that - . 5

at any instant of time, the algebraic sum of the three phase voltages
e : "« of athree-phase generator is zero. 5

: This is shown at wr = 0 in Fig. 23.2, ‘'where it is also evident that when
- ) < one induced voliage is zero, the other two are 86.6% of their positive or <
: negative maximums. In addition, when any two are equal in magnitude
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) FIG.23.2
Phase voltages of a three-phase generator. e : p

and sign (at 0.5E,,), the remaining induced voltage has the oppasirs"pa_—
larity and a peak value. =

. The respective sinusoidal expressions for the induced voltages in Fig.
232 are i T y £ =

ean = E,am Sinwr I8 2
epn = Engany sin(wt = 120°) : (23.1)
ecn = Epcn sin(wt — 240°) = Epcn sin(wt + 120°) &

. The phasor diagram of the induced voltages is shown in Fig. 23.3,
wherg the effective value of each is determined by - ' .

% Eiy = 0707Emany - FIG.233
. n f + Epy = 0.707E g - Phasor diagram for the phase voltages of a
! : Egy = 0.707E, ) : three-phase generator.
and © Eav =By L0° ' '
' Egy = Egy £-120° Bay Lol
ECN = ECN L+ 120° .

. By rearranging the phasors as shown in Fig. 23.4 and applying a law
“of vectors that siates that the vector sum of any number of vectors drawn
such that the “head" of one is connected 10 the“tail” of the next and the,
head of the last vector is connected to the tail of the first is zero, we can
conclude that the phasor sum of the phase voltages in a three-phase sys-
tem is zero. That is,

i i FIG. 234

= 2 monstrating that the vector sum of the phase
. E.n + Eanv + B~y = 0 : De trating
; | AN i cN I ! voltages of a three-phase generator is zero.

»

23.3 Y-CONNECTED GENERATOR

If the three terminals denoted N in Fig. 23.1(b) are connected together,
the generator is referred to as a Y-connected three-phase generator
(Fig. 23.5). As indicated in Fig. 23.5, the Y is inverted for ease of notation . _ e

*
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FIG. 23.5
Y-connected generator.

and for clarity. The point at which all the terminals are connected is called
the newutral poini. If a conductor is not attached from this point to the load,
the system is calledea Y-connected, three-phase, three-wire gekergwr. If
thewneutral is connected, the system is a Y-connected, three-phase, four-
wire generator. The function of the nentral will be dlscussed in detail
when we consider the load circuit.-

The three-conductors connected from A, B and C' ta the load are called
lines. For the Y-connected system, it should be obvious from Fig. 235
that the line current equals the phase current for each phase; that is,

where is used to dcncfe a phase quantity, and g is a generator parameter.
The voltage from one line to another is called a line voltage, On the

FIG 23.6 phasor diagram (Fig. 23.6), it is the phasor drawn from the end of one
_ Line and phase voltages of the Yconnected . phase to another in the counterclockwise direction.
three-phase generator. ' Applying Kirchhoff's voltage law around the indicated loop in Fig..

23.6, we obtam
Esp =~ Eay + Egy =0
or EAB—E,iN_'EgN"’EAN‘I'ENHI

Thé phasor diagram:i 15 redrawn to find Ep5 as shown in Fig. 23.7. Since
each phase voltage, when reversed (Eyg), bisécts the other two, & =-=~60"
The angle B is 30° since a line drawn: from opposite ends of a thombus
divides in half both the angle of origin and the opposite angle. Lines
.dr&wn between opposue cnmars ofa rhombus also bisect each other at
right anglés. :

* The length x is

'x=EMc;153-°:l-;:Em

FIG. 23.7 50" S : v :
, Deterntining a line volthge for a three-phase . d : & -
pia an < Eyp (2) F.w \/"EANI



Noting frofi the phasar diagram that 6 of Eyz = 8 = 30°, we obtain the

T Bag = Eag £30° = V3Egy £30°

. S By = VEEqyL1S0° - |
7 Epe = V3Epy £270°

In words, the mggmmdc of the line voltage of a Y-connected generator is
\/3 times the phase voltage:

e

*

L

EL = \/EE¢

1(234)

with the phase angle between any line voltage and the nearest phase
voltage at 30°, - '
» In sinusoidal notation,

© eag= \/_EEM sin(wt +30°)
g = ‘\/iECA sin(wr + 150°) «

-

‘and “epe = V3Epcsin(wr +270°)

The phasor diagram of the line and phase voltages is shown in Fig. 23.8.
If the phasors representing the line voltages in Fig.. 23.8(a) are re-
arranged slightly, they.will form a closed loop [Fig. 23.8( b)]. Therefore,
we can conclude that the sum of the line voltages is also zero; that is,

(23.5)

Eip + Eca + Epc + 0—'[

,FIG.23.8 :
(a) Phasor diagram of the line and phase voliages of a three-phase generafor;
(b) demonstrating that the vector sum of the line voliages of a
three-phase system is zero.

23.4 PHASE SEQUENCE _
(Y-CONNECTED GENERATOR)

The phase sequehee can be determined by the order in which the
phasors representing the phase voltages pass through a fixed point on
the phasor diagram if the phasors are rotated in a counterclockwise

direction. For example, in Fig. 23.9 the phase sequence is ABC.

However, since the fixed point can be chosen anywhere on the phasor

“

PHASE SEQUENCE (.CONNECTED GENERATOR) (11 1033

Ecy / Fixed point
N b \ Eav

/ Raotation

; FIG, 23.9
Determining the phase sequence from the phase
voltages of a three-phase generator.
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/ g
"\
/ Rotation

FIG: 23.10
Determining the phase sequence from the line
voltages of a three-phase generator.

diagram, the sequence cap also be written as BCA or CAB. The phase
sequence is quite important in the three-phase distribution of power.
In a three-phase motor, for example, if two phase voltages are inter-
changed, the sequence will change, and the direction of rotation of
the motor will be reversed. Other effects will be described when we

.

consider the loaded three-phase system.

The phase sequence can also be described in terms of the line volt-
ages. Drawing the line voltages on a phasor diagram in Fig. 23.10, we
are able to determine the phase sequence by again rotating the phasors
in the counterclockwise direction. In this case, however, the sequence
can be determined by noting the order of the passing first or second
subscripts. In the system in Fig. 23.10, for example, the phase se-
quence of the first subscripts passing point P is ABC, and the phase se-
quenge of the second subscripts is BCA, But we know that BCA is
equivalent to ABC, so the sequence is the same for each: Note that the
phase sequence is the same as that nf the phase voltages descnbed in
Fig. 23.9.. -

% If the sequence is given, the phasor d:agram can be drawn by simply

picking a reference voltage, placing it on the reference axis, and then
drawing the’other voltages at the proper angular.position. For a se-
quence of ACB, for example, we might choose Ep to be the reference
[Fig. 23.11(a)] if we wanted the pbasor diagram of the line voltages, or
E4y for the phase voltages [Fig. 23.11(b)]. For the sequence indicated,
the phasor diagrams would be as in Fig. 23.11. In phasor notation,

. _ Eip = Eap £0° - (reference)
4 LI - o = B 2120
: voltages | ¢4 ~ 04
Epc = Ege £+120°
Euv = Egn £0° (reference)
Phase |}
= Eqy £—120°
voltages Eay o .
sy = Egy £+120°
- B
L
Al 4

FIG. 23.11 i ;

+

R

" Drawing the phasor diagram from the phase sequence.
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235 Y-CONNECTED GENERATC
~ AY:CONNECTED LOAD

235 Y-CONNECTED GENERATOR WITH

" Loads connected to three-phasé supplies are of two types: the Y and the -
A. If a Y-connected load is connected to a Y-connected generator, the
system is symbolically represented by Y-Y. The physical setup of such a
‘system is shown in Fig. 23.12. w _ .

G A - a
s I, l Ter
* +
’I" E@ . EL V, Z. ;
1y n 4
. e L]
Lyt A L
¢ = Ve, Ve o b
l I + ’ +
Ly !
E, : ; ;
: = - o
FIG: 23.12
.4 Y-confiected generator.with a Y-Ironne_c.'_e_d_fmd. e
If the Joad is balanced, the neutral connection,can be removed with-
out affecting the circuit in any manner; that is, if " '
sy - " =5 =1 2 :
then Zy will be zero. (This will be demonstrated in Examp le 23.1.) Note £ 5 v

that in order to have a balanced load, the phase angle must also be the

same for each impedance—a condition that was unnecessary in dc cir- :

cuits when we consideréd balanced systems. ) ; A
In practice, if a factory, for example, had only balanced, three-phase

loads, the absence of the neutral would@_av; no effect since, ideally, the

system would always be balanced. The' cost would therefore be less

since the number of required conductors would be reduced. However,

lighting and most other electrical equipment use only one of the phase

" volta geé. and even if the loading is designed to be balanced (as-it should
be), there is never perfect continuous balancing since lights and other ;

" electrical equipment are turned on and off, upsetting the balanced condi-
tion. The neutral is therefore necessary to carry the resulting current
away from the load and back to the Y-connectéd generator. This is .
demonstrated when we consider unbalanced Y-connected systems.

We shall now examine the four-wire Y-Y-connected system. The cur-

" “rent passing through each phase of the generator is the same as its corre-
sponding line current, which in turn for a Y-connected load is equal to
the current in the phase of the load to which it is attached:

. For a balanced or an unbalanced load, since the generator and load
have a common neutral point, then

-

-



1036

l|I POLYPHASE SYSTEMS
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In addition, since e = Vg/Zg, the magnitude of the current in éach
phase is equal for a balanced load and unequal for an unbalanced load.
Recall that for the Y-connected generator, the magnitude of the litie volt-
age is equal to /3 times the phase voltage. This same relationship can
be applied to a balanced or an unbalanced four-wire Y-connected load:

EL = V@Vé {23-8)

For a voltage drop across a load element, the, first subscript refers to
that terminal through which the current enters the load element, and the
second subscript refers to the terminal from which the current leaves. In
other words, the first subscript is, by definition, positive with respect to
the second for a voltage drop. Note Fig. 23.13, in which the standard dou-

* ble subscripts for a source of voltage and a voltage drop are indicated.

EXAMPLE 23.1 The phase sequence of the Y-conncc:ed generator in

_-F:g 23.13 is ABC.

a. Find the.phase angles 8, and 65,

b. Find the magnitude of the line voltages,

c. Find the line currents,

d. Verify that, since the load'is balanced, Iy = 0.

A 7
il
I
+ I A 1,,,1 3n*
Eyy S} 120V £0° an . V.,
< Iy 40 _ Balanced
- - \ _n = load
40 Vi
3Q
Ecq

_ FIG. 23.13
Example‘.?.?, 1

Solutions:

a. For an ABC phase sequence,
L 0=—-120° . and 6y = +120°
b. Ep = V3E, = (1'73}(120 V) = 208 V. Therefore,

L

c. V= E,. Therefore,
uanAN_ Vin =Egy Ve =Ecy -
I mpwiVe 120V20° 190V 200"
o T L e ACE R AL . SAT 280150
3 c = 24A L-5343°

-
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ST g LY £ —~120°
e T o~ T T T T
T e - SO A

Ve _ 120V.£+120>

T - 5051

=24A £-17313°

) S = 24 A £66.87°

" and, since I, = Iy,
L, =L, = 24 A £-53.13"
gy = Ipn = 24 A 4-173.13°
Ic; = I, = 24 A £66.87°
_d, Applying Kirchhoff's current law, we have

i Iy =Ly, + Ipy + Ic!
In rectangular form,
T L, =24A2-5313° = 1440A -~ j1920A
Igp = 24A £—173.13° = —22.83A — j287A
I =20AL66872 = 943A +j2207A
Sla + Igp +Ige) = 0+40

* and Iy is in fact equals to zero, as required for a balanced load.

T 23.6 Y-A SYSTEM
" There is no neutral connection for the Y-A system in Fig. 23.14. Any
variation in the impedance of a phase that produces dan unbalanc;’d sys-

‘tem simply varies the line and phase currents of the system.
’ For a ]:valanccd load, -

R A T v "L 7 SR

The voltage across each phase of the load is equal to the line voltage
of the generator for a balanced or an unbalanced load: .

. - ' (23.10)

)

I—h-
L
— l“\ +
- v,
EL - E.L + 23 Z1 -
/;‘*L _ Jo
L € Z, b
by ] ]
LE - Wy +
, L5
FIG. 23.14

Y-connected generator with a A-connecied load.
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The relationship- between the line currents and phase currents of a
balanced A load can be found using an approach very similar to that
used in Section 23.3 to find the relationship between the line voltages

"and phase voltages of a Y-connected generator. For this case, however,
Kirchhoff's current law is used instead of Kn'chhoﬂ" s voltage law.

The result is

I = \/514,

(13.11)

and the phase angle between a hne current and the nearest phnse current

is 30°. A more detailed discussion of this relationship between the line

and phase currents of a A-connected’system can be found in Section 23.7.
For a balanced load, the line currents will be equal in magnimde. as

‘will the phase currents.

a. Find the phase angles 6; and é5.
'b. Find the current in each phase of the load.
c. Find the magnitude of the line currents.

' EXAMPLE 23.2 For the three-phase system in Fig. 23/15:

a .
3-phase, 3-wire,
Y-connected generator
. Phase sequence: ABC
Egy
i
B
I
" Epe =150V 26,
‘FIG. 23.15
Example 23.2.
Solutions:

a. For an ABC sequence,
: 6;=—=120° ~ and 63 = +120°
b. Vs =E. Therefore,

Ly
L]

The phase cqn:énts are -
V' 150:V.LO° 150 V £0°

Vs =Euz  Vea=Ecy, Voo =Epc

Ly=o—= = =15A £—-5313°

Zy 60+j80 1005313

L e 150V £-120°
Zpe 100 £53.13°

Vea _ 150V £+120°

:: —  —— == @
Lea Zea 100 2£53.13° 1SALo8S]

=15A £-17313°



cr rL n\/’.rﬁ= (1 73)(15 A) = 25.95 A. Therefore,
; Lia sl,;b—!Cc#259$A

23.7 A-CONNECTED GENERATOR

If we rearrange the coils of the generator i Fig. 23.16(a) as shawn in
Fig. 23.16(b), the system is referred to as a three-phase, three-wire, A
connected ac generator. In this system, the phase and line voltages are
equivalent and equal to the \foltage induced across each coil of the gen-
erator; that is,

Eyp = E,y and eqy = V2E,y sin ot | Phase =

" Epc = Egy and egy = V2Egysin(wt — 120°) sequence
Ecs = Ecy and ecy = V2Ecy sin(wt + 120°) | ABC®

A-CONNECTED GENERATOR 11 1038

FIG. 23.16
. A-connected generator,

T

Note-that only one voltage (magmtude) is nvallable mstead of the two
available in the Y-connected system.
‘Unlike the line current for the Y-connected generator, the hnc current
+ for the A-connected system is not equal to the phase current. The rela-
tionship between the two can be found by applying Kirchhoff’s current
" law at one of the nodes and solving for the line current in terms of the
phase currents; that is, at node A,

13‘4 = l‘;‘.‘;‘*‘ IAC
ar I,;uzlm"‘l‘;czlm'l"lm ) %
The phasor diagram is shown in Fig. 23.17 for a balanced load.
Using the same procedure to find the line current as was used to find
-the liné voltage of a Y-connected generator produces the following:
= V3l £-30°
Igp = V3lep £=150°
Ice = V3l £90°

In genera'l.

I = Vil (23.13)
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lC:

. Im
’ 30°
: ",
I !.'V? Toa 3
FIG, 23.17 A ' FIG. 23.18
= Determining a line current from the phase currents of a ) The phasor diagram of the currents of a
A-connected, three-phase generator. three-phase, A-connected generator.

with the phase angle be;wecn a line current and the nearest phase current
at 30°. The phasor diagram of the currents is shown in Fig. 23.18.

Just as for the voltages of a Y-connected generator, the phasor sum of
the line currents or phase currents for A-connected systems with bal-
anced loads is zero. ]

23.8 PHASE SEQUENCE [ﬁ-CbNNECfED
. \ Rotation GENERATOR) %
P i :

Even though the line and phase voltages of a A-connected system are the
same, it is standard practice to describe the phase sequence in terms of
the line voltages. The method used is the same as that described for the
line voltages of the Y-connected generator. For examp]e the phasor dia-
gram of the line voltages for a phase sequence ABC is shown in Fig.
23.19. In drawing such a diagram, one must take care to have the se-
_ quence of the first and sécond subscripts the same. In' phasor notation,
= . : . _ it E
FIG. 23.19 ' _ . ot =Pl
Determining the phase sequence for a A-connected, ~ EBgeT Egc £~120 /
three-phase generator. - : Ecs = Egy £120° e

Eys

Phase sequence: ABC

Egc

.

23.9 A-A, A-Y THREE-PHASE SYSTEMS

The basic equation § necessary to analyze either of the two systems (A-A,
A-Y) have been presented in this chapter. Following are two descriptive
&, s examples, one with a A-connected load, and one with a Y-connected load.

1

o

EXAMPLE 23.3 For the A-A system shown in Fig. 23.2{):.

e B ; = - a. Find the phase angles 6, and 6 for the specified phase sequence
b. Find the current in each phase of the load. *
; 3 c. Find the magnitude of the line currents.



g% b W . i A-A, A-Y THREE-PHASE SYSTEMS 1|1 iuu

A o — a

Lia

Eup = 120V £0°

3-phase, 3-wire
A-connected ac generalor 3 i s
Phase sequence: ACB ;

& Ec, = 120V 28
1 . . ¢ b
: - n ¢
' - B ]: “ _
. " % Ve +
» //-' Ce. X
i i
Ege = 120V £ 6,
FIG. 23.20
Example 23.3: A-A system.
Solutions::
a. Foran ACB -pha's_e sequence, .
T9,=120°  and 6y = —120°
b. V, = Ej. Therefore, '
 Va=Eis Va7 Eca  Vee=Enc
The phase currents are ' v
{ oY _ o 120V0° _ 120V £0°
T ey BQLO)ENZ-") 250 £-90°
/ B~ 510 7.071 £ ~45°
120V £0° : !

TV L

Vo 120V £120° ;
Zyoe 3540 £-45° - 339 A £165
Vea _ 120V 2-120°

ca¥___=_'_'—_= -I =75
" Shoar T POALR

¢ I, = VI, = (1.73)(34 A) = 58.82 A. Therefore,
Juo = Igp = I, = 58.82Z A

iy

EXAMPLE 23.4 For the A-Y system shown in Fig. 23.21:

a. Find the voltage across each phase of the load.
b. Find the magnitude of the line voltages.

Solutions:
a, Iy = I Therefore,
= Iyo = 2A LOP
y Iy = Igp = 2A°£—120°
' I, = Ic. = 2'A £120°
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~ A —
| Lg =2A20°
3-phase, 3-wire Eqp
A-connected generator Egy
Phase sequence:
ABE
I, = ¢
l 2A £-120°
——
-B
Ege
e —
e l I, = 2A Z 120°

FIG. 23.21
Example 23.4: A-Y system.

The phase voltages are y
Von = Ionllan = (2 A £0°)(10 2 £=53.13°) = 20V £~53.13°
Vin = TonZpy = (2A £=120°)(10Q £~53.13°) = 20V £~173.13°
Vor = TonZen = (2 A £120°)(10 Q £=53.13°) = 20V £66.87°
b Ep = V3Vs = (1.73)(20 V) = 346 V. Therefore;
' Egs = Ecp = Exc = 4.6V

23.10 POWER
Y-Connected Balanced Load
Please refer to Fig. 23.22 for the following discussion.

FIG. 23.22
l"-cqm:ec:ed balanced load.

»



ke Anrlﬂl in‘li' The average powcr delivered to each phase can be

. determinedby -

| Py = Vialgcos 8¢ = 3Ry = -:4% (watts, W)
- ¢

*

_wh;re 612 indicates that @ is the phase angle between V and I,

(23.16): ;
[Pr=3R]
or, since - = % and Iy - I
5 - EL‘ ’ " x
then’ 2  Pr= 3?31;_ cos 62 - -

(B (S s

Therefore,

Py = /3Egigeos0fp = 3Ry | (W)

(23.14)

The total power delivered can be determined hy Eq. (23 15) or Eq.

(23.15)

(23.16),

Reactive Power The reaclive powcr of each phase (m volt-amperes

reactive) is

2

V.
Q(& = Vabfw sin 07 = Iix¢ XZ (VAR)

Th_e‘total reactive power of the load is

o

or, proceeding in the same manner'as above, we have

1or= V3El sin 6/¢ = 3[1X4|  (VAR)

Apparent Power The apparent power of each phase is

The total apparent power of the load is

or, as before,

‘

Vi o

(23.17)

(23.18)

(23.19)

(23.20)
(23.21)

(23.22)

POWER. [1] 1043
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5

Power Factor The power factor of the system is given by

P

P
F,= S_r = cos 9};‘ (leading or lagging) (23.23)
T

EXAMPLE 23,5 For the Y-connected load in Fig, 23.23;

-+

' R=30
lol Vs
X, =40

E, = 1732 V £0°
E, = 1732 V £+ 120°

|

/"

Ep = 1732 V£L-120°

"FIG. 23.23
Example 23.5. .

a. Find the average power to'each phase and the total load.
b. Determine the reactive power to each phase and the total reactive

power.
¢. Find the apparent power to each phase and the total apparent power.

d. Find the power factor of the load.
Solutions: '
a. The average power is . ;
Py = Vyly cos e}"a = (100 V)(20 A) cos 53.13° = (2000)(0 6)
= 1200 W
= IRy = (20A)’(30Q) = (400)(3) = mo w
Vi _ (60V)* 3600

P, =——=1200W

P Re .30 7.3 _

Pr =3Py =(3)(1200W) = 3600 W = | iy
or e

 Pr= V3Ecos 8% = (1.732)(173.2 V)(20 A)(0.6) = 3&0_0-w
b. The reactive powef is
Q¢ = Vplysin 9;‘ = (100 V)(20 A) sin 53.13° = (2000)(0 E)
= 1600 VAR .

or Qy= 1¢x¢, = (20 A)2(4 1) = (400)(4) = 1600 VAR

‘ Qr =304 = (3)(1600 VAR) = 4800 VAR

or ' - *

' @r = \/SELI;_snna}"* = (1.732)(173.2 V)(20 A, 0.8) = 4800 VAR



POWER |11 1045
: K% 'l'heagpurentpowens -
' 55 Vylo = (100 V)(20 A) = 2000 VA i L Ty
i o Ry -_s = 35, = (3)(2000 VA) = 6000 VA
o:' s;--= ‘\/_ELIL—[ 132)(173.2 V)(20 A) = 6000 VA
d. The power factor is _ - By : "

F“,=-—"-“-~'—-—'—Dﬁlagging

A-Connected Balanced Load : ; b _ _ -
- Please refer 1o Fig. 23.24 for the following discussion, '

5 ls\ +
v, %= Ry £, ,
) Xz j &

“|

FIG. 23.24 i Jhr o 88 :
A-connected balanced load. ) “ gty ; 3

-

Average Power

1' i
P,‘, = V,,,Iq;cos 3;* = f&R (W} {23.24}

Reactive Power

1]

v V: 3 3 } ,
Q4 = Vglgsin )¢ = Xy =3  (VAR)  (23.26) . .
¢ ¢ - y

(VAR) (23.27)

Apparent Power

VA) (23.28)

~ Introductory, C.-67A
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- Sqluﬁoﬂ." Consider the A and Y separately.

o

(23.29)

4

Sr=138;=\V3EJ| (VA)

N

Power Factor

P
F, =‘-—;I (23-30) *
Sr

v’ -

EXAMPLE 23.6 For the A-Y connected load in Fig. 23.25, find the
_ total average, reactive, and apparent power. ‘In,_a.dditicn. find the power

factor of the load.

E, = 200V £0°
E, = 200V Z +120°

| 4
N

E, = 200V £-120°

FIG. 23.25
Example 23.6.

For the A: e
Zy=60-j80=100,-53.13°
o B 0N
9, Zi 1090

Pr, = 3I3Rs = (3J20 A)*(6 Q) = 7200 W
Qr, = 313Xy = (3)(20 A)(8 Q1) = 9600 VAR (C).-
Sr, = 3Vyly = (3)(200 V)(20 A) = 12,000 VA
For the Y: ; _
Zy=40+j30=5023687 ¢
L34 EYV3 _200V/V3 v
LT T SO TiAn
Pry = Bl5Rg = (3)(23.12 A)Y4 Q) = 641441 W
Or, = 33X, = (3)(23.12 A)(3 Q1) = 4810.81 VAR (L)
Sty = 3Vl ='(3)(116 V)(23.12 A) = 804576 VA

=@BA- -

Introductsry, C=67B



mmmm
'--..-gfupn+pr,=noow+641441w~1361.141w
‘Op= 07, - Qr, = 9600 VAR{C) ~ 4810.81 VAR (1)

7 = 4789.19 VAR (C) -
Sr= VP + 03 = V(13,614.41 W)’ + (4789.19 VAR)?
© =144322VA
P; 1361441 W
B i A e 0943Ieadlng

£ Sr 1443220 VA

2

" EXAMPLE 23.7 Each transmission line of the three-wire, three-phase
system in Fig. 23.26 has an impedance of 154} + 720 (). The system de-

livers a total power of 160'kW at 12,000 V to.a balanced' thret-phase

load with a laggmg power factor of 0.86. "

M
150 200
‘FIG. 23.26 ¢

© ' Example 23.7.

a. Determmc the magnitude of the line voltage Ezp of the generator.
_b. Find the power factor of the total load applied to the generator.
c. What is the efficiency of the system?

Solutions: .
Ve 12,000V -
“a W, =t = 2169364 :
2 Vg (load) = = 693642V
‘Pr(load) = 3Vjlscos8
and y i : . . /
P _Bre _ 160000W -
¢ 3V4cos8  3(6936.42 V)(0.86) %
=894A '

Since # = cos ' 0.86 = 30.68°, assigning V, an angle of 0% or V, =
Va £0°, a lagging power factor results in

I, = 8.94 A £-30.68°

For each phase, the sy:slcm will appear as :-.hown in Fig..23.27,
where

POWER /L 1047
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I 151 wa I,

A .
: AM—T00™ : I, = 8.94 A £ 3068
% Zie e
EAN 3 Y&

FIG. 23.27
The loading on each phase of the system in Fig. 23.26.

or
Esn = TpZime + Vo
= (894 A £~ mﬁS")(ZSﬂ L53 137) + 693642 V £0°
= 2235V £2245° + 693642V £0°
= 20656V + j8535V + 693642V
= 714298V + j8535V .

= 71435V £0.68°
Then Erg = V3Eg = (1.73)(71435 V)
- 12,358.26 V

b. Pr= Pigad + Plines

160 kW + .3(&)21?",1i ,
160 kW -+ 3(8.94 A)“15 ()
160,000 W + 3595,55_W

-
o

W

163,596.55 W
ﬁ!‘ld PT T ﬁVL!L COs e‘r _
oy o Pp . 163,596.55 W
or 0T Avy, T (1.73)(12,35826 V)(894A)
and Fp = 0.856 < (.86 of load
. B, B " 160 kW ;
== = = 0.978
C M B T P ¥ Prses 160 KW + 359655 W
= 97.8% : :

23.11 THREE- WATTMETER METHOD . P

" The ypower delivered to a balanced or an unbalaced four-wuc,
Y—coﬁecr.ed load can be found by the three-wattmeter method, that is,
by using three wattmeters in the manner shown in Fig. 23 23 Each
wattmeter measures the power delivered to each phase. The polcntlal p
coil of each wattmeter is connected parallel with the load, while the cur-
rent coil is in series with the load. The total average power of the system
can be found by summing the three wattmeter readings; that is,

Pr, =P+ Py + Py L (a8

/ For the load (balanced or unbalanced), the wattmeters are connected as
shown in Fig. 23_,29. The total power is again the sum of the three
wattimeter readings:

Pr,= P+ P+ Py (33
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» L . L » o - t IJ =
FIG. 23.28 . - il ] 'FIG. 23.29
" Three-wartmeter method for a Y-connected load. . Three-watimeter method for a A-connected load.

If in either of the gases just d-egrihed the load is balanced, the power
delivered to each phase will be the same. The total power s then just
- three times any’one wattmeter reading, ot

\

23.12 TWO-\!?’ATTMETEH METHOD " Lm-.:
The power delivered to a three-phase, three-wire, A- or Y-connected, bal- LRy ’Eai\ + %
anced'or unbalanced local can be found using only two wattmeters if the s s PC, '
. proper connection is employed and if the wattmeter readings are inter-
preted properly. The basic connections of this two-wattmeter method : ;
are shown in Fig# 23.30: One end of .cach potential coil is<connected to - Line ekt
the same line. The current coils are then placed in the remaining lines. - : ; loag
The connection shown in Fig. 23.31 also satisfies the requirements, A ; ;
 third hookupis also possible, but this is left to the reader.as an exercise.
The total power delivered to the load is the algebraic sum of the two - c£ Cy e
wattmeter readings. For a balanced load, we now consider two methods Py \.mﬁz Line
‘of determining whether the total power is the sum or the difference of T
" the two wattmeter readings. The first method to be described requires

1+

: : FIG. 23.30
- R ; ~+ Two-wattmeter merhod fora &- ora
»a ' : Y-connecred load.

" Line

i A-or Y-
e ~connected:
load

FIG. 23.31
Alternative hopkup for the two-watimeier : PR
method. y
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i eyt PP,
-10 035 05 025 0 +025 +0.5 +0.75 +1.0
PT=P1,-_..P]"'_" | ~# Pr = Py + Py
. S FIG. 23.32

~ Determining wheiher the readings oblained using the two-wattmeter method
should be added o subtracted. .

that we know gr are able to find the power factor (leading or lagging) of

.any one phase of the load. When this information has been obtained, it

can be applied directly to the curve in Fig. 23.32.

“The curve in Fig. 23.32 is a plot of the power factor of the loag (phase)
versus the ratio Py/P, where P;and Py, are the magnitudes of the lower- and
higher-reading waltmeters, respectively. Note that for a power factor (lead-

_ing or lagging) greater than (.5, the ratio has a positive value. This indicates

that both wattmeters are reading positive, and the total power is the sum of
the two wattmeter readings; that is, P = P, + Py. For a power factor less

* than 0.5 (leading or lagging), the ratio has a negative value. This indicates

that the smaller-reading wattmeter is reading negative, and the total power
is the difference of the two wattmeter readings; that is, Py = Py, — Py,

. A closer examination reveals that, when the power factor is 1
(cos 0° = 1), corresponding to a purely resistive load, P/Py = 1 or P; =
Py, and both wattmeters have the same wattage indication. At a power
factor equal to 0 (cos 90° = 0), corresponding to a purely reactive load,
PP, = -1 or P; = —P,, and both wattmeters again have the same
wattage indication but with opposite signs. The transition frem a nega-
tive 10 a positive ratio occurs when the power fator of the load is 0.5 or
0 = cos™! 0.5 = 60° At this power factor, Py/Py = 0, so that P, = 0,

~while P, reads the total power delivered to the load.

The second method for determining whether the total power is the
sum or difference of the two wattmeter readings involves a simple labo-
ratory test,, For the test to be applied, both wattmeters must first have an
up-scale deflection. If one of the wattmeters has a below-zero indication,
an.up-scale-deflection can be obtained by simply reversing the leads of
the current coil of the wattmeter. To perform the test:

1.~ Take notice of which line does not have a current coil sensing the -
line current. ;

2. For the lower-reading, wattmeter, disconneet the lead of the po-
tential coil connected to the line without the current cojl. -

3. Take the disconnected l¢ad of the lower-reading wattmeter’s po-
tential coil, and touch a connection point on the line that has the
current coil of the higher-reading wattmeter. y :

4. If the pointer deflects downward (below zero watts), l.he wanage
readmg of the lower-reading wattmeter should be subtracted
from thafof the h:gher—rcading wattmeter. Otherwise, the read-

_ings should be added,



For a balanced system, since.

. Pr Bp, + P, = V3El cos ore

the power factor of the load (phase) can be found from the wattmeter
readings and the magnitude of the line voltage and current:

Py X P,J.
V3E I,

F, = cos B} = (23.33)

F

EXAMPLE 23:8 For the unbalanced A-connected load in Fig. 23.33
with two properly connected wattmeters: -

=

Fug = 208V £0°

3

|
Eey = 208V 2 120°

—1{-8
Epc = 208V 21200 W2 %
.7
aXis Ci— T‘Jm é
- FIG. 23.33
- Example 23.8.

Determine the magnitude and angle of thie phase currents. ;
Calculate the magnitude and angle of the line currents.

Determine the power reading of each wattmeter.

Calculate the total power absorbed by the load.

Compare the result of part (d) with the total power calculated using
the phase currents and the resistive elements.

T

* Solutions:
a Ip=ot=_0= e =208AL0°

oo Yo Epc_208VLo120° 208V £-120° -

S Zpe  Zy 150 +j200  250£531F
= 832A £ ~173.13°

. ] _Eca _ 208V £+120° 208V L+1207

=g, L, 120+j120 16974 L-45"
= 1226 A £165°

b Iy =lap — L,
=208 A £0° — 1226 A L165° .
=208 A — (—H._84A + j3.17 A)
~208A + 1184A — j3.17A=3264A — j31TA.
=3279A £ —555°

7

TWOWATTMETER METHOD 111 1081
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. Ipp = Lye = Loy
=832A£-173.13° - 208 A 20°
= (-826A ~j1A) ~208A O .
= —826A—208A - {A=-2906A~j1A
= 29.08 A 2~ —-178.03°
Icrs = Ipe
1226A4165°—832AL—]7313° o
=(~11.84A +j3.17A) = (~826 A — j 1 A) -
= —11.84A + 826A + j(3.17A + 1A) = —358A + j4.1TA _
= 5.5 A 2130.65°

o e Py = Vul, cos O Vop =208V £0°
L, = 3279 A £-5.55° '

= (208 V)(32.79 A) cos 5.55°
= 678835W _

Vie = Ege = 208 V £—-120° .

but Vi = Ecy = 208V £~120° + 180°

: =208 V £60° :
; with Ie. = 5.5 A £130.65°

Y ; Pz = Yyl cos B
> : "= (208 V)(5.5 A) cos 70.65°
: * = 379.1 W

d. Pr= P+ Py =678835W + 379.1 W
= 7167.45 W

- & Pr=(I)Ry + (o) Ry + (ICJR;
= (208 A)%10 Q + (832 A)%150 + (1226 A)%12 Q
= 43264 W + 1038.34 W + 1803,69 W
= 7168.43 W -

~ (The slight difference is due to the level of accuracy carned thmugh
the calculations.)

; 23.13 UNBALANCED, THREE- PHASE,
X FOUR-WIRE, Y-CONNECTED LOAD

 For the three-phase, four»wue. Y-connected load in Fig. 23.34, condi-
tions are such that none-of the load impedances are equal—hence we
have an unbalanced polyphase load. Since the neutral is a common
point between the load and source, no matter what the impedance of
each phase of the load and source, the voltage across each phase is the
phase voltage of the gererator: -

The phase currents can therefore be determined by Ohm's law:

i

Vo, Eﬂ‘l
oy — Z _z—l andsoop : - (2335
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I,

- vy Neutral

B E, Z, \- 3

I
—2+ | Line
Bl Line f

" —

I,

FIG. 23.34
Unbalanced Y-connected load.

The current in the neutral for any unbalanced system can then be found
by applyirig Kirchhoff’s current law at the common point n: .

‘lNul,,I+1¢1'+ih?=lL,+1h+1h T (2336)

Because of the variety of equipment found in an industrial environ-
ment, both three-phase power and single-phase power are usually pro-
vided, with the smglcaphase obtained off lhe three-phase system. In .
addition, since'the load on each phase is conmually-chnnglng. a four-wire
system (with a neutral) is normally used to ensure steady voltage levels
and to provide a path for the current resulting from an unbalanced load. _ ;
The system in Fig. 23.35 has a three-phase transformer dropping the line- ' '
voltage from 13,800 V to 208 V. All the lower-power-demand loads, such
as lighting, wall outlets, security, and so on, use the single-phase, 120 V
line to neutral voltage: Higher power loads, such as air conditioners, elec-
tric ovens or.dryers, and so on, use the single-phase, 208 V available from
“ line to line. For larger motors and spemal high-demand equipment, the full
three-phase power can be taken directly off the system, as shown in

* .
1
208V £-120° R : '
| o
o~ ' ; . T
: . '1zln'v 208V
; balanced
: - - load
208V £120° 75 19 | =
208V 200 | 120v | 208V]
| 5 : I
Secondary '
3¢ transformer |
FIG. 23.35

3¢ff¢ 208 VJI20 V industrial supply. . i
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_Fig. 23.35. In the design and construction of a commercial establishment, -

the National Electric Code requires that every effort be made to ensure that
the expected loads, whether they be single- or multiphase, result in a total
load that is as balanced as possible between the phases, thus ensuring the
highest level of transmission efficiency.

23.14 UNBALANCED, THREE-PHASE,
THREE-WIRE, Y-CONNECTED LOAD

; For the system shown in Fig. 23.36, the required equations can be de-

rived by first applying Kirchhoff's voltage law around each closed loop
to produce : ' ] .

EAﬂ—vun+vbn=0
Eél‘:_vbﬂ+v€!i=q )
Eés = Von + Vo = 0

L

Ecy

l ' R Esc"""'f

: FIG. 23.36
«Unbalanced, three-phase, three-wire,”Y-connected load.

Substituting, we have

Von = LonZy Vin ='TpnZa Ver = Lendy

Epp = 102y — 1pnZo ' (23.37a)
N Ege = Ipndy = InZs (23.37b)
Ecy = LyZs — LixZy (23.37¢)

Applying Kirchhoff’s current law at node n results in
I‘m + Ibn ™ Icn =0 and - L, = ~I, — L,
Substituﬁng for I, in Eqs. (23.37a) and (23.37b) yields
EAB‘ e J'ci'.lllzl T [-’(]a.n * lm)jzz
Epc = =(lan + Tea)Zy — IpyZ4
which are rewritten as i
Eap = LZy + Z) +1Za .
Ege= Igm(-zﬁ_} + ’lcn["(zﬁ + IZB)]
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i el
Using determinants, we have __
| v |Bap Z, ;
|Epc —(Zy + Zy) .
T = IZI + 2 - Zy
~Zy —(Zy + Z3)|

—(Zy + 33)1‘343 — EpcZy ¢ o "
T Lz - Ll - DL - B+ L
. =Zy(Egp + Eac) — ZE,p

" =Ty - LiZs - Lol

Applying Kirchhoff’s voltage law to the_lme voltages gives
Exs+Eca+Esc=0 or  Egp+Epc=~Egy
Substituting for (Egp + Ecp) in the above equation for I,, gives

_ _"Z(~Ecy) ~ Z3Fss
A "‘le:), =42y — Ll

EapZs — EcaZy
and e T i e (23.38 PR
e | T+ T+ 2, Y
In the same manner, it can be shown thﬁt
E — EpcZy*
gL Yol - (2339) .

Z,1, + ZJZ:), + 7,1,

Substituting Eq. (23.39) for I,y in the right-hand side of Eq. (23.37b), we 4 : Y
obtain ' : ; ) ‘ .

Lot — By
" LZy + Ty + Lol

(23.40)

EXAMPLE 23.9 A phase-sequence indicator is an instrument such as
.shown in Fig. 23.37(a) that can display the phase sequence of a
polyphase circuit. A network that performs this function appears in Fig.
23.37(b). The applied phase sequence is ABC. The bulb corresponding
to this phase sequence burns more bnghtly than the bulb indicating the
ACB sequence because a greater current is passing through the ABC
bulb. Calculating the phase currents demonstrates that this situation does
in fact exist: ' - ' i
1:- 1

Z=Xe=—= = 1660
L= 2€ T WC (377 rad/s)(16 X 1075 F) R

By Eq. (23.39),,
EcaZy — EgcZy . \

Z.Z, + ZiZs + ZoZs
(200 V 2 120°)(200 2 £0°) — (200 V £~120°)(166 9 £—90°)

= (166 0 2-90°)(200 0 £0°) + (166 £ £ —90°)(200 2 £0°) + (200 & £0°)(200 Q £0°)

l(ﬂ
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all)

f=60Hz
< , 2, 7 16 4F '
¥ i Bulbs (150 W)
W 200 Q2 internal
E.p = 200V £0° resistance
I n
Y Egq = 200V £4120° © &y Z
ACB ABC

Gle )% 0 2;1{?‘\ b@

Egc = 200V £-120°
(a) (b)

FIG. 23.37
{a) Phase sequence indicator. (b) Phase sequence detector network.
[Part (a) courtesy of Fluke Corporation.]

= 40,000 V £120° + 33,200 V£ =30°
Ao = 33,200 0 £-90° + 33,200 ) £—90° + 40,000 £ £0°

Dividing the nurﬁerator and denominator by 1000 and converting both to
the mctangular domain yields :

_ (=20 +j3464) +(2375 ~ j16.60)

o 40 — j66.4
"« 875+4j1804 2005 £64.13°

77.52 £—58.93°  77.52 £ —58.93°
I, = 0259 A £123.06°

By Eq. (2340),

e EB{‘ZI i EABZG
2,2, + L2y + 157, :
(zoo V £~120°)(166 £~90°) — (200 V £0°)(200 £0°)
77.52 X 10° £ £ —58.93°
& 5'33 200 V £ ~210° = 40,000 V 20°
. 7752,x1039z, 58.93°

Dividing by 1000 and converting to the rectangnlar domain yields
: -28.75 + j 16.60 — 40.0 _ —68.75 +/16.60
B 71.52.-5893° 7752 L-5893°

70.73 £166.43° :
Rl AL

and Iy, > I, by a factor of more than 3 : L. Therefore, the bulb indicat-
ing an ABC sequence will burn more brightly due to the greater current.
If the phase sequence were ACB, the reverse would be true.

& 2 -
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PROBLEMS

SECTION 23.5 Y-Connected Generator with' -
a Y-Connected Load

« 1

A halaﬁced Y load having a 10 () resistance in each leg is
connected to a three-phase, four-wire, Y-connected generator

having a line volllage of 208 V. Calculate the magnitude of
 a, the phase voltage of the generator.

b. the phase voltage of the load.
c. the phase current of the load.
d.. the line current.

L&

. Repeat Prﬂ'hle':ﬁ 1 if each phase impedance is changed to a

12 1) resistor in series with a 16 () capacitive reactance.

. Repeat Problem 1 if each phase impedance is qhan.ged

to a 10 ) resistor in parallel with a 10 () capacitive

reactance.

PROBLEMS |11 1057

- The phase sequence for the Y-Y system in Fig. 23.38 is ABC.

a. Find the angles 6; and 8; for the specified phase sequence.

b. Find the voltage across each phase :mpedanﬁc in phasor
form.

¢. Find the current through each phase impedaflce in pha-
sor form.

d. Draw the phasor diagram of the currents found i part
(c), and show that their phasor sum is zero.

e, Find.the magnitude of the line currents.

f. Find the magnitude of the line voltages.

- Repeat Problem 4 if the phase impedances are changed to a

9 0 resistor in series with a 12 () mducnve reactance.

. Repeat Problem 4 if the phase lmpedances are changed

10 a 6 {1 resistance in parallel with an 8 (1 capac:uve ;
reactance. -

. For the system in Fig. 23.39, ﬁnd the magnitude of the un-

known voltages and currents.

200 - ¥

FIG. 23.38

Problems 4, 3, 6, and 31. . ’

3-phase, 3-wire
Y-connected
4-wire generator

By = 220V 20°

Phase éeqmsﬂﬂé LA

Ege = 320V £ +120°

o |
g p l 5,
c —
I

Eey =220V £ -120°

FIG. 23.39

Problems 7, 32, and 44.
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*8. Compute the magnitude of the voliage E, 5 for the balanced
three-phase system in Fig. 23.40.

2 ' A Wy
10
-
3-phase, 3-wire Eqn
Y-connected generator
y 10
3 ArAYA
c= ;
10 :
FIG. 23.40 !

Prabilem 8. : b

*9. For the Y-Y system in Fig. 23.41: 3 ;

a. Find the magnitude and angle associated with the volt- ’
ages Eyy, Egy, and Ecy. \

b, Determine the magnitude and angle associated with
each phase current of the load: I, Ipgo and I,

c. Find the ‘magnitude and phase angle of each line
current: L4, Igg, and Ic.. - 5

d. Determine the magnitude and phase angle of the volt- * ~
age across each phase of the load: V,,, Vyr, and Vo,

: .
A Ao 00 400
B

E.p = 22kV £0°

N
o

Ecy = 22KV £+120° .

g w300 400

Epe = 22KV £-120° _ | '
] ’ Y . v

I, 300 400

FIG. 23.41 _ -
L a A Problem 9, ;
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SECTION 23.6 Y-a System & e 13. The phase sequence for the Y-A system in Fig, 23.42 is ABC.
i { y ATy 3 s ! . g a. Find the angles @, and 05 for the specified phase sequence.
10.. A balanced A load having a 20 {) resistance in each leg _ b. Find the voltage across each phase impedance in phasor

'-is connected to a three-phase, three-wire, Y-connected

: i form. y

_ . generator having a line voltage of 208 V. Calculate the ¢. Draw the phasor diagram of the voltages found in part

magnitude of g 2 (b), and show that their sum is zero around the closed
* a. the phase voltage of the generator. e loop of the A load. .

b. the Ph”e. voltag_e of the load. *  d. Find the current through each phase impedance in pha-
c. the phase current of the load. ? sor-fortii. , x

. d. 'the line current. ) ' e. Find the magnitude of the line currents.

11. Repeat Problem 10 if each phase impedance is changed to f. Find the magniwde of the generator phase voltages.
a 6.8 () resistor in series with a 14 ) inductive reactance. 14. Repeat Problem 13 if the phase impedances are changedtoa

12. Repeat Problem 10 if each phase impedance is éhmg'ed 100 €2 resistor in series with a capacitive reactance of 100 {1,
to an 18 () resistance in parallel with an 18 ) capacitive 15. Repeat Problem 13 if the phase impedances are changed to
reactance. ' y ; a3 {) resistor in parallel with an inductive reactance of 4 ().

s -16. For the system in Fig. 23.43, find the magnitude of the un-
*known voltages and currents. 2

&
Exp = 208V £0°

= 208V £, ; - ' . 3=

T Ege = 208V 26,

FIG. 23.42 )
Problems 13, 14, 15, 34, and 45.

¥ a
A s
L. - + %
100 100
3-phase, 3-wire n v , N
4- Y-_c'onnncml;ld ‘ ; Ejp = 220V £0° v ‘ v,
3 NN B s DOV LT A ' |"D\
e 10 100
3 Phase sequence: ABC . o o
1 -
+. ah
: i
c A'.l'l' b
: | Ig, 100 100
B =
= Vie +
C ? e &
Iy
Epe = 220V £ -120°
FIG. 23.43

Problems 16, 35, and 47.
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*17. For the A-connecled load in Fig. 23.44:

a. - Find the magnitude and angle of each phase current Lgp, = »
14es and L. s

b. Calculate the magnitude and anglé of each line current

Taa: Igp, and I,
¢. Determine the magnitude and angle of the voltages Ep,
Eac. and ECA ¢ ' .

Vo = 16KV £0°
Vy = 16kV £-120°
V,, = 16KV £+120°

00N 200
\ ' ' FIG. 23.44
o ' Problem 17,
: SE;CTIOI\I 239 A-A, A-Y Three-Phase Syﬁims 20. Repeat Problem 18 if each phase impedance is changed '
, ¢ : istor i llel with i
18. A balanced Y load having-a 30 €} resistance in each leg is ; :_2&:“;50 en resimtor dn pursliel Wit ¢ 201 sapisithe
connected to a three-phase, A-connected generator having a N s : : :
line voltage of 208 V. Calculate the magnitude of 21. For the system in Fig, 23.45, t‘md the magnitude of the un-
,  a. the phase voltage of the generator. : known voltages and currents. <
b. «the phase voltage of the load. 22. Repeat Problem 21 if each phase impedance is changed to a
¢. the phase current of the load. 10 £} resistor in series with a 20 §) inductive reactance. .
d. the line current. * 23, Repeat Problem 21 if each phase impedance is changed
19. Repeat Problem 18 if each phase impedance is changed foa to a 20 O resistor in parallel with a 15 € ‘capacitive
12 (2 resistor in series with a 12 {) inductive reactance. - _reactance. : ; '
1
' 3-phase, 3-wire . - o v+
A-connectéd generator  Ea=120V40° <2440

Phase sequence: ABC Ey=120V.2+120°

B oy
& Tl T4

) Ege=120V £ -120°

| FG.2345
 Problems 21, 22, 23, and 37. i Tath _ Mty 2



24, awamm 1220 {) resistance in each leg is

“connected to a thiee-phase, A-connected generator having a

. 'line-voltage pf440 V. Calculate the magnitude of

8

a.. the phase voltage of the generator.

_b.. the phase voltage of the-load,

¢. the phase current of the load. .
d. the line current,

. Repeat Problem 24 if each phase impedance is changed to a
-12 () resistor in series with a 9 {} capacitive reactance.

Repeat Problem 24 if each phase impedance is changed
to a 22 () resistor in parallel with a 22 ) inductive
reactance.

27,

" EFIOBLEMS [11 1061

The phase sequence for the A-A system in Fig, 23.46 is ABC.

8. Find the angles #; and 6, for the specified phase sequence.

b. Find the voltage across each phase impedance in phasor
form, =

Draw the phasor diagrant of the voltages found in part

(b), and show that their phasor sum is zero around the.

closed loop of the A load.

d. Find-the current through each phase :rnpedmce in pha-
sor form,

e. Find the magnitude of the line currents.

Repeat Problem 25 if each phase impedance is changed toa

. 12 (1 resistor in series with a 16 £} inductive reactance.

29.

Repeat Problem 25 if each phase impedance is changed

“toa 20 {2 resistor in parallel with a 20 {) capacitive reactance.

‘ \
T Ege = 100V £0,
. , ' FIG. 23.46
Problem 27. - . -
SECTION'23.10 Power _ 39. Find the total watts, volt-ampéres reactive, w;lt-amperes,
30. Find. the total = seaciive: volbamperes: and F, of the ﬂm-pﬁasc system in Problem 28: :
and F, of the three-phase system in Problem 2. ) 40. A'balanced, three-phase, A-connected load has a line volt-
31 Find ¥ s . s age of 200 and a total power consumptiop of 4800 W at a
= Flhet: - wnm,hvo fErmpercs xcuvc, volt-amperes, lagging power factor of 0.8. Find the impedance of each
af te theess phase syem in Problem 4. phase in rectangular coordinates.
32. Find the total watts, volt-amperes reactive, volt-amperes, 41. A balanced, three-phase, Y-connected load has a line voli-
and F; of the three-phase system in Problem 7. age of 208 and a total power consumption of 1200 W at a
33. Find the total watts, volt-amperes reactive, volt-amperes, leading power factor of 0.6. Find the impedance of each
and [ of the three-phase system in Problem 12. phase in rectangular coordinates.
34. Find the total watts, volt-amperes reactive; volt-amperes, *42. Find the total wats, volt-amperes reactive, volt-amperes,
and F, of the three-phase system in Problem 14. d F, of the system in Fig, 23.47.
35. Find the total watts, volt-amperes reactive, volt-amperes, *43, The Y-Y system in Fig. 23.48 has a balanced load-and a line

38.

and F, of the three-phase system in Problem 16.

. Find the total watts, volt-amperes reacive, volt-amperes,

and F, of the three-phnse system in Problem 20.
Find the total watts, volt-amperes reactive, volt-amperes,
and F, of the three-phase system in Problem 22.
Find the total watts, volt-amperes reactive, volt-amperes,
and F, of the three-phasé system in Problem 26.

Inﬁ'oduchry. C.-68A.

impedance Zy,. = 4 {1 + j 20 £). If the line-voliage at the
generator is 16,000 V and the total power delivered to the
load is 1200 kW at 80 A, determine each of the following:
a. The magnitude of each phase voltage of the generator.
bh. The magnitude of the line currents.

¢. The total power delivered by the source.

d. The power factor angle of the em.ur load “seen” by the

source.,



1062 |1/ POLYPHASE SYSTEMS

~ |

- Ep=125V 20°

m

ra =123V £ + 120°

l \ 150 200 J
%\‘
I Egc=125V £ ~120°
. FIG. 23.47
Problem 42, Y
- . .
IA:r ¢ -
A o
40 200 .
16kV
' 40 200
‘ MA—T00"
41l w0 ;
FIG.2348 o
' Problem 43.
e. The magnitude and angle of the current IM if Byy = + s
e T
f. The magnitude and angle of the phase voltage V. o e
g. The impedance of the Ioad of each phase in rectangular
coordinates. i s
h. The difference between the power factor of the load and . kil - connected
- the power factor of the entire system (including Zije). doad .
e The efficiency of the system. :
SECTION 23.11 Thmmmmmr Method . i
44, a. Sketch the connections required to measure the total
watts delivered 10 the load in Fig. 23.39 using three FIG. 23.49
wattmeters, ; Problem 46.
b, Determine the total wattage dlsmpa[mn and the reading ¢. Repeat p s (b) if the total power factor is 0.2 lagging
of each wattineter.
and Py = 100 W.

45. Repeat Problem 44 for the network in Fig. 23.42,

SECTION 23.12 Two-Wattmeter Method

46. a. For the three-wire system in Fig.23.49, properly con-
nect a second wattmeter so that the two muasum the
total power delivered to the load. - =

b. Il one wattmeter has a reading of 200 W and the other a

reading of 85 W, what is the total dissipation in watts if .

the total pow'er factor'is 0.8 leading?

47. Sketch three different ways that two wattmeters can be con-
nected o measure the total power delivered to the load in
Problem 16.

*48. For the Y-A system in Fig. 23.50: - |
a, Determine the magnitude and angle of the phase cur-

-rents. :
b; Find the magnitude and angle of the 1me currents,
¢. Determine the reading of each wattmeter.
d. Find the total power dehivered (o the load.

Introductury, Ce SBB
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ol
bt |
40>

Ecy = 208V.£120°

© Epe = 208V £-120° W
# 4 Ic.
£ Goili—= i
" FIG. 23.50
E Problem 48.
SECTION 23.13 Unbalanced, Three-Phase, : : PP
Four-Wire, -Y-Cnnnec‘lad Load ) i
*49, For the system in F_g 2351
a, Calculate the magnitude of the voltage across each Ep=200V £0°
phase of the load. i
_ b. Find the magnitude of the current through each phase of Bore0N e
the load.
¢. Find the total watts, volt-amperes reactive, volt-am- L
peres, and F, of the system. .
d. Find the phase currents in phasor form. l
e. Using the results of part (c), determine the current I, ~
: ] Epe=200V £ —120°
a FIG. 23.52
' Problem 50.
100 X
E, =208V ;
ap =208V 20° 100

GLOSSARY

A-connected ac generator A three-phase generator having the
l . " three phases connected in the shape of the capital Greek letter
- : delia ().

\ r - Line current The current that flows from the generator to the

I Egc=208 V £ -120° load of a single-phase or polyphase system.
Line voltage The potential difference that exists between the

FIG. 23.51 _ lines of a single-phase or polyphase system.
Probiem 49. : Neutral connection The connection between the generator and
the load that, under balanced conditions, will have zero cur-

L Fent associated with it, _

Phase current The current that flows through each phase of a

SECTION 23.14 Unbalanced, Three-Phase, sglo g (oepoliphmct geacumorjond..©,
Three-Wire, Y-Connected Load Phase sequence The order in whlch’!he generated smusmfial
: voltages of a polyphase generator will affect the load tg which
*50. For the three-phase, three-wire system in Fig. 23.52, find they are applied,
the magnitude of the current through each phase of the load, Phase voltage The voltage that appears between the line and
and find'the total watts, volt-amperes reacnv:, volt-am- neutral of a Y-connected generator and from line to line in &

peres, and F, of the load. ‘ A-connected generator.



1064 ||| F’OLYPHASE SYSTEMS L -ﬁ%

Polyphase ac generator An éléctromechanical source of ac " Two-wattmeter method A method for determining the total
power that generates more than one sinusoidal voltage per power delivered to a A- ar Y-connected three-phase load using
rotation of the rotor. The frequency generated is determined only two wattmeters and considering the power factor of the
by the speed of rotation and the number of poles of the « load, :
rotor. © ) : B Unbalanced polyphase load A load not having the same imped-

Singlé-phase ac generator An electromechanical source of ac - ance in each phase. v :
power that generates a single sinusoidal voltage having a fre- | Y-connected three-phase generator A three-phase source of ac
quency determiued by the speed of rotation and the number of power in which the three phases are connected in the shape of

. poles of the rotor. the letter Y. '
* - Three-wattmeter method A method for determining the:total »

~

power delivered to a threg-phase load using three wattmeters,



Qb ‘[E EIi! ES » Become familiar -wi'th the specific terms that
define a pulse waveform and how to calculate”
' various parameters such as the pu!se width, rise

‘and fall times, and tilt.

« Be able to cafcu!are the pulse repetition rate and
G o “the duty cycle of any pulse waveform.

« Beconie aware of the parameters that defirie the —

. Unifarstund how a compensator probe of an
~ oscilloscope is used to improve the appearance of
TR ~ an output pulse waveform.

241INTRODUCTION  ~ -

Our analysis thus far has been limited to alternating waveforms that vary in a sinusoidal
manner. This chapter introduces the basic terminology associated with the pulse waveform
and examines the response of an R-C circuit to a square-wave input. The importance of the
pulse waveform to the electrical/electronics industry cannot be overstated, A vast array of
instrumentation, communication systems, computers, radar systems, and so on, all use pulse
signals (o control operation, transmit data, and display information in a variety of formats.

The-response to a pulse signal of the networks described thus far is quite different from
that obtained for sinusoidal signals. In' faqt we must refer to the dc chapter on capacitors
(Chapter 10) for a few fundamental concepts and equations that will help us in the analysis to.
follow. This chapter is just an introduction, designed to provide the fundamentals that will be
helpful when the pulse waveform is encountered in specific areas of application.

' 24.2 IDEAL VERSUS ACTUAL

The ideal pulse in Fig. 24.1 has vertical sides, sharp corriers, and a flat peak characteristic; it
starts instantaneously at ¢; and ends just as abruptly at #5,

. 4o .
Y _ Rising Falling
' ! ‘o ar
leading trailing
edge edge
Ideal -
' puse | p Amplitude
0 : ety ], X
. W N =L . }p(pu]u'lﬂdlh) ;

i, 1 . i s Eealtih ﬁﬂ F o s 3 i)
e I T T T . Wlpur&w&ﬁ’ﬂ}u ‘%'_._‘ et MREC
i {F) o AR -’ : " o "ﬂ-_ﬁ' i LA i

piot 1O L i X KL bt b frre. -1 el LN

response of an R-C network to a square-wave input. B
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The waveform in Fig. 24.1 is applied in the analysis in this chapter
+ and probably in the initial investigation of areas of application beyond
the scope of this text. Once the fundamental operation of a device, pack-
age, or system is clearly understood using ideal characteristics, the effect
of an actual (or true or practical) pulse must be considered. If an at-
tempt were made to introduce all the differences between an ideal and
actual pulse in a single figure, the result would probably be complex and
confusing. A number of waveforms are therefore used to define the crit-
ical parameters.
_ The reactive elements of a nctwork in their effort to prevent instanta-
neous changes in voltage (capacitor) and current (inductor), establish a
' slope to both edges of the pulse waveform, as shown in Fig. 24,2. The
! : rising edge of the waveform in Fig. 24.2 is defined as the edge tHat in-
T creases from a lower to a higher level. ‘

v
vy -—- mm
Rising Falling _
; or
leading trailing ’
ed edge
0.5V, / Amplimde
i H
* :
. { H
- 0 fe— 1, (pulse width) ——| _ : t

FIG. 24.2

Actual pulse waveform.

The falling edge is defined by the region or edge where the waveform -
decreases from a higher to a lower level. Since the rising edge is the
first to be encountered (closest to t = 0 5), it is also called the leading
edge. The falling edge always follows the leading edge and is

therefore aften called the trailing edge.

Both regions are defined in Figs. 24.1 and 24.2.

Amplttuda

For most applications, the amplitude of a pulse wavetorm is defined as
the peak-to-peak value. Of course, if the waveforms all start and retumn to
the zero-volt level, then the peak and peak-1o-peak values are synonymous.

: ~ For the purposes of this text, the amplitude of a pulse waveform is the
- peak-to-peak value, as illustrated in Figs, 24.1 and 24.2.

Pulse Width

The pulse width (t,), or pulse duration, is defined by a pulse level
~equal to 50% of the peak value. ;
. For the ideal pulse in Fig. 24.1, the pulse width is the same at any level,
. -whereas ¢, for the waveform in Fig. 24.2 is a very specific value, .
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Bascnf.mVoﬁage o o

* The base-line waay (V,} is the va!rage Ievel fmm whicb rhe pulse is i ' ; e
initiated. . A . G5 ok

The waveforms in Flgs 24 1and 24.2 both have a 0 V base-line voltage.
* In Fig, 24.3(a) the base-line voltage is 1 V, whereas in Fig. 24.3(b) the

base-line voitage is =4 V. 3
(. 7 :
v v
sV}---
Amplitude = 4V 0 ) o
S Vy = =4V j i :
Vy= LV
i Amplitude = -6V
0 t
: 30 Vhnsarans

FIG. 243
Defining the base-line voltage..’

Positive- Gn-ing ana Negative-Going F Puises tv

A positive-going pulse incretms positively ﬁ-om the base- Iine voltage,
whereas a negative-going pu.’n i‘ncraases in the negative dimtion
from the baxe-lme va!mge

The waveform in F:g 24.3(n) is a positive-going pulse, whereas the
waveform in Fig. 24.3(b) is a negative-going pulse.

Even though the base-line voltage in Fig. 24.4 is negative, the wave-
form is po;_iﬁvé—going'(with an amplitude of 10 V) since tle \mltagf:-iﬁ_— ;

Amplitude = 10V

creased in the positive direction from the base-line voltage. 1V : ' "
' Sl o = W =V, i
Rise Time (t,) and Fall Time () R - FIG. 24.4
" The time required fot the pulse to shift from one level to another is of Positive-going pulse.

particular importance. The rounding (defined in Fig. 24.5) that occurs at
the beginning and end of each transition makes it difficult to define the
exact point at which the rise time should be initiated and termmawd For

this reason, . i
] v
' s S S
L e S ! - £
» I
i
i
i
1] i :
SR N A S |
0 — 4 — g b= d I S
FIG.245 ‘
, . Defining 1, and; ; ;
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Va

FIG. 24.8
Defining tilt.

Ringing

Preshoot

FIG. 24.7
Defining preshoot, overshoot, and ringing.

Base voltage °

the rise time and the fall time are defined by the 10% and 90% levels,
as indicated in Fig, 24.5.

Note that there is no requirement that 7, equal 1.

Tilt =

Fig. 24.6 illustrates an undesirable but common distortion normally
occurring due to a poor low-frequency re_sbo_nse characteristic of the
system through which a pulse has passed. The drop in peak value is
called tilt, droop, or sag. The percentage tilt is defined by

vV, - V.
% tilt = ‘V 2 % 100% (24.1)

where V is the average value of the peak amplitude as determined by

- Vl +V2 ._
V=T (24.2)

Naturally, the less the percentage tilt or sag, the more ideal is the
pulse. Due to rounding, it may be difficult to define the values of V; and
Va..It is then necessary to approximate the sloping region by a straight-
line approximation and use the resulting values of V| and V».

Other distortions include ‘the preshoot and gvershoot appearing in
Fig. 24.7, normally due to pronounced high-frequency effects of a sys-
tem, and ringing, due to the interaction between the capacitive and in-
ductive elements of a network at their natural or resonant frequency.

EXAMPLE 24.1 Determine the following for the pulse wavcfﬁrm in
Fig. 24.8: : e ;

“a. whether it is positive- or negative-going
b. base-line voltage
c. pulse width - b _ S
d. maximum amplitudé
e. tilt
v (V)
-1 M T

¥R R T P
112131415 ¢ (ms)

FIG, 24.8 e

o SR L Example 24.1.
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a. positive-going _
b. Vp=—4V 5
e tp =12~ 7}ms=5h:
d Vo =8V+4V=12V
: Vi+V, 12V +11V 23V
= = . = =115
e V 2 2 2 5V
2 s Wy W 12vVv-11V it -
% tilt = v X 100% EETY AN X 100% = 8.7% P

. (Remember, V is defined by the average value of the peak amplitude.)

"EXAMPLE 24.2 Det.-:rmme the fnllowmg for the pu]se waveform in T o
Fig. 24 9: v FE ﬁ

whether it is positive- or negative-going g ] i Eﬂ

a.
b. base-line voltage : s

c. tilt 3 B 90%
d

e

f.

. amplitude ; ' 10% seis
. teand t : o5 . if= g tol eyt |...,Jr t
Solutions: ' : _ _ _ Vestical sensitivity = 10 mV/div.

: Horizontal sensitivity = 5 psfdiv. |

ne

¢ % tilt = 0% . ' ' ' FIG. 24.9
d. amplitude = (4 div.)(10 mV/div.) =40mV . . : Example 24.2.
e. = (3.2 div.)(5 ps/div.) = 16;us . ‘ '
£ 1,= (0.4 div.)(5 gs/div.) = 2 ps

= (0.8 div.)(5 us/div.) = 4 ps

24.3 PULSE REPETITION RATE

AND DUTY CYCLE - = ’
Asunesofpulsessuchasmoeesppemngmﬁg 24-101sca]ledapnlse H” n ﬂ”l ]—I ”
u-nin.'lhevamngwxdﬂm and heights may contain information that can 9| e —
be decoded at the receiving end. :
" If the pattern repeats itself in a periodic manner as shown in FIG. 24.10

- Fig, 24.11(a) and (b), the result is called a periodic pulse train. Pulse lrin.

The period (T) of the pulse train is defined as the time differential be-
tween anytwosnm:larpumts on the pulse train, as shown in Figs. 24.11(a)

and (b).
. v -1, pe—ir—=
——I t, [+ le—— T — | — —

o1 _L ‘ T i -I
0 T T 2T ar -, Ole2r I T : 2T = ar r

2 am @ ps) Gus) - 2 Qg (2 ps) @ ps)

() _ ) )
FIG. 24.11

v > i .
Mo Ak o e Periodié pulse trains.

'S
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The pulse repetition rr:quency (prf), or pulse repetition rate (prr),
is defined by

prf (ot prr) = lT + Hz or pulses/s - (24.3)

Applying Eg. (24.3) to each waveform in Fig. 24.11 results in the
same pulse repetition frequency since the pcnods are the same. The re-
sult clearly reveals that

the shape of the periodic pulse does not aﬂ‘ecr the determination of
the pulse repetition frequency.

The pulse repetition frequency is determmed salcly by the penod of the
repeating pulse. The factor that reveals how much of the period is en-
compassed by the pulse is called the duty cycle, defined as follows:

4 pulse width
Dut cycle = ————— X 100%
y ¢y period
’ ST .[p ' '
; or. Duty cycle = F X 100% (24.4)

For Fig. 24.11(a) (a square-wave pattern),
Duty cycle = g X 100% = 50%
and for Fig, 24.11(b),

Duty cycle = % X 100% = 20%

The above results clearly reveal that

= : the duty cycle provides a percentage indication of the portion qf the
total period encompassed by the pulse waveform.

" EXAMPLE 24.3 Determine the pulse repetition frequency and the duty
cycle for the periodic pulse waveform in Fxg 24.12.

L Soluﬂon'
T = (15 = 6) us = 9 us
T
= = —— = 111 11 kH
prf T D [
v (mV)
Vy = 3mV
RIS P8 SN i d 0 N e 1 J.l.:rl-ll .|_
0 5 10 1p 25 30 eths)
L 10 .._ L L
T o v FTG.#Il.'IZ » E
T Exgmple24.3.. . ~ i
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5B . H. 2 8—6 us ol
Duty cyele = —%x 100% = (—-E:--— X 100%

"= % X 100%-.3 2.22%

EXAMPLE 24.4 Determine the pulse repetition frequency and the duty
cycle for the oscilloscope pattcm in Fig. 24.13 having the indicated

SC!I.S]U\']U.CS
-~
Y Vertical sensitivity = 02 V/div.
Horizontal sensitivity = | ms/div. 7
L L R L Rl PR
b et 1
. 'div.
FIG: 24,13 : T
Example 24.4, : !
‘Solution: -

T = (3.2 div.)(1 ms/div.) = 3.2 ms
t, = (0.8 div.)(1 ms/div.) = 0.8 ms
, :

1 : -
g ?'3.'2;:1;'3'_2'58'"
! i 0.8 ms .
= — = x ==
Duty F:ycltzl T X 100% yRT 100% = 25%

"

EXAMPLE 24.5 Determine the pulse repetition rate and duty cycle for
the trigger wavefonn in Fig. 24.14,

Solution:

T.= (2.6 div.)(10 us/div.) = 26 us
prf = = = == = 38,462 kHz

R I
e \ \ I\

T 0 Hmwnu] smsmwl}r = 10 ps/div. -
V.

F’G 24.14

Emmpie 24.5.
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& (]

1, = (0.2 div.)(10 us/div.) = 2 us
2 ps

f
Duty cycle = —X 100% —T x 100% = 7.69%

24.4 AVERAGE VALUE

The average value of a pulse waveform can be determined using one of
two methods. The first is the procedure outlined in Section 13.7, which
can be applied to any alternating waveform. The second can be applied
only to pulse waveforms since it utilizes terms spec:t‘ ically related to
pulse waveforms; that is,

*

[ Vay = (duty cycle)(peak value) + (1 — duty eycle)(V;)| (24.5)

In Eqg. (24.5), the peak value is the maximum deviation from the refer-
ence or zero-volt level, and the duty cycle is in decimat form. Eq, (24.5)

does not include the effect of any tilt pulse waveforms with sloping sides.

-

EXAMPLE 24.6 Determine the average value fur the periodic pulse
waveform in Fig, 24.15.

v (mV)

8

7

6

3» -

2

e P o e

0 10 15 20 r(us)

L—~ Ld8

- FIG. 24.15 '
Example 24.6.

Solution: By the method in Section 13.7,
area under curve
T
_*(12—2);&3 lUp.s
_ (8mV)(4 us) + (2mV)(6 us) _32x107%+22x 107

G_

A s N ro ST
“lox o8 MY
By Eq. (2415),
=2 mV _
Duty cycle = 248 M e =04  (decimal 'fonh}

T “l0ps 10
Peak value (from 0 V reference) = 8 mV:



Vw (dut}'cyclc){puk value) + (1 — duty cycle)(Vb)
= (0.4)(8mV) + (1 = 0.4)(2mV)
= 3.2m'V + 1.2mV = 44mV

TRANSIENT AR-C NETWORKS 111 1073

a8 6btmned abmre
v
: 0.28T ;
; TVp--- — -
EXAMPLE 24.7 Given a periodic pulse waveform with a duty cycle of T _—I
. 28%, apeak value of 7V, and a base-line voltage of ~3V; ; 0 5
; -3V ' =
a. Determine the average yalue. A (pmn
b. Sketch the waveform, 5 :
¢. Verify the result of part (a) using the method of Section 13.7. FIG. 24.16
Solutions: - Solution to part (b) of Example 24.7. .

a. By Eg. (24.5),

(duty cycle)(peak value)-+ (1 — duty cyclc)(V,,) :
(028)(TV) + (1 - 0.28)(=3V) = 196V + (-2.16 V)
-0.2V

b. See Fig. 24.16,

_ (V)(0287) — (3 V)(O 727)

o

L

L :
Vertical sensitivity = 5 mV/div.
Horizontal sensitivity = 5 us/div.

F
|

=196V =216V L 1 ! A L ¢
02V T i . g ac mode
as obtained above. ‘ @
u -
[F Verical sensitivity = 5 mV/div.
Inst tati o ,  Horizontal sensitivity = 5 us/div.
nstrumentation - !

The average value (dc value) of any waveform can be easily determined

using the oscilloscope. If the mode switch of the scope is set'in the ac ] Ve = 4mV
position, the average or dc component of the applied waveform is 1 [ Vo e L B
blocked by an internal capacitor from reaching the screen. The pmtcm 0 3 dcmode
can be adjusted to establish the display in Fig. 24.17(a). If the mode k, :
.switch is then placed in the dc position, the vertical shift (positive or G
negative) reveals the averagc or dc level of the input signal, as shown in " HIG. 24.17
Flg 24.17(b). ; Determining the average value of a pulse wayeform -
X using an oscilloscape. '
245 TRANSIENT R-CNETWORKS
I
In Chapter 10, the general solution for the transient behavior of an R-C
network with or without initial values was developed. The resulting equa-
tion for the voltage across a capacitor is repeated here for convenience:
. tuc
ve = Vp+ (V; = Ve /RE (24.6) .| ——
/ } S

Recall that V; is the initial voltage across the capacitor when the | /R L |
transient phase is initiated as shown in Fig. 24.18. The voltage Vyis
‘the steady-state (resting) value of the voltage across the capacitor 0 —'3:——‘ !
when the transient phase has ended. The transient period is approxi-
mated as 57, where 7 is the time constant of the network and is equal FIG. 24.18 _
to the product RC. » Defining the parameters of Eq, (24.6).
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For the situation where the initial voltage is zero volts, the equation
reduces to the following familiar form, where Vyis often the applied
voltage:

: v fue= V{1 - eV (24.7)
V,=0V -

For the case in Fig. 24.19, V; = =2V, V;= +5V, and

ve=Vi+ (V= vn(l - ¢~¥RC)
» =2V +[5V = (=2V)](1 — e /RC)

SV
=W — o—t/RCY
S ve 2V+TV(l —e )
" - - For the case where f = 7 = RC,
* ' vpr =Y + TV ~ &V = BV TV~ e
=-2V+7V(l - 0368) = -2V + 7V(0.632)
' = 2424V
FIG. 24.19 : o i
Example of the use of Eq. (24.6). as verified by Fig. 24.19, .
4 R e
- S—V Y — EXAMPLE 24.8 The capacitor in Fig. 24.20 is initially charged to 2 V
100 k) before the switch is elosed. The switch is then closed.
+ ¥ :
E==38V CASIpR2Y - a. Determine the mathematical expression for v
- 3 b. Determine the mathematical expression for i¢.
' + “¢. Sketch the waveforms of y-and ic.
= ; Solutions:
FIG.24.20 - a V=2V
Emmp!e 24.8, V}-(afler Sf) =E=8V
T = RC = (100kQ)(1 uF) = 100ms .
By Eq. (24.6),
ue = Vp + (V; = Ve VRC
=8V + (2v- gV)e
N and . ue=8V-6Ve
e : b. When the switch is first closed, the voltage across the capacitor can-
0/ 0.1 0203040506 07 0.8 t(s) not change instantaneously, and Vp = E—- V=8V -2V =6V,
57 The current therefore jumps to a level determined by Ohm's law:
: : ; Ve BN, '
ic (mA) Ig  =—2=——=006mA
o1 _ ke =R “ 00k R
Thc current then decays to zero amperes with the same time con-
0.06 stant calculated in part (a), and
ic = 0.06 mAe™""
o] 0.1 0.2 033 0.4 0.5 0.6 0.7 04 () .- See Fig. 24'21.-_ ) ' y
' FIG. 24.21 s e
ve and ic for the network in Fig. 24.20. © EXAMPLE 24.9 Sketch v for the step input shown in Fig. 24.22. As-

sume that the —4 mV has-been present for a period of time in excess of
five time constants of the network. Then determine when ve=0Vif the
step changes levelsatt = 0 s.
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R
P T ¥ 1k0) .
3 : E - +
J v 4mV e 0.0]1 yF v¢
* = r
1o I : ”\
R B c 4
FIG. 24.22
Example 24.9.
-
Solution:
Vi=—4mV Vr=10mV %
7 =RC = (1k2)(0.01 uF) = 10 us -
By Eq. (24.6), ' )
Ve = Vf'l‘ (Vl ey Vf)e_fmc
= 10mV + (=4 mV — 10 mV)e /1%
and " vp =10mV - 14 mV ¢~*/10s
The waveform appears in Fig. 24.23. ' . U (mV)
Subsutunng ue = 0V into the above equation yields - Tokeass
ve =0V =10mV — 14 mV ¢~/1%s .
; 10mv —tf10, ' l' =33:‘|m| .| =TT |
and . | __IP_MmV:e i _#”-‘. : , q( 10 20 30 40 50 60 70 80 (g
pom—— | . '
s " * ———————————
or 0.714 = ¢~/10us sy
< = » /108 -1 FIG. 24.23 .
but log0.714 = 1°g=(‘ ) =70 us , vc for the network in Fig. 24.22.

and 't = —(10 us)log,0.714 = —(10 us)(—0.377) = 3.37 us
as indicated in Fig. 24.23.

A Sl it = .

 24.6 R-CRESPONSE TO SQUARE-WAVE INPUTS

The square wave in Fig: 24.24 is a particular form of pulse waveform. It
has a duty cycle of 50% and an average value of zero volts, as calculated’
" as follows:

r 3r t

=)
1~
=

e ._VI_

FIG. 24.24
Periodic square wave.
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#

t T/2
‘ Dutycycle-—;-xlm%-—;, X 100% = 50%
. ' ' ViNT/2) + (-Vy)(T/2
: : Vw=(:)(/)r( ')(/)=%=°V

The application of a dc voltage V) in series with the square wave in
Fig. 24.24 can raise the base-line voltage from — V) to zero volts and the
average value to V; volts,
 If a square wave such as developed in Fig. 24.25 is applied to an R-C -
*  circuit as shown in Fig. 24.26, the period of the square wave can-have a
pronounced effect on the resulting waveform for v,

v
2v,

_; 2T . 1

FIG. 24.2
Raising the base-line voltage of a square wave 1o zero volts.

# : - . } 'I"f : "
' 3 . +
Vv .
: l_ - By T~
0 g 7 &R >
FIG. 24.26

Applying a periodic square-wave pulse train te an R-C network.

For the analysis to follow, we will assume that steady-state conditions
will be established after a period of five time constants has passed. The
types of waveforms developed across the capacitor can then be separated
into three fundamental types: T/2 > 57, T/2 = St, and T/2 < 57.

T/2 > 57 '
. The condition T/2 > 57, or T > 10r, establishes a situation where the ca-
pacitor can charge to its steady-state value in advance of r = T)/2. The re-
e sulting waveforms for v, and i-appear as shown in Fig.. 24.27. Note how

.

0 E T et 2T 1

. FIG. 24.27
ve and g for T/2 > 57.
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: g

'_..'I W M“Wpcm ‘the apphed Wavefonn and how i¢is nothing.
_more than a series of very,sharp spikes. Note also that the change of V; from
- V10 zero volts during the irailing edge results in a rapid discharge of v¢ to
 zen¢*volts, In essence, witen V; = 0, the capacitor and resistor are in paral-. .
* el and the capacitor discharges through R with a time constant equal to that Ly .
- encountered during the charging phase biit with a direction of charge flow o -
" (current) opposxte to that established during the charging phase. v

T/Z '51- - "

If the frequency of t.he square wave is chosen such that 7/2 = Sror T =

107, the voltage ve reaches its final vatue just before beginning its dis-

charge phase, as shown in Fig. 24.28. The voltaga .ue no longer rgsem-

‘bles the square-wave inputand, in fact, has some of the characteristics of 4
* a triangular waveform. The increased time constant has resulted in a

more rounded vg, and i has increased substantially in width to reveal 3 -

the longer charging period. '

FIG, 24,28
ve and l'cfor T,f2 =357,

T/2 <57,

., T2 <57 0r T <107, the voliage v will not reach its final value dur- -
ing the first pulse (Fig. 24.29), and the discharge cycle will not return to
zero volts. In fact, the initial value for each succeeding puise changes e ;
-until steady-state conditions are reached. In most instances, it is a good ‘“ : B
" approximation to assume that steady-state conditions have been estab- ;
lished in five cycles of the applied waveform. ¥

-

ve

A
raf~
i
(]
=
W
ln.i
=
ral
ey
i
_'-‘1;
("]
=

FIG. 24.29
ve and i¢ for T(2 < 5.

As the frequency increases and the period decreases, there will be a
flattening of the respense for v until a pattern like that in Fig. 24.30 re-
sults. Fig. 24.30 begins to reveal an important conclusion regarding the
response curve for ver " -

Introductory, C.- 69A - e PRt e T
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Under steady-state conditions, the average value of ve will equal the

s average Wdut of the applied square wave, .
![' I " Note in Figs. 24 29 and 24.30 that the waveform for ve approaches at
3T f average value of V/2. .

ooy EXAMPLE 24.10 The 1000 Hz square wave in Fig, 2431 is spplid to

* the R-C circuit of the same figure. i

a. Compare the puise width of the lquare wave to the time constant of
the circuit,
b. Sketch veo
Widhs, ; ¢. Sketch ic.

v for T2 << 5t or T << 10r.

I / f- 1000“1 * Skﬂ- IC + -
V= 10mV[— I ol - CFTS 001 uFve

<

=]
ra~y
~3
0 1
i

FIG. 24.31 ¥
Example 24.10.

Solutions:

‘The result rf:vcal!; that ve charges to its ﬁnal value in half the pulse-
’ width, d .
b. For the charging phase Vi=0Vand V= 10 n';_V and

ve=V+ (Vi Vf}e'”’qc
=10 mV + (0 —+10 mV}e

and . - ‘ve =10 mV({1 = ¢~)
Y ,Fur the d‘lscharge phase, V; = 10 mV and V;= 0V, and C
r.-f ‘ M : llc-v:f""('-('—VAe tfr

. 10 mV b == - # g : =0V + (10 mV - Ov)e
E if i 4 and - J ve= 10 me.’—")f
it Sy le— i &oa i y — : i

ff—— 7 : . _+Thé waveform for v appears in Fig. 24.32. = e
dp = 100 % s “c. For the charging phase at t = 05, Vz = Vand Ig, =i/R=
FIG. 2‘32 ; 10mvV/5kQ = Z,u.A and s

vé for the R-C network in Fig. 24.31. I P fow Loge 10 =2 p.Ae"‘.’ i

»

e FRLT - ~Introductory, c.-','sé_a



mm dﬁcharse phase, ;he current will have the same matheman-
cul formplatrm but the opposne dll’ecl:on as shown in Fzg 24.33,

i)

ExAMPLE z4 11 Repea.t Exarhpl€ 24.10 for f = 10 kHz.

Solution: ¥ ‘ ;
- : i .
T f W = 0.1 ms .

£ = T ;

and y 3 = 0.05 ms
»
E T

with _r—rp=z=005ms

‘

In other Words, the puisc width is exactly equal to the time constant of

_-the ‘network. The voltage vc will not reach the final value before‘the first
pulse of the square-wave input returns to zero volts;

F::urmnhernngen"l Om T/2,V;=0Vand Vy=
= 10mV(1 - e77)

10mV, and

* Recall from Chapter 10 Lhﬂt at7 =7, ve = 63.2% of the final value. Sub-
':sntur.mg t = 7 into the equauon g@e yields ?

ve = (10 m\')(l ~¢71) = (10mV)(1 - 0368)

oL L ERY

. L

i © 4 A-C RESPONSE TO SOUﬁTﬁE-WAVE INPUTS 1iT 1079

- »

le

[ |

Tt

, 2pA

-

FIG. 2433 T
ic.for the R-C network in Fig, 24.31.

as shown in Fig. 24.34.

=P R0 mV)(O 632‘) 632 mV AL K
as shown in Fig, 24347 g
ve g
B, s c ol Bl e Thr ik ey o Mol idacge s B R Socitae g of
""‘.‘?“‘V: """" 1632 mv | 'TleV. 1729 mV | :73lmV|=’ 731 mV
i ) o s i ! P 2.69mV
S oy o aemv U7 268wy v 260mv 1 o
0 F T R Sk ar - 4T ¢
e tli 21 39 47) A57) (67) (1" ' (B9) 97
. -FIG. 24.34
Vg response for =TT T/2.
- For the discharge phase betwrm t=T)2 and T, V= 6 32 mV and
b}w 0V, and i 3
“owe= V(Y = e :
= V+(632mV-—0V)e"” .
ve = 6.32 mVe ff’ K 5 e
with t now being measured from ¢ = T/2 in Fig. 24. 34 In other words,
for-each interval in Fig, 24.34, the beginning of the transient waveform
is defined as 1 = 0 s. The value of ve at t = T is therefore determined’
by substjtyting ¢ = 7 into thc above cqualwn! and not 27 as defined by
. Fig. 24.34. ' -
g Substituting £ = 7 gives _
ve = (632 mV) (e ') = (6.32 mV)(0.368)
=233 mV
]
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A
For the next interval, V; = 2.33 mV and V= 10mV, and
E . u,_-uvf+{v, Ve it -
: = 10mV + (233 mV — 10mV)e™ "
ve = 10mV - 7.67mVe /"
Att=r(sincer=T=2risnow! = 0s for this intelrval}, :
ve = 10mV = 7.67mVe ™
= |0mV - 282mV
) ve =718 mV
~ as shown in Fig. 24.34, .
' For the discharge interval, V; = 7.18 mV and V=0V, and
v = Vet (W~ Vf)e
£ =0V +(7.18mV - O}e : g
ve = 7.18 mVe ™/ : $x= i
At .r =7 (measured fmm 37 in Fig. 24, 34)

= (718 mV)(e™!) = (7.18 mV)(0.368)
= 2.64mV :

- asshownin Fig. 24.34
Continuing in the same manner, we generate Ihe rc:mmmg waveform -

" for ve as depicted in Fig. 24.34. Note that repetition occurs after ¢ = 87,
and the waveform has essentially reached steady-state conditions in a
period of time less than 107, or five cycles of the applied square wave.
A closer look reveals that both the peak and the lower levels contin-
ued to increase until steady-state conditions were established. Since the
~ exponential waveforms between r = 47 and ¢ = 57T have the same time
constant; the average value of ve can be determined from the steady-
state 7.31 mV and 2.69 mV levels as follows: :
e 731 mV + 2.69 mV =l=.l{l mVY S
o . 2
which equals the average value of the applied signal, as stated earlier in
this section.
We can use the results in Fig. 24.34 to plot i¢. At any instant of time,

v; = ug + U¢ or Up= Y — Vg
and : IIR = l'c =

Att=0% ue=0V,and . _ AR T
: ; e
oYy 10mV -0
in = -
E S SRR
a8 showrin Fig. 24.35. '

As the chargmg process proceeds, thc ciirrent ic de,cays at a rate de-
termined by -

o ic=2 ,uAe"f"

=2 A

Att =T,

ic = EZuA)(e””’) = (2rA)e)= (mx)(o 368)
=0, ?36 Fa\ [ J

as shown in Flg. 24.35. ’ . o

-
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1.464 pA

0.539 pA

0.565 A 0.538 pA
ar 3r ar i !
(31)  (47) (57)  (6r)) (7 (8 ©7) .
~0.528 pA -0.537 pA 0538 A "0.538 A
T 264 pA ~1.436 pA ~1.458 pA —1.462 A ~1.462 pA
' : FIG. 24.35 = R o "
. ! igresponse for fp=T7= T/2. y . X
_ For the trailing edge of the first pulse, the voltage across the capacitor
cannot change instantaneously, resultlng in the following when u, drops. \
to zero volts: : '
i+ . w=ve, 0-6RmV b
F a = = = - ,2 A
ETRT TR, . LA ‘
as illustrated in Flg_24 35. The cutrent then dr.cayb as determined by S
i & =16k el '
and at 1 = 7 (actually ¢t = 27 in Fig. 24.35); i " :
ic = (—1.264 fiA)(e™7") = (~1.264 pA)(e ™) e r e
= (—1.264 pA)(D368) = ~0.465 pA ' .
as shown in Fig. 24.35, = . o ’

Al.r = T(f = 21'), ve = 2.33 mV, and v, returns to 10 mv, resull:ng in L
; RS i | ol 10mV-—233mV
=R = R . . 5“((_1 I .
The equation for the decaying current is now " .
=153 pAe ,
and at =T (aclual‘lyf = 37 in Fig. 24.35), - .
ic = (1.534 pA)(0.368) = 0565 HA

© The process continues until steady-state conditions are reached at the
same time they were attained for ve. Note in Fig. 24.35 that the positive
! peak current decreased toward steady-state conditions while the negative i
peak became more negative. Note that the current waveform becomes
symmetrical about the axis when steady-state conditions are established.
- The result is that. the net average current over one cycle is zer, as it
should be in a series R-C circuit. Recall from Chapter 10 that the capac-
itor under dc steady-state conditions can be rcplaced by an open- cn’cuu
_equivalent, resulting in [~ = 0 A. ' .

= 1.534 uA

Although both examples just provided started with an uncharged ca-
pacitor, the same approach can be used effectively for initial conditions. ; )
Srmply substitute the initial vo]tage on the c'apac:tor as V;in Eq (24.6) - -
and' proceed as before. o
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’

24.7 OSCILLOSCOPE ATTENUATOR
AND COMPENSATING PROBE

The X 18 attenuator probe used with oscilloscopes is designed to re-
duce the, magnitude of the input voltage by a factor of 10. If the input im-
pedance to a scope is | M{}, the X 10 attenuator_probe will have an
internal res:stance of 9 M, as shnwn in Fig. 24 36.

'

Scope
L]
Probe " *
. i 00V A R, Vertical ke
: l e g=imaJ 1OV

~ 0 v i . . = T

- ' ';' .

_ FIG. 24.36
‘ X 10 attenuator probe.
¥ F
Applying the voltage divider rule gives
i " _ aMeyw) 1
o MO + 9 Mn 10

- = - »

In addition to the mpu[ resistance, z}scllloscupcs have some mtemal
input capacitance, and the probe adds an additional capacitance in paral-
lel with the oscilloscope capacitance, as shown in Fig. 24.37. The probe
capacitance is typically about 10 pF fora I 'm (3. 3 fi) cable, rcachmg
about 15 pF for a 3 m (9.9 ft) cable. The total input capacitance is there-
fore the sum of the two capacitive elements, resulting in Lhe. equivalent .

netw8rk in Fig. 24. 38

5

R Scope

v hiia Cable E=% e .= .p
e A 0 Vicopn - 7

9MN ; ; ﬂo—m Vi

watbe C==<10pF 7 R=1MQ g i S

i (1 meter R, ZI M) FRC=C.+C,=30pF
cable) 1 :
w. T
- FIG. 2437 e =Y FIG. 24.38

Capacitive elements present in an attenuator probe qrmngemqnl. Eguivalent network in Fl'g. 24,37,

E )

-

For the analysis to follow, let us dr.-tcrrmnc the ’}hévcmn equivalent

*j:r, circuit for the capacitor C;:’ :
§ S 4 | MW 1
Ep, 0.1, €, =T~ 30pF v, 5 - Lo m E S
; 3 ki " i Rn,': 9MQ[ 1 MO = 09 MO
i '-J:.-‘ ; ' The Thévenin rietwork is shown in Fig. 24. 39 x .
FIG. 24.39 - For v; = 200V (peak), :

r

T?iévemn eqmmfem for C;in Fig. 24.38, Ep, = 0.1y; = 20 V (peak) .

E -

& . 1 + & s



-

"andfmuc. v}# 20V mdV, = 0V, with

7=RC=' (09 X mﬁn )(30 X 10—125) =27 ps’
Foran apphed frequency of 5 kHz, ! ’ )

=02ms and- . 0.1'ms = 100 us

T= 2

~1=

with 57 = 135 ps > 100 ps, as shown in Fig. 24.40, c]ca_rly producing a -

severe rounding distortion of the square wave and a poor representation
of the applied signal.

To improve matters, a variable capacitor is often added in parallel
‘with the resistance of the attenuator, resulting in a compensated attenu-
. ator probe such as the one shown in.Fig, 24.41. In Chapter 22,it was

demonstrated that a squaré wave can be generated by a summation of si-
nusoidal signals of particular frequency and amplitude. If we therefore

- design a network such as the one shown in Fig. 24.42 that ensures that

* Vicope is 0.1v; for any frequency, then the rounding distortion is re-

whsch is insensitive to frcqucncy since the capauhve elements. have

moved, and Vcqpe has the same appearance as vy, »
App]ymg the vo]tage divider rule to the network in Fig. 24.42 gives

: N1
) vmp, . ————~z + 7z : {24.8)

If the pammcters are chosen or adjusted such that

the phase angle of Z, and Z, will be the same, and Eq. (24.8) will reduce to

v, = R.svi
. R it B

4

dropped out of the relationship.
In the: laboratory, simply adjust the probe capacnance using a stan-

.dard or known squdre-wave signal until the desired sharp corners of the

square wave are obtained. If you avoid the calibration step, you may
make a rounded signal look square since you assumed a square wave at
the point of measurement.
# Too much capacitance results in an overshoot effect, whereas too lit-
tle continues to show the rounding effect.
]

24.8 APPLICATION

TV Remote

The TV remote works in many ways like a garage door opener or car
alarm transmitter. There is no Visible conmection between the transmitter
and the receiver, and each transmitter is linked to its receiver with a spe-
cial code. The only major difference is that the TV remote uses an in-
frared frequency, while the other two use a much lower radio frequency.

The TV remote in Fig. 24.43(a) has been opened to reveal the internal
construction of its keypad and face in Fig. 24.43(b). The three compo-
nents in Fig. 24.43(b) are lined up to show how the holes in the cover

(24.10)
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v, =0.1v;

Ve = Vsenpel

L it
'l

¢ m“s A\ 127

FIG. 24.40
The scope patiern for the conditions in Fig. 24.38
. with vy =200V peak

FIG. 24.41

Commercial compemaréd 10 : 1 attenuator probe.
(Courtesy of Tektronix, Inc.)

Z, 3
B - :
RP
A v
Y
= 9 M0 1 *
' Probe zZ,
Vi ) Ry MO F=C Vicope

FIG, 24.42
Compensaied-attenuator and input impedance.to a
scope, including the cable capacitance.
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" FIG. 24 43
TV remote: (a) external appearance; (b) internaf com:mﬂwn, fe) carbon keypads;
(d) enlargzd view of S31 keypad. . - . #
mateh the actual kays in the switch membrane and where each button on
. the keypad hits on the face of the printed circuit board, Note on the -
* . printed circuit board that there is a black pad to match ﬁch key on the
? *membrane. The back sqde of the switch membrane in Fig. 24.43(c) shows
.+ thesoftcarbon contacts that make contact with the carbon contacts onthe
printed board when the buttons are depressed. An enlarged view of one of
the contacts (S31) in Fig. 24.43(c) is shown in Fig. 24.43(d) to iHustrate
. the separation between circuits and the pattern used to ensure continuity
" wher the solid round ca.rbon pad at the bottom of the key is put in place.
. Allthe connections established when a keyis pressed are passed on toa -
e 2 relal:vely large switch- nmtnx-encoder IC c!‘up appeanng on the back sid-c R

~
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b

" of the printed circuif board as shown in Fig. 24.44. For the pad (S31)in Fig. Crysal .
¢ 24,43(d), three wires of the matrix appearing inFig. 24.43{b}_'a1\__:.connqqted (crystal oscillator)
when the comresponding key (number 5) is pressed. The encoder then reacts ;
to this combination and sends out the appropriate signal as an infrared (IR) _
signal from the IR LED appearing at the end of the remote control, as
shown in Fig. 24.43(b) and Fi. 2444, The second, smaller LED (red on ;
- actual unit) appearing at the top of Fig. 24.43(b) blinks during transmis-
sion. Once. the batferies are inserted, the CMOS electronic circuitry that Capacitor
_controls the operation of the remote is always on. This is possible only be- ' '
_cause of the very low power drain of CMOS circuitry. The power (PWR)
button is used only to turn the TV on and activate the receiver.
* The signal sent out by the majority of remotes is one of the two types ap-
 pearing in Fig. 24.45. In each case there is 3 key pulse to initiate the signal
sequence and to-inform the receiver that the coded signal is about to arrive.
In Fig. 24.45(a), & 4sbit binary-coded signdl is transmitted using pulses in - ;
specific locations to represent the “‘ones”™ and using the absence of a pulse
to represent the “zeros." That coded signal can then be interpreted by there- - .
ceiver unit and the proper operation performed, In Fig.24.45(b), the signal
is frequency controlled. Each key has a different frequency associated with
it. The result is that each key has a specific transmission frequency. Since
each TV receiver responds to a different pulsé train, a remote must be
~*  coded for the TV under control. There are fixed program remotes that can

Switch-matrix--
‘encoder”IC

-

: bc_uscd.wfm only one TV. Then there are smart remotes that are prepro- W 3. : :
grammed internally with a number of remote control codes. You havetoset .« - FIG.24.44 . -7
up remotes of this type according o the TV. you have, using a three-digit - - Back side of TV remote in Fig. 24.43..

coding system accessed through the TV setup screen. Learning remotes are
those that can use the old remote to learn the code and then store it for fu-
" ture use. In this case, one remote is set directly in front of the qther, and the -
- information is transferred from one to the other whien both are energized.
Remotes are also available that are 2 combination of the last two,

The remote id Fig. 24:43 yses four AAA batteries in serfes for a total .
of 6 V. It has its own local crystal oscillator separate from the IC, as
shown by the discrete elements to the top right and midleft of the printed
circuit board in Fig. ;4343(c). The crystal itself, which is relatively large . : oy

- . 1

Keyi:ﬁ]sn

' . : _ *
&‘1_010' 0010 101 * ¢
ON * CHANNEL 2 * OFF
@

i P OFF\ ’ INCREastOLms
High Low .
frequency ¥ frequency Mid-frequency *
® :
& FIG. 24.45

Signal transmission: (a) pulse train; (b) variation.



1086 1] PULSE WAVEFORMS AND THE R-C RESPONSE k . 4L

-l

i o

TV remote 1 AR -

FIG. 24.46

Range and cove rage arc for TV remote in Fig. 24.43.

e

FIG. 24.48
Defining the PSpice Vpulse parameters.

compared to the other elements, appears on the other side of the board
just above the electrolytic capacitor in Fig. 24.44. The oscillator gener-
ates the pulse signal required for proper IC operation. Note how flush
most of the discrete elements are in Fig. 24:43(b) and the rather large
electrolytic capacitor on the back of the printed circuit board in Fig.
24.44, The specifications on the unit give it a range control of 25 ft with
a 30° coverage arc as shown in Fig. 24.46. The arc coverage of your unit
can easily be tested by pointing if directly at the TV 4nd then moving it
in any direction until it no longer controls the TV,

i.‘

24.9 COMPUTER ANALYSIS

‘PSpice: - S

R-CResponse Our analysis begins with a verification-of the results of
Example 24.10, which examined the response of the series R-C circuit ap-
pearing on the schematic in Fig. 24.47. The source is one use_,& in Chapters

Vi=gy .
V2=10mV  Vpulse
TD=0s

TR=1ns

TF = 1ns
PW=0.5ms

PER = ims

FIG. 24.47
Using PSpice m verify the resuits of Example 24 10.

% .
10 and 11 to replicate the action of a switch in series with a dc source. The -

defining attributes for the pulse waveform are repeated for convenience in
Fig. 24.48. Recall that the PW was made long enough so that the full tran-
sient period could be examined. In this analysis, the pulse width is ad-
justed to permit viewing the transient bebavior of an R-C network between
changing levels of the applied pulse. Initially the PW is set at 10 times (he

- time constant of the network so that the full transient response can’ occur
_bc:twoen changes in voltage level. The time constant of the network is 7 =

={5 kﬂ}(ﬂ 01 1F) = 0.05 ms,. resulting in a PW of 0.5 ms in Fig.

g 24 A7. To establish a square-wave appearance, the period was chosen as -
- twice the pulse w1d:lh or 1 ms as shown in the VPulse hsung



n

Ini the Simulation Settings dialog box, select Time Domain(Tran-
_slent) to get a response versus time. Select the Run to time at 2 ms so that
twa full cycles result. Leave the Start saving data after on the default
" value of 0 s, and set the Maximum step size at 2 ms/1000 = 2 us. After
- simulation, apply Trace-Add Trace-1(C)-OK, and the bottom plot in Fig.
24.40 is the result. Note that the taximum current is 2 wA as determined
by Ic,, = 10mV/S k€, and the full transient response appears within
each pulse. Note also that the current dropped below the axis to reveal a
change in direction when the applied voltage dropped from the 10 mV
Jevel to 0 V. Through Plot-Add Plot to Window-Trace-Add Trace-

V(Vpulse: +)-OK-Trace-Add Trace-V(C:1)-0K, the plots of the ap-

‘plied voltage and the voltage across the capacitor can be displayed in the

upper graph in Fig. 24:49. First, select the upper graph in Fig. 24,49 so that .

you can move the SEL>>>, and then select the Toggle cursor key. Now
left-click on V(C:1) at the bottom right of the graph and left-click again to
set a cursor on the graph. Setting the cursor at five time constants reveals
that the transiént voltage has reached 10 mV. Setting the right-click cursor
at ten time constants réveals that Vi has also reached the 10 mV level, ~ |

B SOHINATICY-Fipice 241+ Pipe A/D Demo - (PSgrce 24-1 (aetivgll.
il B f4a Yiow Srwision Irace Plet Tgoli Findew Help s

— s
G SCHEMATIC! Popee 200 Q@

X herl BRERE]

FIG. 24.49 ‘)

Plot of vyuise, ve, and i for the circuit in Fig. 24.47.

Setting t, = 7= T/2 The parameters of the source will now be mod-
ified by changing the frequency of the pulse waveform to 10 kHz with a
period of 0.1 ms and a pulse width of 0.05 ms. For Vpulse, the changes
are PW = 0.05ms and PER = 0.1 ms. The time constant of the network
remains the same at 0.05 ms, so the pulse width equals the time constant
of the circuit. The result is that it will take a number of pulses before the
voltage across the capacitor reaches its final value of 10 mY. Under the
Simulation Settings, change the Run to time to 0.5 ms = 500 us, or

‘COMPUTER ANALYSIS 111 1087
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IR U Ter feuieien Lo Bel Tk i S i)

tldu!_u Lax

» TR = RN 8 S

- [sosmrciemenn @

w..gx naE Lk 'rihuusauww 742437

Trnme 300 08 b S —.

e 4 1 P

FIG. 24.50

Plot of uc for the cireuit in Fig. 24.47 with L=1=T/2

3

five cycles of the applied voltage. Change the Maximum step size 0

500 us/1000 = 500 ns = 0.5 pus. Under the SCHEMATICL window,
select Tracg-Add Trace-V(C:1)-OK to obtain the transient voltage
across the capacitor. Select Trace-Add Trace-V(Vpulse: +)-OK to
piau: the applied voltage on the same screen; Note in the resulting plots
in Fig. 24.50 that the voltage builds up from 0V until it appears to reach -
a fairly steady state after 400 s, At 400 ps, use aleft cursor (A1) to find
the minimum point with 2,69 mV resulting—an exact match with the -
* ' longhand calculation of-Example 24.11 at 2.69 mV. At 450 us, the right-

click cursor (A2) provides a level of 7. 26 mY, which is agam a close:

match with the calculated level of 7.31 mV.

PROBLEMS _ _
-SECT ION 24.2 Ideal versus Actual

1. Determine the following for the pulse waveform in Fig. 24,51:
" @, whether it is positive- or negauve-gmng
b. base-line voltage

u (V) .
8] BT
15 2 *
2 : - E
0102 0.4 1820 1436 —'.("?’) '
: " FIG: 24,51 AT

“~Problems 1, 8, and 12,

"

f

5

¢ pulse width - -
d. ~amplitude ;
e. %t

L pif R B
g duty cycle -

* . 2. Repeat Problem 1 for the pulse waveform in Fig. 24.52,

;J(m\') -

20 {23
=

. Hps)

FIG. 24.52
P{bbfems 2and 9,
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1 | - ; % ; & c-.:: .
3. Repeat Problem 1 fot the pulse waveform in Fig. 24.53,

v

Vertical sensitivity = 10 mV/div.,
Horizontal sensitivity = 2 ms/div,

|- Ll B LS |
an T 1 1
"
1

=3 ErEREEE
8
13
]

5
£t

div, { 1T
e

v T - 1

FIG. 2453
Problems 3, 4, 10, and 13. 5

4. Determine the rise and fall imes for the waveform in Fig.
24.53. i

5. Sketch a pulse waveform that has a base-line voltage of
—5 mV, a pulse width of 2 gs, an amplitude of 15mV, a 10%
tilt, a period of 10 us, and vertical sides and is positive-going.

6. For the waveform in Fig. 24.54, established by straight-line

'appmxlmsnonp of the original waveform:
a. Determine the rise time. -
" b. Find the fall time. T
¢. Find the pulse width.
d. Calculate the frequency.

26 30 5 r (#s)

i lems

L
- FIG. 24.54
. Problems 6 and 14.

7. ‘For the waveform in Fig. 24.55:
a, Determine the period.
b. Find the frequency. *
[ _Find the maximum and minimum amplitudes,

v -
e I3 _r TTAT
8 - alne -}
o Vertical sensitivity = 0.2 Vidiv. : '
Horizontal sensitivity- = 50 ps/div, 7

FIG. 24.55
Problems 7 and 15.

.
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SECTION 24.3 Pulse Repetition Rate and Duty Cycle
8. Determine the pulse repetition frequency and duty cynile for

9.

the waveform in Fig. 24.51.
Determine the pulse repetition frequency and duty cyele for

* the waveform in Fig. 24.52.

10. ‘Determine the pulse repeutmn frequency and duly cycle for 3

the waveform in Fig. 24.53. "

SECT ION 24.4 Average Value

11

For the waveform in Fig. 24.56, determine the
a. period.

b, pulse width.

. pulse repetition frequency.
d. average value.

e. effective value.

v (mV)

. 6 r—n f— =

12.

) - : 1 (48)

FIG. 24.56
Problem 11.

Determine the average value of the periodic pulse wave-

* form in Fig. 24.51.7

13,

14.
15.

16.

Ta the best accuracy possible, detenmnc the average value
of the waveform in Fig. 24.53.

Determine the average value of thg waveform in Fig. 24 54,
Determine the average value of the periodic pulso train in

Fig 24.55.

SECTION 245 Transient A-C Networks

The capacitor in Fig. 24.57is initially charged to 5V, with
the polarity indicated in the ﬁgure ‘The switch is then
closedatt = 0s.

a.. What is the mathematical expression for the voltage vc?
b. Sketch ve versus 1.

¢. What is the mathematical expression for.the current i¢?
d. Sketch i¢ versus 1. i

E

FIG. 24.57 *
Problem 16.

L4
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17. For the input voltage v, appearing in Fig. 24.58, sketch the
waveform for v, Assume that steady-state conditions were
established withv; = 8 V.,

Problem 20, 21, 23, ?4 27, amiZ&

- i . H )
Y o VVy
- 8V . * 2kl
1 ;. -+
4v _ v CERI04F v,
5 . ' & + o
. FIG.2458
’ Lo Problem 17. 2
18. The switch in Fig. 24.59 is in position 1 until steady-state
conditions are established. Then the switch is moved (at ¢ =
0s)to position 2: Sketch the waveform for the voltage v
- . ﬁ:
FIG. 24.59 ’!
r ' Problems 18 and 19.
19, Sketch the waveform for ic for Prablem 18. y
SECTION 24.6 R-C Response to Square-Wave Inputs
20. Sketch the voltage vc for the network in Fig, 24,60 due to the *
square-wave input of the same figure with a frequency of
a. 500 Hz. 1 %
“b. 100 Hz. : it
c. 5000 Hz. g e
“ R
¥ 5k0 - l‘c
. +
v, C 7004 pF v
o - —0
: L N ~'='_
. R : FIG. 24.60.



ll.
2. W:mw::coﬁhe network in ﬁg. 24.60 1o the
M'iﬂmﬂ lnﬂg,ﬂ 61. :

adv __f-'IEDDiz ¥

-

E T ' £l -

~20V

FIG. 24.61
Problem 22.

23;. If the capacitor in Fig. 24.60 is inlziuﬁy charged to 20 V,
sketch the response e to the same input signal (in- Flg
24.60) at a frequency of 500 Hz. "

24, Repeat Problem 23 if the capacitor is mllially charged to
v —1
F 4

__secnomzu Oscl!lnwnpd Attlnuﬂor :
—and. Complmaﬂnn’.ﬁtohu e LNt

25. Given the network in Fig. 24 42 w:.thR =9 Mﬂ and R; =
1 M, fmdvmmpolarfoml.fc = 3 pF, C, 18 pF,
C, =9 pF, and v; = V2 (100)sin 2% 10,000z, That is, de:’
termine Z, and Z,, substitute q;lo Eq (24:8), and cormnpare
lh: results obtained with Eq (24.10), Is it verified that the
phase angle of Z, and Z,, is the same under the condition
R,C, = R,C,?
* 26. Repeat Problem 25 at w = 10° rad/s.

SECTION 24.9 Computer Analysis
PSpicd” -

27. Using schematics, obtain the waveforms for v and i for
* the network in Fig. 24.60 for a frequency of 1 kHz.

*28. Using schematics, place the waveforms of v, v, and i on

the same printout for the network in Flg 24.60 at a fre-
q.lency of 2 kHz. : ;

~.

&
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*29. Using lchemalms. obtain the wﬂ'veform ;ppeu.ring on the
' scope in Fig. 24. 37 w::ha 20V pu!leinpm ata frr.quency of
5 kHz,

*30. Place a capacitor in parallel with R, lnFi'g 24.37 that wl]l es-
tablish an in<phase relationship between vgeop, and vy Using
schematics, obtain the waveform appearing on the scope in
Fig. 24.37 with a 20 V pulse input at a frequency of 5 kHz,

GLOSSARY “ -

Actual (true, practical) pulse A pulse waveform having a lead-
ing edge and a trailing edge that are not vertical, along with
other distortion effects such as tilt, ringing, or-overshoot.

Amplitude of a pulse waveform The peak-to-peak value of
pulse waveform.

Attétluator probe A scope probe ﬂm will reduce the strength of
the signal applied to the vertical charmel of a scope;

Base-line voltage The voltage level from'whigh a pulse is initi-
ated..

Compensated ntte:matur probe A smpe probe that can reduce
the applied signal and balance the effects.of the input capaci-
tance of a scopeon the signal to be displayed,

Duty cycle Factor that reveals how much of a: penod is encom-

~ passed by the pulse waveform, '

"Fall time (1) The time required for the trailing edge of a pulse %

waveformto drop-from the $0% to the 10% level, «
Ideal pulse A pulse waveform chmcterize;l as having vertical
sides, sharp cotners, and & flat peak respense. :
Negative-going pulse A pulse that increases in the negaﬂve di-
rection from the base-line voltage. 2

Periodic pulss tnln A sequence of pulses l]mt n-.ppnts itself =

after a specific period of time.
Pnsltiu-going pulse A pulse that increases in'the pos:tjve direc-
tion from the base-line voltage. -

Pulse repelitlon frequency (pulse repetltion rate) The fre- :

quency of a pmodic pulse train.
Pulse train A series of pulses that may have varying l'lc;ghts md
wndths

 Pulse width (1) Thc pulse width defined by m{so% voltage

level.
Rise time (t;) The time required for the Ieading edge of a pulse
waveform to travel from the 10% to the 90% level.
Square wave A periodic pulse waveform with a 50% duty cycle.
Tilt (droop, sag) The drop in peak value across the pulse width
ol’a pulse waveform.







