
7. Al Lernating Current

7.1. Using a Rogowski loop (see Problem 5.30), one call
measure the e ffect.ive value I eff of an alteruat.ing current
flowing in a conductor. The loop has a rectangular cross
section with N turns. The dimensions and the position of
the loop are shown in the figure. Determine the effective
emf generated in the loop by the alternating current.
7.2. The figure shows the vector diagram of reactances
and resistances in an AC circui t. Construct a simi lar dia-

Fig. 7.1 Fig. 7.2

gra Hi for a circui t in which the current frequency is doubled
and the emf amplitude is the same, and determine how
the current will change as a result of this.
7.3. What is the frequency dependence of the current, of
tho phase shift between voltage and current, and of the
consumed power for a circuit consisting of a resistance
and an inductance connected in series provided that the
emf ampli tude remains constant?
7.4.. What is the frequency dependence of the current, of
the phase shift between current and voltage, and of the
consumed power for a circui t consisting of a resistance
and a capacitance connected in series provided that the
emf am pliLude remains constant?
7.5. A circuit (Figure (a)) co nt ai ns all alteruatiug emf', a
resistance, and a reactive element (only a capacitance
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or only an iuduct.ance}. What is this element if the t.ime
dependences of the current in the circuit and the emf of
the source are those as shown in Figura (b)?
7.H. f\.rc the re~dings. of the ammeter A3 equal to the
SUHl of the readings of the ammeters A.1 and A2 for the
cases depicted in Figures (a) and (b)?
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7.7. Are the readings of the voltmeter VB equal to the
sum of the readings of the voltmeters Vi and V2 for the
cases depicted in Figures (a) and (b)?
7.8. The current flowing through the resistance in an AC
circuit shown in Figure (a), where a resistance R, a ca
pacitance C, and an inductance L are connected in series,
is I == ~/R. What will be the current in the AC circuit
when the inductance and the capacitance connected in
parallel are connected in series with the resistance (Fig
ure (b))?
7 .9. The power in an AC circui t varies with time accord
i ng to the curve in the figure. I-Iow, knowing the maxi
mal and mi ni rna l values of the power, to determine the
numerical value of the phase shift between voltage and
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current? What is tho period of variation or the power:'
7.10. To demagnetize watches that have been accidental
Jy ruHgIICl.i zed ~ they are placed inside a solenoid conuor l.ed
to (111 AC source. 'fhe watc hox are then slowly romo ved
Irorn the so leunid . ]~~xplain why the watches become do
magnetized as a result of such rnani pulations,
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Fig. 7.9

7.11. A full-wave recti ncr (the circui l is shown in the fig
ure) rectifies the current that flows continuously in one
direction. Sketch the Lime dependence of the current, ig
noring all losses, and, assuming that the load of the
rectifier constitutes a resistance, calculate tho average
value of the current. If the roctifter is loaded to a primary
wind ing of a transformer, is a constant emf generated in
the secondary winding?
7.12. In the circuit shown in the Figure, a capacitor of
capacitance C is connected in parallel wi l.h a resistor R.
I-Iow will this influence the time dependence of the C.Uf

rent.?
7.13. Two semic.onductor diodes in opposition to each
other in series are connected to the pri mary windi ng of a
transformer. Drnw the osci llogrnms of tho current iri the
primary winding and of the emf generated in the seconda
ry winding.
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7.1-1. Two YH('UUHl diorles in opposit ion to each ot hor in
parallel are connected tot he primary winding of a trans
Io rrucr. Tho am pl i t urle or t hc emf applied to the priJnary

Fig. 7.12

0-----

Fig. 7.14

Fig. 7.13

winding exceeds considerably the voltage at which the
diodes go into the saturation mode. Draw the osci llograms
of the current in the primary winding and of tho emf gen
erated in the secondary winding.
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7. Alternating Current

7.1. The segment of the cross section of the loop of
width dr and height h is penetrated by a magnetic flux
whose instantaneous value is

d<l> = Bh dr,

where B = ~oI/2nr. Whence
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The flux coupled with the loop is

'I' == flak! N I /12
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Fig. 7.2

The current in the cond uctor is .l = locos (t)l. Tho emf
induced in the loop is

(J. ::= _. d'l' .--::: P-ohloNw In Il 2 sin (1)[.

l dt 2n R 1

Finally, the effective value of this emf is

~tohN(ijIeff R 2
~i elf:=': In -R ·2rt 1

7.2. The figure accompanying the problem shows that
the capacitive reactance is four times the inductive reac
tance. If the frequency is doubled, the first quantity
will decrease by a half and the second will double, which
means they will become equal. As shown by the figure
accompanying the answer, the ratio ~o/Io will decrease,
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and since 00 11111S(. remain unchanged, the current grows.
Tho same result can he ohtained analytically. Tho mnpli
tude of the current ill the circuit is

I == ~o
o .. / ( 1 )2 ·JI R2 -t- ero - £ro

Prior to the change in frequency, 1IC(t) > Lui, and hence

( ~(J) - LwV> O.

After the frequency is doubled, 1/ew = Los, Here 10 =
~o/R.
7.3. The current in the circuit containing a resistance
and an inductance connected in series is

I = 10 sin (rot + cp),

where the amplitude value of the current is

[ ~~=---. ~o or I =;:. ~o
. 0 R cos cp--I.l(J) sin <p , 0 l1R2+ £20)2 '

and the tangent of the phase of the current with respect
to the voltage is

tan q> = -Lw/R.

Frorn these ex pressions it follows that as the frequency
grows the lag of the current phase in relation to the voltage
phase increases, which results in a decrease in the cur
rent. The average power in the circuit is defined thus:

p ~ ~ '00 ' 0 cos !po

As the frequency grows, the amplitude of the current de
creases and so does the power factor, which is the cosine
of the phase shift between voltage and current, The power
will also decrease as a result.
7.4. The current in the circuit containing a resistance
and a capacitance connected in series is

I = 10 sin (rot + fp),

where the amplitude value of the current is

T ".-==. ~o or I "=: ~o
. 0 Il cos (p+(1/Cro) sin q> , 0 V R2+1/C2ro2 '
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and the tangent of tho phase shift of the current with re
spect to the voltage is

tan <p = 1IRCw.

From these expressions it follows that as the frequency
grows the phase shift by which the current leads the volt
age decreases and tends to zero, while the current grows.
The average power in the circuit, defined as

1
P =:-:: 2 ~oI0 cos q>,

increases with frequency, since cos {p tends to unity, and
so does the amplitude value of the current.
7.5. The figure accompanying the problem shows that
the current leads the voltage in the phase by 0 < (P <
n/2. This happens if a capacit.ance is connected in se
ries with the resistance.RJ10I

102 IQ~
(Cl)

Fig. 7.()

7.6. FOI' the ease shown in Figure (a) accompanying the
problem, we can write (if we ignore the resistances of
the ammeters)

It = ~ sin wt r: /01 sin tot;

12 = f~ sin ( rot - ~ ) "--= -102 cos {Ill,

where Uo is the amplitude value of the voltage between
points I and 2. The current l:{ Ilowi ng through arnrueter
A3 is the sum of currents /1 and l~:

/3 = /03 sin (wt + (p)

(the vector diagram of currents is depicted in Figure (a)
accompanying the answer). The am pl it.nrlo va lue of cur
rent 13 is
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and the phase shift of the current in relation to the volt
age is

tan rp = - I 02/I 01·

Since the ammeters measure the effective value of the cur
rent, leff == I oIV2, we have

13eff :.::= -V 11err + I~cff •

In the case shown in Figure (b) accompanying the proh
leu}, just like in the previous one, the currents that flow
through tho resistance and the capacitance differ in phase
by n/2, the only difference being that here the current
flowing through the capacitance leads the applied voltage,
while the current flowing through the inductance lags
behind the voltage. The corresponding vector diagram is
depicted in Figure (b) accompanying the answer. The cur
rents measured by ammeters Ai and A2 are

II == (Uo/R) sin wt = /01 sin wt,
12 = UoGw sin (rot + 1t/2) == 10 2 cos <JJt.

'l'he ampli tude of the current measured by ammeter AS
is

103 ~: ·V /:1 + 1~2'

while the tangent of the phase shift is

tan (p = 102/ / 0 1 •

The current measured by ammeter A3 is

13eff =::: -V 11err +I~rff < I teff +12cff •

7.7. For the case depicted in Figure (3) accompany! ng
the problem, the voltage between points 1 and 2 is

U1 == .loR sin wt = U01 sin wt,

while that between points 2 and 3 is

U 10 • (t rr ) 10 U2 :_".: em SIn (}) - 2: ~ - Cw cos (J)t ~.: - 02 cos (ot

(see the vector diagram in Figure (a) acc.ompanying the
answer). The voltage between points 1 and 3 is tho sum of
[[I and [!2:

U3 = VI + U2 == U0 3 sin (Dt -f- q-).
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Its ampli tune value is

U03 ~-: -V l}~l + U~2'

while the phase shift with respect to the applied volt.ago
is given by the following formula:

tan (p = -U0 2/U0 1 •

Since the voltmeters measure the effective value Ueff =

Uo/V2, we have

V 3eff == VllIeff + U~eff< U 1eff + U zerr-

For the circuit depicted in "Figure (b) accompanying
the problem, just like in the previous ease, the voltages

U
01 E0_,--_~__m __o 0_0__0 -_._--"""'t-.....!:::

(b)

Fig. 7.7

across the resistance and the inductance differ in phase by
n/2, the only difference being that here the current
flowing through the inductance lags behind the voltage,
while in the previous case the current flowing through the
capacitance leads the voltage (and, hence, the phase shift
between the voltages across the resistance and across the
capacitance is -n/2). The respective voltages are

U1 = [oR sin wt == UOI sin (ut,

U2 = [oLeu sin (wt + rt/2) == U0 2 cos wt

and

U"d == U3 si n ((t) t + (p)

(see the vector diagrarn depicted in Figure (h) accotn
pnnying the answer). The amplitude value of the voltage
is

U03 ~'o: VlJ~l -t- U~2·

The effocti ve voJ tages measured hv the vol l.mel ers are re
lated thus:

USerf ~ 0\1 Ule ff -1-lJQeff < U ten "1- Uz-rr-
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The tangent of the phase of the voltages is

tan cr == U0 21U0 1"

7.8. In the first case we have resonance, at which the
voltages across the capacitor and the inductance,

Uc >: ~~ sin (wt - JT/2) and

lJL =:- JOl:ll.) sin (td +- Jl/2), (7.8.1)

are equal in magnitude and opposite in phase. From
Eq. (7.8.1) and the fact that a capaci tor and an inductance

(Q)

.~ig. 7.9

( b)

connected in series do not change the current it fO]}0\V8

that

For the case where a capacitance and an induct.ance are
connected in parallel , in each of those clements there flows
a current

1I/(l si 11 (lJt + Jl/'2).
W.I

The total current is

1 =:= Uo (G"U) - 1./Lw) cos cci;

aIl d, ~ inco C (J) =~. 11L (I), we Itave

I ::.-= I c +. I IJ ~ O.

7.9. If the voltage varies according to th« law

U == Uo sin rot

and there is a definite phase shift hetween voltage and
current, so that

I == I 0 si n (wt + cp)



(where the phase di fference 'P rna y be ei t.her posi t.ivo or
negative), then the instantaneous value of the power is

P = Uol o sin (wt + rp) sin tot,
If we write

sin (ffit +.-p) sin wt :__: sin2 (vt >: cosrp + sin (ut >~ cos wt X cos 'P

z.: - ~ [(1- cos 2c:ot) cos IV -1- sin 2c:ot •• si I) Ip1,
we get

Po",; [cOSIp-COS(2ult+Ip)]Uo/o'

The maximal value of the power is

P max = -}Uolo(cos e +1).

while the minimal value is

1
].J1ll i ll = 2Uo/o (cos qy-1).

Whence, the power factor is

cos (p:...::...:, Pmax+ Pm l n
P m nx - ·· Pndn

(7.9.1)

(bear i n min d t hat P 1ll i Ilis 11 ega t i ve).
Formulu (7.U.1) .shOWH that. the frequency of power va

riution is twice the frequency of tJIC applied voltage. Dur
ing one period of voltage variation the power passes twice
through tho maximum and the minimum.

Here are SOIne particular cases.
(1) <p :::= O. The load is a purely active resistance. In

this case (Figure (a) aceompanying the answer) Pm in == 0
and P m a x = Uol o.

(2) rp == +n/2. The circui t co nt.ai us only a reactive
element, that is, a capacitance or an i nd uct.ance. Since
in this ease cos q; :....:..= 0, we have (see Figure (b) accornpa
nying the answer)

Pmax == -Pm in •

The work performed by the AC source over one period of
variation of the power is zero. This means that during
one half of the period the energy flows from the AC source
to the reactive element in the form of the electrostatic

281



energv of the capacitance or the magnetic energy of the
inductance, while during tho other half the energy is re
turned to the AC source.
7.10. When a watch is inside the solenoid, the magnetic
field generated by the solenoid forces the steel parts of

the watch to change periodi
cally their magnet.iz.atl on , fol
lowing the hysteresis loop. When
the watch is slowly removed

--+-f-+-+i~+---H Irorn the solenoid, the magnetic
field acti ng on the watch
gradually decreases, and as the
periods pass, the hysteresis loop
shrinks, Each second ;)0 hysLer-

t"ig. 7.10 esis loops are traversed, each
hei ng smaller than the previous

one (the number "50" appears because the frequency of the
AC source is usually 50 lIz). This process is roughly sketch
ed in the figure. When the watch is completely removed
Irom the magnetic field, it proves to he cornpletely demug
netized.
7.11. At the moment when the "plus" of the vol tagc is
at terminal a (see the figure accompanying the problem),

(u) ( b)

Fig. 7. t t

the current passes through diode 2, resistor R., diode 3,
and returns to the AC source through terminal b, which
has the "minus" of the voltage at that moment. After the
applied voltage changes sign, the current from terminal b
passes through diode 4, resistor R, diode 1, and returns to
the AC source via the nogati ve terminal a. Thus, the cur
rent that passes through R consists of a series of alternat
ing halves of sinusoids (Figure (a)). The average value
of the current over one or' any integral number of half-pe
riods is

'1'/2
'210 \. «), 21

I av Tffi ~ sill (t)t <it :.-. T(u ---rf- ~ () .(1:17 10 •

o
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III carrying out this calculation in accordance with the
co nd i tions of the problem, it was assumed that the volt
age drop across the diodes is negligible and that the recti
fication process does not alter the sinusoidal nature of
the ernf. As for the emf that is generated in the secondary
winding of a transformer whose primary winding is the
load resistance R, it must have two opposite symmetric
sections, since each half-period of the pulsating current
has an ascending section and a descending section. An
idealized curve of the vollage in the secondary winding
of a transformer is shown in Figure (b). Actually, the
curve is much smoother because of the inductance of the
transformer, which plays the role of a choke coil, the in
terturn capacitance, and other factors. The approxirnate
shape of tho voltage curve on the transient sections is
depicted by a dashed curve.
7.12. After> the rectifier the current branches out. (sec
the arrows in the figure accompanying the pro hlem). A

Fig. 7.12

Iract.ion of the current flows through resistor R and a frac
tion is used to charge the capacitor. If the" internal re
sistance of the source (together with the diodes) is low,
then the voltage across the capacitor is equal to the volt
age at the "out" terminals. This occurs as long as the
voltage is lower than the maximum of the pulsating volt
age. After the voltage passes the rnaximum, it falls off
and becomes lower than the voltage across the capacitor.
Because of this the capacitor will begin to discharge
through the resistor, with the voltage across the capa
cit.or decaying aceording to the law

U == U; exp (-tiRe)

(the discharge current is designated by arrows in the figure
accompanying the answer). The greater the capacitance.
the slower the decay, which conli nuos u nt.i l the voltage
across the capacitor becomes equnl to the gro\ving voltage
in the Iollowi ng half-wave. Then the capacitor is charged
to the maximum of the voltage anew. The process
conti Hues ill this manner. Thus, a capa~i tor i II the ci rcui t
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makes the "out" voltage smoother. and the higher the
capacitance the stronger the effect. The curve represent
ing the time variation of the current flowing through the
resistor follows the voltage curve in parallel.
7.13. For both directions of the emf applied to the trans
former, the current is limi ted by the diode introduced
into the circuit in the blocking direction. This current is

[
~--,J

(.b)

Fig. 7.13

(0)

caused by the motion of the minority (intrinsic) charge
carriers and reaches a plateau very rapidly as the voltage
is increased. The diode introduced in the conducting di
reel.ion does not limit the current. For this reason, the
osci llogram of the current ill the primary circuit has the
form shown in Figure (a). Accordl ngly, the greater frac
tion of time in each half-period (in each direction) the
emf induced in the secondary winding is zero. Only over
small time intervals when the current passes through ze
ro does an emf emerge, first in one direction and then in
the other (Figure (b)). The osci llograrns here are, of
course, only rough sketches, since they do not take into ae
count the inductances in the transformer circuits, Note
that in modern sernico nrluctor diodes the reverse current
is negl igi ble, wi th the result that the prohlem is of purely
academic interest.
7.14. In some respects this problem resembles the pre
vious one. Here, too, the current in the primary circuit is
limited to the saturation current in one of the diodes,
Introduced i nl.o the circuit in the conducting direction
rather than ill the blocking. In contrast to Problem 7.13,
the present one possesses a special feature that manifests
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itself in the init.ial section near the zero of the current
in tho circuit. While in a semiconductor diode the eUl'rellt
increases with voltage alrnost Iincnrl y in the initial sec
tiou , in a vacuum diode the voltage dependence of the

0.6

0.2

o 0.2 0.6 LD 14 o;

(a)

( b)

Ei

(c)

Fig. 7.t4

current is described with sufficient accuracy hy the three
halves power law I == K [J~J2.

The constant K incorporates uni versal constants and the
distance between the electrodes in the diode. Si nco tho
voltage varies with time according to the sinusoidal law,
the current flowing through the diode on the initial sec
tion of the voltage increase must he writton in the form

I = K ~/2 sin3J2 rot

(the function f (a) =:= sin3
/
2 a is depicted in Figure (a)).

Allowing for this dependence, we obtain the oscillograms
of current in the primary circui t (Figure (b)) and of the
emf in the secondary circuit (Figure (c)). Just as in the
previous problem, we have not allowed for the effects
associated with the presence of inductances in tho trans
former circuits.
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