Chapter 3:
Introduction to Solid-State Switching Circuits

Problem 3.1:

A half-wave, single-phase ac-to-dc converter is loaded by an impedance of 10 mH
inductance in series with 10 Q) resistance. The ac voltage is 110 v (rms). For a equal
to 30° and 90°, calculate the following:

a. Conduction period
b. Average current of the load
c. Average voltage of the load

d. Power
Solution:
L=10 mH
R=10Q

Vs(wt) =100+/2 sin(et)V
o = 2760 radians

@ =tan" (”—Lj =20.66", 7 L ims
R R

a. Conduction Period:
From the voltage and the current waveforms for the load, the voltage and

the current waveforms for the load can be found:

The conduction period is y =a —

To find £, we use Eq. 3.37 where current I is equated to zero at

ot = f

V4
For a = e we have,

[ (ﬂ—%
0.37699
gin( g _ 20667, Sm( 20.667 fje

180 180 6

Using any non-linear solution algorithm, we get,

=0

S =3.502048 radians = 200.6525°
for the condition that # > r radians

Therefore, conduction period, y =170.6525°
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Vs
For a = > we have,

S =3.49645 radians = 200.3317°
for the condition that # > 7 radians

Therefore, conduction period, y =110.3317°

b. and c. Average current and average voltage of the load:

4

— " Rave

ave —
R

v

Rave

= VAve

For Vaye, use Eq. 3.38.

For o = z

6
ave=44.61V
Lve=4.461 A

V4
For a = > we have,

Vae=2322V
ave=2.322 A

d. Power delivered by the source = Power consumed by the resistor
1t o
= EJ-(Z((Ot)) Rdwt
Use Eq. 3.41 for i(wt) and evaluate the above integral.
For a = z
6
P=511.5874 W

V4
For ¢ =—, we have,

P=213.8638 W

Problem 3.2:
Repeat Problem 3.1 for o =10°, assuming that a freewheeling diode is used.

Solution:
a=10°
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a. With a freewheeling diode, conduction angle of the
SCR=y=pB-a(f=r)=170°

b. Average Voltage =49.1412 V (Eq. 3.38)

c. Average Current =49.1412 V/R =4.91412 A

d. Power = Power delivered by the source

1 B
= j V(wt)i(wt)d wt
2

Here, we use the power delivered by the source, because the power delivered to
the load (dissipated in R) during freewheeling actually comes from the energy
stored in the inductor when the SCR is conducting. We can also use the square of
the current as we did in Problem 3.1, but the power calculated in that manner will
always be an approximation since the angle # when i(wt) dies down to zero will

have to be approximated by the angle at which i(wt) is very small.
A 2 [(ora
P= L Lsin(a)t) sin(wt — @) +sin(p—a)e ( “r )da)t =543.028 W

27r£ JR? +(wL)

Problem 3.3:

Assume that an additional inductance can be inserted in series with the load. Also
assume that the converter has no freewheeling diodes. Calculate the added
inductance that leads to a conduction period of 180° when a = 30°.

Solution:
For ¢ =30° and y =180°
£ =210°
Using Eq. 3.42, substituting

T
=— rad
P 6

p=tan" (wlft j rad

o =2760=376.99 rad/sec
L=L,,+L=L,+10 mH

T=—+

R
Solving the equation gives,

Li=15.3152 mH
Therefore, La = 5.3152 mH
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Problem 3.4:

Calculate the average current, average voltage, and the power of the load for the
case described in Problem 3.3

Solution:
a=30°, f=210°

V= @(cosa —cos f)=42.883 V
2r

Please note the reduction in Vaye, due to the higher conduction angle for the same
o and Vmax as Problem 3.1.

I 2@:4.288A
R

ave

Here,

L
$= tan‘l(wR’ j =30

wr = “’T{‘f = 0.57735rad

1 7
.. Power = — ji(a)t)zR.da)t

27 77
6
Using Eq. 3.42 for i(wt) and evaluation of the integral gives consumed power P =

453.744 W.

Problem 3.5:

A single-phase, half-wave SCR circuit is used to control the power consumption
of an inductive load. The resistive component of the load is 5 Q. The source
voltage is 120 V (rms). When the triggering angle is adjusted to 60°, the average
current of the load is 6A. Calculate the following:

a. Average voltage across the load
b. Conduction period in degrees

Solution:

R=50Q

Vs =1204/2 sin(er)
a = 60°

I, =6A
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a.  ~V,.=I R=30V

ave

b.
e :@[cosa—cos Bl
2
Therefore,
cos f=—-0.61072
= [ =127.642° or 232.36°
= >180°,
[ =232.36°
sy=p-a=172.36°
Problem 3.6:

A dc/dc converter consists of a 100 V dc source in series with a 10 Q load
resistance and a bipolar transistor. Assume that the transistor is an ideal switch. In
each cycle, the transistor is turned on for 100 ys and turned off for 300 ps.
Calculate the following:

a. Switching frequency of the converter

b. Average voltage across the load

c. Average load current

d. rms voltage across the load

€. rms current

f. rms power consumed by the load

Solution:
a.
= = 2.5kH
Fau 400us i
b
t. 100us
V.. =KV, =(—)vs=( )1IJIZIV=25V
T 400us

C.

25V
ve = —— = 2.5A

100
d.

|1 T I1 _ R
Vims = l_J v2(8)dt = |- (V2 t,,) = V.VK = 100V4/(0.25) = 50V
T J, T

nY N
c.

50V
'lrrms =_—=05A

1000
f.
P = (5A7)100 = 250W
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Problem 3.7:

A 120 V (rms), 60 Hz source is connected to a full-wave bridge as shown in
Figure 3.58. The load is an arc welding machine that can be represented by a
resistance of 1 Q in series with an inductive reactance of 3 (). At a triggering
angle of 60°, the current of the load is continuous. Calculate the following:

a. Average voltage across the load
b. Average voltage across the resistive element of the load
c. Average current of the load

|~
[~
™~
"

L R

MY AAN ("1 )

S\
-/

Figure 3.58

Solution:

For continuous current, the conduction angle for every SCR is (7 — )¢

a.

La=60°p8=r"

v
SV g == (1—cosa) =81.03 V
T
b. Vg =V =81.03 V
v
c. IAvg:%:Sl.%A
Problem 3.8:

An inductive load consists of a resistance and an inductive reactance connected in
series. The circuit is excited by a full-wave ac/dc SCR converter. The ac voltage
(input to the converter) is 120 V (rms), and the circuit resistance is 5 Q. At a
triggering angle of 30°, the load current is continuous. Calculate the following:

a. Average voltage across the load
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b. Average load current
c. rms voltage across the load

Solution:

R=5Q
Vv . =120

rms

Full wave rectifier feeding an R-L load.

a=30°=(£j
6

Since the current through the load is continuous, SCR1 will turn off only when
SCR2 is turned on at 7 +« . Hence, the conduction period for each SCR is from

ator+aoa.
L P=r+a=210°

a. To find the average load voltage:

4 2V
VLoadAve =—"%[cosa —cos f]=—"%cosa
T T

4

LoadAve

=93.56 V

b. Average load current:
4 =0

InductorAve

= VResistanceAve = VLoadAve

— VResistanceAve — 1871 A
R

* * ~ ResistanceAve

c. Since the current is continuous,
= Vioadris = Vsourcermss = 120 V

Mathematically,

v Ve |1 7_sin2,6’—sin2a
LoadRMS \/5 T 2

Multiply Eq. 3.42 by /2 for full wave.
But f=y+o and y=rx.
Therefore, Vicadrms = 120 V.

Problem 3.9:

A purely inductive load of 10 Q is connected to an ac source of 120 V (rms)
through a half-wave SCR circuit.
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a. If the SCR is triggered at 90°, calculate the angle at the maximum instantaneous
current.

b. If the triggering angle is changed to 120°, calculate the angle at the maximum
instantaneous current.

c. Calculate the conduction period for the case in (b).

Solution:
a. As stated on page 48, the peak of the current occurs at «wt = 90° + & where ¢

= tan™! (‘:TL) hence for a pure inductive load ¢ = 90° and so the peak current

occurs at wt = 180°
b. As given above, the angle is 180°.

c. From Vv, = LE , wt = # and taking the integral between a and 6 we can write

i = VIL (cos(f) —cos(a)) = %(cos(ﬁ') - ::Ds{z?ﬂj)

2w

Hence, the current extinction occurs when # = 2w — P Z—Hrrxris = Z240°

The conduction period is: y = 8§ —a = 23—'T rads = 120°

Problem 3.10:

A resistive load of 5 Q is connected to an ac source of 120 V (rms) through an
SCR circuit.

a. If the SCR circuit consists of a single SCR, and if the triggering angle is
adjusted to 30°, calculate the power consumption of the load.

b. If the SCR circuit consists of two back-to-back SCRs, calculate the power
consumption of the load assuming that the triggering angle is kept at 30°.

Solution:

2

a. P = h(2(7[—05)+sin205) =1398.48W
8TR
b. P, = 2P, =2 *1398.48 = 2796.96 W

Problem 3.11:

An inductive load that has a resistive component of 4 Q2 is connected to an ac
source of 120 V (rms) through a half-wave SCR circuit. When the triggering
angle of the SCR is 50°, the conduction period is 160°. Calculate the following:

a. Average voltage across the load
b. Average voltage across the resistive element of the load
c. rms voltage across the load
d. Average current of the load
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e. If a freewheeling diode is connected across the load, calculate the load rms
voltage. Assume that the current of the diode flows for a complete half cycle.

Solution:

1 B 2

V
a. V. =—I|vdf=""2(cosa—cosfS)=40.75V
“ 27 2 ( ﬂ)

b. Voltage across the resistance is = 40.75 V (since the average voltage across the
inductance = 0)

B 2 . o
.V = ijvz 40 = [V [ g SN207SIN2PY_gh 46y
‘ 27 4r 2

Vay
d. I, == =4075/4=10.19 A

V.4 2 .
€.V, = Ljv2c19 - Vﬂi(n—msmz“j = 79.54V
2 4 2

a

Problem 3.12:

The full-wave, ac/dc converter shown in Figure 3.59 is operating under
continuous current (conduction period = 180°). The source voltage is 120 V (rms),

and the load resistance is 2 Q. For an average load current of 40 A, calculate the
triggering angle of the SCRs.

L ™
SN 557

e
'\_.f'l‘\,_..f'l\.__-"'\-.._,f'_
[-_-_.

Figure 3.59

Solution:
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V..=1, R=40%2=80V

ave

a+180

Vave = l IVH’IZ.X Sin 9 dg
4 a

2V

max

= cCoSx

ave

T
242120
=— COS
T

80
a=42.27
Problem 3.13:

Draw the waveforms of the load voltage for the circuit in Figure 3.21, assuming
that the triggering angle is —30°.

Solution:

See Figure 3.22 for the solution.

Problem 3.14:

A three-phase, ac /dc converter is excited by a three-phase source of 480 V (rms
and line-to-line). Compute the following:

a. The rms voltage across the load when the triggering angle is 30°.

b. The average voltage across the load when the triggering angle is 140°. Keep in
mind that the conduction is incomplete when the triggering angle is greater
than 90°.

Solution:

a. Full wave converter:
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6 a+60 a+60
Vrmsz\/— jvab =\/ j Vo[ sinwr— sm(cot—lZO] dot

2
3V2 a+60 5 9V2 a+60 )
v, o.o= | VBsin(wt+30)| dot = e sin(wt+30)| dot
o [ sin(or 0] don = P [ fin(or 30
) : : b9 3.
V. .= [—= ﬁsmwt—coswt sin ot = M =361.76V
‘ V4 8 2
b. Eq. 3.54 is valid for ¢ <90°. For a>90°, we can develop the following
equation
6 150 150
V.= vabda)tz— .[ e [SIN(@1) —sin(w? —120)] dewt
27z
150
e =% I sin(wt + 30) dwt
72. a
% %
V.. :M[l+cos(0{+30)] :M[l+cos(l40+30)]:9.84V
T T

Problem 3.15:

The three-phase circuit shown in Figure 3.43 is used to charge a battery bank of
250 V. The line-to-line ac voltage is 208 V. The system resistance between the

battery bank and the source during conduction is 3 Q. Compute the triggering
angle of the IGBTs that limits the average charging current to 5 A.

Solution:

f " " (cos f—cosa)

Taking y = 277[

7

14
V=V, +—2%(cos(a+150
dc 272_ ( ( ))

v@:%:sA

a=-3291°
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