Engineering Tripos Part IB paper 5 - Electrical Engineering 2013

Solutions to paper

:

(a). This is a class-A amplifier, i.e. the transistor is always on. Typically, ~ 0.7V
base-emitter voltage is needed for Si to bias it into conduction.

(b) Well, Vce = 7.5V and Vec = 15V => the voltage across resistor Rz = 7.5V. This
voltage is produced by the current /. flowing through resistor Ry, i.e. I.R2 = 7.5V.
From this, we find that R, = 7.5V/I. = 7.5V/1mA = 7.5kQ.

The base current, Ip = Io/hre = 1mA/200 = 5uA.

Examiner’s note: A number of people thought hrg was the ratio of I/Is

To work out Ry, take the Thevenin equivalent of the input side to the circuit:
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Dt I

&

Vr. T

Vra—V
From which we find that —=2 = S5uA
Rty

10kQ
10kQ+R;

10kOXR;

and Rry = 10kQ+R,

Remember, V;y = 15X

From which we find that

(15x10kQ) — V5 x(10kQ + R,)
10kQ + R,
T0kQXR,
T0kQ + R,

From which R; = 190.67 kQ

Examiner’s note: Quite a few people treated these two resistors as being a potential

= 5uA

divider, which is not valid as they do not carry the same current (due to the base

current, Ig).
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(c) The small-signal equivalent circuit is as follows:
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vz = -hpipx(R2||1/hoe) = — ———
2 = -hgipX(Rz2||1/hoe) T+hy R,
h}peisz
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Thegain= == —————=
8 (2} iphie
h R.
=—Lx—2_ -.1263

Examiner’s note: Quite a few people left out the minus sign here

R
The output resistance is, by inspection, Rz||1/hoe = 2 — - 6.32KQ.
1+hgeR2

(d) By the maximum power transfer theorem, the load resistance should equal
the output resistance of the amplifier to maximize the power output.

i.e. Rroad = 6.32KQ.

To work out the power dissipated in the load, first determine the voltage

developed in the amplifier, i.e. :
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Power (assuming we are working with peak amplitudes) = ZRV = 2((6 ;2 )133 =
Load X6.32X

32 uw
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(a) Negative feedback - Advantages:

The open-loop gain (4) of op-amps is typically very large (>105), but can
vary by several orders of magnitude from one op-amp to the next. This level of
variation makes it impractical to construct circuits without negative feedback, as
it would be impossible to reliably make circuits with predictable behavior.
Negative feedback give a more stable and predictable gain, larger bandwidth
(range of frequencies that are amplified), larger input resistance (which is good,
as it means the op-amp circuit doesn’t draw much current from and therefore
interfere with the signal source), lower output resistance (also good, as this
means very little of the output signal is lost across resistances within the op-
amp).

Disadvantages:
The disadvantage is lower gain, which however can be overcome by using

multiple amplification stages.

(b)

]
v ol

From the figure, Vour = A(Vin = BVout)
=> Vout = AVin - ABVout
=> A Vin = Vout[l + AB]

Vour __
Vin 1+AB

=> = gain, G

Remember, we have assumed the op-amp is ideal here (apart from having a

finite gain)!



(c) Assuming that the result of part (b) holds true, and the op-amp is ideal (and
therefore that no current is drawn through the op-amp’s inverting terminal to

the potential divider formed by R1 & R2), then:

A R
— ; = L -0.2
1+AB R,+R,
10°
=> G = ————— =4.99975
1+0.2x10

Now, 1 + AB is the factor by which the circuit properties (gain, bandwidth, input
and output resistance) change relative to the op-amp’s own characteristics, and
has the value 1 + 0.2x105 = 20,001.

= Rin = 10MQx20,001 = 200GL2
= Rour = 100M€2/20,001 = 5mQ
= Bandwidth = 10kHzx20,001 =200MHz

The assumptions made are that the op-amp is ideal, apart from having a finite

gain.

(d) Equivalent circuit: @ - P

Assume that no current flows through the op-amp.



= by potential division,

Ry

From the figure,v*=vpand v- =By = Vo
Putting this together, we find that
R+ R,
Vg = ——— XA(v;, — By
4] R1 + Rz + R{] ( in o)
Ry+R Ri+R
=> v0(1+AB—1—2~)= g S
R1+R,+R, Ri+R,+R,
, v A Ri+R
The gain, G= — = Fri X7 _:R +2R
Vin 1+A8m 1TR2THhRg
=4.99975

Output resistance:
The procedure here is to short-circuit the input and apply a test voltage to the
output terminals, while determining how much current flows into them. The

ratio of the test voltage to the test current is the output resistance.



—ABUVtest—Vtest

Summing currents at node x, % : il [
o (AB+1 1 ) -

- test R, Ry + R, - ‘test

_ _ Vtest __ 1

=> RDHE - = 1+A4B 1 =4.9999mQ

L e o
. Ro R1+RZ

(e) If Ry and Rz are reduced by a factor of 100, the gain becomes 4.9997

i.e. not much of a change at all.

Examiner’s note: Quite a few people did not think to use the formulas they derived

earlier to answer this, and just made up some answer....
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3.

(a) Electricity is generated as ac because it is easier to generate ac than dc - the
machines are less complex. Three phase is used in generation as it is the best
compromise between efficiency and complexity - more phases would require
more wires and more complex windings. AC is used for distribution as the
voltage can be stepped up to high values for transmission (power is conserved,
so stepping up the voltage reduces the current, minimizing Ohmic losses in the

feeder lines), and then stepped down again for use.

(b)

[ = 124w
@ pf 078 /(ajjy

P
The power, P = V3Viinel1inec0S® => liine = m =839.78A



To work out the voltage from the generator, we can make use of the apparent

power:

§= thzotat + Qfota{

Where Ptota.’ = P!aad + P.‘J'ne and Qtomf = Q.’aad + Qh'ne

Piine = 312, XR}ine = 6.35 MW
= Pmtq,f = 18-35 MW

AS fOF Q . Q,‘gad = Pfoadxtan¢ = 10.58 MVAR
Qiine = 310 X X jine Where Xiie = 15.92x10-3x271x50 = 5Q

=> Qine = 10.57 MVAR
= Quta=21.15 MVAR

We can use these figures to work out

S=,/(18.35MW)2 + (21.15MVAR)Z = 28 MVA

Now, we also know that S = v3V,ine/jine

_ _28MVA
] Vﬁne—m = 19.25kV

(d) Now add capacitors in parallel with lines at load end. The reactive power
consumed by the load is 10.58 MVAR. The capacitors, which have a reactance of
Xc Ohms, will generate reactive power to compensate partially for this. They
experience the line voltage, so the three capacitors generate a total reactive

power of

Ve
Q . = — 3 line
capacitors B%

e

1

—=127.3Q)
2TX50%25%10~6

The reactance of the capacitors is X, =



This means that Qcapacitors = 2.85 MVAR => total Q for the system = (10.58 - 2.85)
MVAR = 7.73 MVAR.
The new power factor is given by the relationship that Q = Ptang => tan¢ =

7.73/12 => cos¢ = power factor = 0.84.

To work out the new line current, we can use that

P 12x10°
V3ViineCos®  V3x11x103x0.84

P =V3Viinel1inecos® => Line = =749.84

The new power loss in the lines = 3x(749.8)2x3 = 5.06 MW.

Before, the power loss in the lines was 6.35 MW, so the reduction due to the
power factor correction was (6.35-5.06) MW = 1.29 MW, or 20.3%.
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(a) There is a rotor and a stator. The rotor has a winding on it, which is typically
fed by a DC current, and therefore produces a magnetic field, Byotor. The rotor is
free to rotate inside the stator. The stator is surrounded by three-phase
windings that are themselves fed with three phase currents. These produce a
magnetic field, Bswator that has a constant magnitude, but is rotating at an angular
frequency @/p, where p is the number of pole-pairs of the stator magnetic field.
These two magnetic fields interact and exert a torque on each other, the strength
and direction of which is dictated by the magnitude of the fields, and the angle
between, which we call the load angle, 8. The torque on the rotor is proportional
to BrotorBstatorsin, so if the rotor torque is changed for any reason, the load angle
will also change. For a steady torque to be produced, the rotor must spin at the
same speed as the stator field. As the rotor spins inside the stator, the stator
coils experience an oscillating flux, which induces an emf, E in the stator coils.

This can all be represented by the following equivalent circuit:

/X
) W‘/\/ l/ (lermingl ol (((.9&)
- o

(b) Phasor diagram:




p=3=>w=1000 rpm
The power, P = Tax, where T is the torque on the rotor.

P=500 MW

500x10°
= = =
T p/ﬂ)s 2mx1000

=4.77 MNm

= Using the cosine rule, £2 = V2 + (IX,)2 - 2VIXscos(/2 + ¢)
Also,, P=V3Vjinel1inecOS® => ljne = 9719.7 A
Substituting into the cosine rule above, we find that E = 27.1 kV/phase = 46.9
kV/line.

From the phasor diagram, Esind = IX;cos¢ =>6 = sin~! (”"%ﬂ) =24.8°

(c) The power remains the same, and the excitation is increased by 10%.

As the power is constant, and it is proportional to the perpendicular height of the
above triangle, the load angle must decrease. The perpendicular height is Esing.

= E;Sin(i, = Ezsiné}.
=>sing, = ?sindl - ﬁ x0.419
; :

=> §,= 22.4°

The Maximum excitation can be found from the MVA rating. At 500 MW and 800
MVA,

P B 500x10°
V3Viinecos®  vV3x33x103x0.625

P =Scos¢, so cos¢p = -0.625 => | = =13996 A

Then, using the cosine rule, we have that E2 = V2 + (IXs)? - 2VIXscos(¢)
=>E=35KkV.
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SGp=

At synchronous speed, there is no relative motion between the stator field and
the rotor, so the magnetic flux threading the rotor does not change => no rate of
change of flux => no emfs induced in the rotor => no current flowing in rotor =>

no rotor magnetic field => no torque.

(b) 4-pole machine => synchronous speed = 60x50/2 = 1500 rpm.

. _ ws—wy _ 1500-1350
=>slip=—"—"== = 0.1

yf{ ﬂ 4// ,23/4;/

(c)

J(‘(Ué‘{} r (‘O"'Q- /(1@‘((0-‘“

Ry = Stator resistance

R>’ = Rotor resistance referred to the stator

X1 = Stator leakage reactance, to take account of flux not cou pled to the rotor



X2' = Rotor leakage reactance, referred to the stator.
Xm = Magnetising reactance
Ro = Resistance of the magnetic core as seen by the eddy currents (the electric

currents that flow as a result of the induced emfs)

As the magnetizing branch impedance is so large, we can move it to the input

terminals: 4’ 4 4
/ ,?J / Z

L] "
ﬂu 7,,,\ 3 %2 4

600
From which we can say that [} = — L = /‘Gj =10.83 A

Ry+-2+jX1+jX} ksl

From the data book,

3I/3R1,
WsS

T= =67.19 Nm

. . s ower out
Efficiency is defined as 22247 o%
power in

The power out = Touxar
Tour=T- Tloss

Tloss = %"‘5 = 2.8 Nm

r

& Tou=(67.19 - 2.8) Nm = 64.39 Nm
= Pout: TOqu(HsX(I-S) = 9150.4 W

As for the power in, Pi, = 3VIicos¢



NOW, L= 12’ + I
=10.8-0.34j + 0.69 - 1.73j
=11.49 -2.07j, which has a magnitude of 11.67 A
2.07
= tang= e =2 COS¢ = 0.98

= Pp=3X %xn.e?xo.% =11.8857 kW

9150.4

= Efficiency =70

xX100% =77%
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(a)

The characteristic impedance, Z is the ratio E/H for an electromagnetic wave.
For a wave in a transmission line, this is the same as Vi/IF, or the ratio of voltage

to current for a unidirectional wave (i.e. in the absence of any reflections). From

the capacitance and inductance per unit length, we can also define Z, = \E .

For a wave in free space, there are no voltages or currents, but there are E and H

fields, so the ratio E/H can be written in a more fundamental way as S = ‘:—0 -
0

376.7 Q.

The physical meaning of characteristic impedance is that it tells us something
about how easily the wave propagates in a medium, and also what happens when
it encounters a discontinuity between several media - we can use impedance to
determine reflection coefficients.

Examiner’s note: Very few people answered this part of the question well

(b)
_ |E_ [400x107%
Zo= J; B \’ 400x10-12 100€.

To— N 8
Phase veloc:ty—m— 2.5x10° m/s
This is 5/6 of the speed of light, and is relatively standard for a transmission line.
There is no upper limit on phase velocity, but there is on the group velocity

(dw/dk) - which cannot be faster than the speed of light. Nobody knew this.

(c)
c=fA => A=c/f
=2.5m
= the wavelength is 2.5 m, meaning that the maximum length of cable

before transmission line effects become important, which is roughly A/16,



is around 15.6 cm. The distance between computers and hubs is much
larger than this, which means that when designing such systems, we must

consider transmission line effects.

Examiner’s note: Quite a few people just thought that this would be
impractically short rather than just saying that as typical cables are longer

than this, we must take TL effects into account.

(d) The time taken for a pulse to travel down the line from the hub to the

. 10m
computer is ———— = 40 ns
2.5x108m/s

e &, < (007
S0 /ZMQ’

s |
hul

Cﬂsw:/véﬂﬂa
2’4 - C{Oﬂ

e SRS
. . 1000 1
The first voltage pulse has an amplitude of Sme =3 3 %

The reflection coefficient at the right hand side = 2= = 222190 — _ 25
Z,+Z,  60+100
The reflection coefficient at the left hand side = Z:=%0 = 227190 — _q /3

Zi+Zs  50+100

This means that 3%\! propagates down the line from the hub towards the

computer. There, Y% gets reflected, so a pulse of 5/6 V travels back towards the
hub. At the computer, there is interference between the incident and reflected

wave, giving a net voltage of

1 5

V=VF+VB=?— =25YV.

= =
The 5/6 V pulse that travels back towards the hub gets partially reflected, the
reflected amplitude being 5/6 x 1/3 =5/18, with a 180° phase shift. Remember



that the original 5/6 V pulse was also with a 180° phase shift. This pulse reaches
the computer, and 5/18 x %4 = 5/72 V gets reflected, with a 180° phase shift.
Therefore, after this reflection, the net voltage at the computer is 2.5 V+5/6 V -

5/72V =3.40 V.

Therefore, the plot of Voltage at the computer versus time looks like:

Voltage
A

34V
P —

' o
s

40 ns 80 ns 120 ns Time
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(a)

The gain, G, of an antenna is a measure of its directionality. It is defined as the
factor by which its maximum radiated intensity exceeds that of an isotropic
antenna if they emit equal power from an equal distance.

Examiner’s note: A number of people incorrectly said Gain is the amount by which a

signal is amplified before being sent to an antenna.

(b)
- 3x108m s~!
() A=c/f=——2"2=025m
(i)
The power received = P—“ﬁ’ﬁ:‘;—-ﬂ XGxArea

P A
= Prransmitted = —=224 x4rr? = 169.3 W
GxArea

(iii) the voltage in the receiver:

v? . -
Preceived = — - assuming rms quantities.

= V=/PreceiveaXR = V1015 WX75Q = 0.28uV

(c)
Consider the power reflected:
rolellz
) bed  Loowe !

J______F/"\f Hﬂ_‘“‘:“/‘x\\

o \JE D,
_h___:,——'4/\ "‘\l _“U’/
) 4 f./\&a\_l-'.{—.( ('Z((:':c.(y L\JM
1 reCeirer



Assumption: air and vacuum have the same characteristic impedance, Z.
The wave from the satellite will be reflected from each side of the cloud, and will
be attenuated due to absorption within the cloud.

The reflection coefficient at each interface with the cloud has a magnitude

Zo—Z¢
Lot Zc

p:

Now, Z, = 376.7 Q, and Z; = jTi =307.6Q.
= |pl=0.1
= Transmitted amplitude of EM wave = PincigeneX(1-|p[%)
= Amplitude reaching the bottom of the cloud, of thickness, d
= PincideneX(1- | p|")xe-%
There will be a further reflection at the bottom of the cloud, giving a net
transmitted amplitude of = Pincidenex(1-|p|*)2xe-

The transmitted power is therefore Pincigenx((1-|p|")2xe"“d)?

= ancidentx(l' |p|2]4xe'2”’d

=1015%.0.99*xe?
=1.3x10-16 W

Examiner’s note: This question was well-answered, but a few people did not realize

that as the amplitude of the wave decays as e**, the power will decay as e?*



