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Information for Candidates

Maxwell’s equations:
V-D=p ; D=¢E V-B=0 ; B=pH

VxE:——a—]}- V><ITI=J+—62
ot ot

Physical constants and material parameters:
g0 = 8.854x 10" F/m
o =4n x 107 H/m
e=1.602x10"C
kT=0.025eV at 290K
InSi0, e=4¢,

In silicon €=11.7 gy
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Section A
Use a separate answer book for each section

1. (a) Sketch the shape of the torque versus speed graph of a 3-phase induction machine.
Explain in physical terms the shape of the curve at, just above and just below
synchronous speed.

(5]
(b) A 3-phase induction machine is connected to a 400 V 50 Hz supply. It has equivalent
circuit parameters as follows:
Number of pole-pairs, P = 2; \(//zs
_ Stator resistance, Rg= 0.1 Q; B ?
(L f(rm L Rotor resistance, Rg = 0.1 Q; Y S
Magnetising reactance, X, = 10 Q;
Magnetising loss resistance, Ry = 20 Q;
Stator leakage reactance, Xg = 0.5 Q;
ﬂ’Lf{ -« L Rotor leakage reactance, Xz = 0.5 Q;
(i) Calculate the impedance of the machine for a slip of 0.04
[4]
(i1) Calculate the stator current
(2]
(ii1) Calculate the rotor current
[3]
(iv) Calculate the torque developed
(3]
(v) Calculate the efficiency of the machine.
(3]
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2. (a) Sketch the cross-section of a 3-phase generator and describe its features. Comment
on the features of the construction that ensure that the generated voltage is sinusoidal.

(7]
(b) Three impedances of §+73 Q2 are connected in star configuration to a 400 V, 3-phase,
50 Hz supply.
(1) Calculate the phase current
[3]
(i1) Calculate the real power consumed
(2]
(c) The load in part (b) is found to be unbalanced. One impedance is 5% greater than
stated and one is 5% less. Calculate the current that flows in the neutral line.
[5]
(d) The unbalanced impedances of part (c) are reconnected into delta. Calculate one of
the line currents
[3]
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(a) Explain why a switch-mode power supply, SMPS is more efficient than a linear voltage
regulator.

(b) Sketch the circuits of both a buck and a boost sMPS. Sketch the shape of the current
that flows in the inductor, diode and capacitor for each circuit assuming the inductor
to be in continuous conduction mode.

(¢) A boost converter is required to converter 5 V to 12 V. The capacitor has an effective
series resistance (ESR) of 30 m<Q and has a capacitance that can be considered very
large. The inductor has a value of 500 uH. The switching transistor is operated at 25

kHz.
(1) Calculate the required duty-cycle.

(i1) Calculate the ripple of the inductor current.

(ili)Assuming continuous conduction, determine average value of inductor current
when the output current is 5 A

(iv)Determine whether the circuit is in fact in continuos conduction mode.

(v) Calculate the output voltage ripple.
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Section B
Use a separate answer book for each section

4. (a)

(b)

(c)

Using the appropriate Maxwell equation, together with the definition of electric field
as the negative gradient of potential, show that the electrostatic potential in a dielectric

medium of constant permittivity satisfies Laplace’s equation (V2V =0). [4]

At the interface between a dielectric and a perfect conductor, the electric field on the
dielectric side is normal to the conductor surface. Under what conditions will this also
be true for a conductor with finite resistance? [2]

The figure below shows a length of coaxial transmission line. The line is shorted at
the left-hand end by a conducting disk, and a constant potential difference Vy is
applied between the centre and outer conductors at the right-hand end. The inner
conductor has finite resistance, but the outer conductor and the shorting disk may be
assumed to be perfect conductors.

It is suggested that the potential V in the dielectric should vary as:

z In(b/1)
Or In(b/a)

where L is the length of the line, a and b are radii of the inner and outer conductors,
and r = (x> + yz)l/ ? is the radial distance from the z-axis.

Show that the above potential function is a solution of Laplace’s equation, and that it
satisfies the required boundary conditions on all conductor surfaces. [8]

Draw a longitudinal section showing electric field lines and equlpotentlals You may
neglect fringing effects at the open end. . [6]

Longitudinal section: Cross-section:

Dielectric

Centre conductor (finite resistance)
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(a)

(b)

©

The electric field of a particular electromagnetic wave propagating in a highly
conducting metal is given by:

E(r,t) = Egkexp {j(ot —12)}

with 1=+=J and 8= |- 2.
OUC

Here o is the radian frequency of the wave, Ey is the electric field amplitude at z = 0,
and p and o are the permeability and conductivity of the metal.

State the directions of propagation and polarization of the wave, and determine its
phase velocity. What is the physical significance of 87 [6]

Using a suitable Maxwell equation, derive an expression for the magnetic field vector,
and hence show that the intrinsic impedance of the metal is:

N = (14 ) ;’—“ [8]
(e)

A 100 MHz plane electromagnetic wave, travelling in air, is incident normally on a
plane copper surface. Estimate the fraction of the power in the wave that is
transmitted into the metal. The conductivity of copper is 5.8 x 10" Q'm™, and the
impedance of free space is 377 Q. _ [6]
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6.

The figure below shows a twin-wire transmission line, comprising two cylindrical
conductors of radius a. The conductor axes are separated by a distance 2d, and the
surrounding dielectric medium has permittivity € and permeability .

Twin-wire transmission line: Cross-section:

TY
’ z(®d) —»X

— ] 4

(a) The cross-section on the right shows a snapshot of the current direction and voltage
polarity for a particular TEM wave travelling along the line. Redraw this cross-
section, adding lines of electric and magnetic field. In what direction is the wave
travelling, and what is its speed of propagation?

(b) The capacitance C per unit length of the line in part (a) is:

e

C=rr—rr—r
cosh™ (d/a)

Derive an expression for the characteristic impedance of the line in terms of C and the

speed of propagation. Hence determine the minimum achievable impedance with air

as the dielectric.

(c) Explain briefly the principles underlying the method of images.
The twin-wire line of part (a) is transformed to a single-wire line by replacing one of
the conductors with a ground plane. The distance from the axis of the remaining

conductor to this plane is d. What is the characteristic impedance of the new line?
Justify your answer.
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Section C

Use a separate answer book for each section

7. (a)

(b)

Explain briefly what 1s meant by channel length modulation, and give, with reasons,
the range of values of transistor voltages over which it occurs.
The SPICE model of channel length modulation is:

| Ip = Ipss(1+AVps)
where Ipgs and A are constants. Show that this identical to the assumption that the
length that is pinched-off varies inversely as (1+ (AVpg) ™).
Why does the SPICE model include the factor (1+AVps) in voltage ranges in which
channel length modulation does not occur?
How is the Early voltage V4 related to the SPICE parameters?

[13]

A single-stage common-source integrated nMOS amplifier is designed to give a
voltage gain of 20. The change in gy, with respect to gate voltage for MOSFETSs in

the chip is 0.03 S/V, their gate length is 0.7 um, and their overlap capacitance is
due to a physical overlap of 0.05 um length.

Find the input capacitance of the MOSFET amplifier in this circuit, assuming that
the mobility of electrons is 0.08 m2/Vs in the channel.
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8. (a)

(b)

State the dependence on bias voltage of both the junction and diffusion capacitances
of an ideal abrupt p-n diode. Hence show why in normal use one of these can
usually be neglected compared to the other. You may assume the following

equation:

2e,(V, -V) 1 1 )12
WntWp = . N + N

In the circuit of Fig. 8 a photodiode integrated with an amplifier is used to detect

pulses of light having a negligible risetime.
V=+10V

2kQ

light input
_— & A
time @ 2k 500 0

Figure 8

Draw an AC equivalent circuit, assuming an ideal amplifier, and calculate the
capacitance of the diode needed to ensure a 3dB bandwidth of 100MHz.
Photodiodes are available with capacitances specified at zero bias of 2.5 pF, 4.0 pF
and 10 pF. Which, if any, of these would give the required béndwidth, assumin'g‘
they each have a grading constant of 1/2, and a built-in voltage of 0.9 V?

[12]

A junction diode has a reverse current of 3x107 A at -22 V bias, and is connected
in parallel with a 2 kQ resistor.

Calculate the value of the shot and thermal noise source strengths at room
temperature in the frequency band between 100 MHz and 120 MHz , when the
total quiescent current through the two components is 1.5 mA, both :

(1) in the diode’s forward direction, and

(2) in the diode’s reverse direction.

You may ignore flicker noise.
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(a)

(b)

(c)

The equation

Q _Q

dt ~ Tz +1p

describes the transient behaviour of a bipolar transistor when biased in the active

region in the circuit of Figure 9.

Explain briefly where the charge Q is stored.

What equivalent circuit components relate to the quantity 1, and what physical
quantities determine its value?

Explain carefully why the base current and not the emitter or collector current

appears in the above equation. [10]

The voltage source in Figure 9 is switched instantaneously from a positive value
V1 to a negative value -V at time t = 0. Both V; and V; are much greater than 0.7
V.

Describe briefly two physical mechanisms that cause Q to decrease.

Sketch a graph of the dependence of the charge Q on time t, indicating on it the

time at which the collector current reaches zero.
Show clearly the features on your graph which are related to 1, and V1 and V».

[7]
Explain how the transistor turn-off time is affected by the values of Vj and V.
Vecc=10V
500 O
5 kQ
aa— output
|
AY
Figure 9
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Answers

Section A - oz

Use a separate answer book for each section

1) (a) Sketch the shape of the torque versus speed graph of a 3-phase induction machine. Explain in
physical terms the shape of the curve at, just above and just below synchronous speed.

(5]

Ws = g

At synchronous speed, the rotor bars rotate at the same speed as the magnetic field and
so there is no change of flux linked with the bars; no induced EMF, no rotor current and
no torque developed.

As the speed is decreased below synchronous speed, the rate of change of flux linkage
increases in proportion, a proportionate current flows and a proportionate torque is
developed. This holds until the frequency of the rotor voltage is such that the rotor
becomes inductance dominated.

Above synchronous speed, a similar proportionate increase in torque is produced but the
torque acts to decrease the speed.

(b) A 3-phase induction machine has equivalent circuit parameters as follow and is connected to a
400 V 50 Hz supply.

Number of pole-pairs, P = 2;

Stator resistance, Rg = 0.1 Q;

Referred Rotor resistance, R = 0.1 Q;
Magnetising reactance, X3 = 10 €;
Magnetising loss resistance ,Ry = 20 €2;
Stator leakage reactance, X5 = 0.5 Q;
Referred Rotor leakage reactance, Xz = 0.5 Q;

(1) Calculate the impedance of the machine for a slip of 0.04
(4]
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Zs=R;+ jX;

R .
Z,= %‘I-]XR

Zy =R, I jX,

Zp=Zs+ZpllZy
=2.07+ 130 Q
=245(+32.2°Q

(11) Calculate the stator current

Vg =4V,
A
ZT
=943(-322° A

(111) Calculate the rotor current
_ L

SZ.+2Z,

=78.8(-213° A

I, =1

(iv) Calculate the torque developed

PMech = 31R2RR (”1“ _1)
S

=447 kW
w
C()R = (1—“S)?E
=150.8 rad /s

P
T =<t =296.5 Nm
a)R

(v) Calculate the efficiency of the machine.

P, =3Re{/ I, |
=553 kW

- PMec/z
77 - P[n
=80.1%
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2) (a) Sketch the cross-section of a 3-phase generator and describe its features. Comment on the
features of the construction that ensure that the generated voltage is sinusoidal.

[7]

Rotor Steel Stator Steel

Winding
C

e The machine is constructed from laminated steel compressed into stacks.

o The stator stack has slots in the inside surface that carry the coils in which the EMF will be
generated
The coils are distributed around the whole circumference but grouped into phase windings

e The rotor carries a winding of DC current or a permanent magnet

o The stator and rotor are separated by an air-gap that is kept as small as practicable

o  The air-gap field is radial and uniform under each rotor pole

o The induced EMF in a coll is trapezoidal .

e By connecting several adjacent coils in series, a voltage is created that is a staircase
approximation to a sinewave and is free of low-order harmonic distortion

(b) Three impedances of 8+j3 €2 are connected in star configuration to a 400 V, 3-phase, 50 Hz -

supply.
(1) Calculate the phase current
[3]

Ve = ﬁVL

=2309V

Vv

I =2~

=253-j795A

=27.0(-20.55° A

(i1) Calculate the real power consumed
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(d)

[2]
P=3v,1, cos(gzﬁ)

=3Ret, 1, )

=17.5kw

Vo(—120°
1.05x 7
==19.9- /163 4
. Vo (+120°
0.95xz
=—4.7+ ;2814
Iy==l,~1,-1,
=-08-,224

Iy =

[3]
Three possible answers given here-
Vas =400(0° v
Vic =400(~120° v
Vea =400(120°
14
[ = i@_
AC 7z
=43.8— j16.4 4

VBC
1.05x 7
=-34.4- 283 4

VCA
0.95%x 7
=—-8.1+48.6 4

[BC =

Io, =
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ly=1y—1cy
=51.9-65.14
=83.2(-51.4°A

Iy =Ipe =14
=-782-119 A
=79.2(-171.4° A

To=Tcy =1
=263+76.9 A
=81.3(+71.1° A
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3) (a) Explain why a switch-mode power supply, SMPS is more efficient than a linear voltage regulator.

[2]

A switch-mode power supply uses a transistor in two states, fully on (e.g. ohimc region of a
MOSFET) or fully off. The transistor only traverses the active region briefly between these
two sates. Thus a coincidence of voltage across the transistor and current through it are
avoided and power dissipation is low.

A linear regulator uses a transistor to “drop” voltage between input and output and thus
there is voltage across it while it carries current. The transistor is in its active region and
dissipates considerable power.

(b) Sketch the circuits of both a buck and a boost SMPS. Sketch the shape of the current that flows in
the inductor, diode and capacitor for each circuit assuming the inductor to be in continuous

conduction.
[8]
Buck
VT

I I T [ o

T - 5
VI VPulsc VO i

Vs A

-Avg __ -
ip =1, Ai,

Y
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Vash
1 0 1 0 -t
i A *
it = A,
~ _,}___
i)
\ \
igvg =1,
ey
\ \l »— 1,
L=
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(c) A boost converter is required to converter 5 V to 12 V. The capacitor is large valued and has an
effective series resistance, ESR of 30 m£2. The inductor is 500 uH. The switching transistor is
operated at 25 kHz.

(i) Calculate the required duty-cycle.

(2]
Yo o 1
vV, 1-
S = Vo = Vi
Vo
=0.58333
(1i) Calculate the ripple of the inductor current.
(2]
L f
=0.2333 A

(ii1) Assuming continuous conduction, determine average value of inductor current when the
output currentis 5 A

(3]
igvg =1,
4 =it (1-6)
iAvg — IO
(-9)
=12 A

(1v) Determine whether the circuit is in fact in continuous conduction.

[1]
i > LAi, therefore the inductor current is continuous

(v) Calculate the output voltage ripple.
[2]

pip o ptp
Icm =1p
=i +1Ai,
=12.12 A
P _ i pp
Vo =& Ryg
=364 mV
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