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(a)

Draw the circuit diagram of a zero-current switched quasi-resonant converter
(ZCS-QRC) based on a buck circuit. identify the components that are used in
addition to the standard buck circuit.

Explain how the ZCS-QRC achieves low power loss during switching. Explain
why low switching power loss is an advantage when designing a power converter
to occupy a small physical volume.

Sketch the waveform of the current through the resonant inductor and voltage
across the resonant capacitor. Identify the time at which the switch is turned on
and turned off. Describe what governs the on and off times.

A ZCS-QRC is built with resonant components Lz = 500 nH and Cg = 100 nF. It
is used to convert a battery voltage in the range 5.2 to 6.8 V to an output voltage
3.3 V. Calculate the following:

0] the resonant period

(ii) the approximate off-time of the circuit

(iii) the maximum output power consistent with ZCS operation over the range
of battery voltage.
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(b)

For a 3-phase inverter (DC/AC converter):

(i) Sketch a circuit diagram of the principal components required

(i) Describe either the PWM or space-voltage vector methods of generating
the signals to control the on/off state of the switches and include a
description of how the magnitude and frequency of the AC voltage is set

(iii) Describe the form of frequency spectrum expected of the output voltage
and clearly distinguish between the desired and undesired parts of the
spectrum.

An inverter can be used to give bidirectional power flow between an AC and a

DC system.
(i) Describe how the power flow direction and magnitude can be set.
(i} Describe the advantages this circuit and mode of operation have over a

simple diode rectifier.
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in the context of semiconductor devices designed for use in power electronics, answer
the following questions.

(a) Why is a large cross sectional area required?
(b) Why is the die required to be deep?

(c) For a junction required to block high voltage, why is one side of the junction more
heavily doped than the other?

(d) What is high level injection?

(e) Why is the forward voltage drop of a p'n” power diode significantly greater than
the 0.7 V expected of a signal diode?

H Why is a vertical double-diffused structure used for a MOSFET?

(9) Why does the addition of an extra jAunction to the MOSFET to form the IGBT
lower the on-state voltage drop?
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(a)

(b)

Describe the relationships between power, torque, speed and size of an electric
motor.

Describe, with examples, how the shape and layout of a motor might be varied to
achieve high acceleration.

Describe how commutation is achieved in a brushless DC machine

A standard chopper is used to supply a brushed DC machine which has a
separate circuit supplying field current. The chopper has a DC supply of 200 V.
The machine has a maximum armature current of 30 A and maximum field
current of 1 A. When the armature is rotated at 1,000 rpm with a field current of
1 A the induced voltage measure across the open circuit armature was 130 V.
The armature has a resistance of 0.5 Q

(i) Calculate the maximum torcue available from the machine

(i Calculate the chopper duty-cycle required to achieve maximum torque at
500 rpm.

(iii) Estimate the maximum speed that can be achieved without field
weakening and the output power this achieves.

(iv) Calculate the degree of field weakening required to operate at 2,500 rpm

and maximum armature current. Also calculate the torque and output
power achieved.
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(a) Derive an expression for the output voltage to input voltage ratio of a Cuk switch-
mode power supply (SMPS), shown in figure 5.1, and state any assumptions
made. [5]
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Figure 5.1

(b) A Cuk SMPS is to be used to provide a -5V output from a 9V input. The
maximum output current will be 1.2 A. For a switching frequency of 100 kHz,
choose inductors to maintain the input and output current ripples at 10 mA and
20 mA respectively. [6]

(c) It is found that for the inductor materials used, the size of the inductor is related
to maximum stored energy it can support. The energy density achieved is
180 J/m®. Calculate the volume of inductor required for the design in (b) and
calcuiate the inductor value that could be used in a buck-boost SMPS to achieve
the same voltage ratio as (b) and use the same volume of material. [5]

(d) Compare the Cuk SMPS in (b) with the buck-boost SMPS in (c) in terms of the

maximum voltage and currents required of the transistor and the maximum ripple
in the input current and output currents. [4]
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6
Figure 6.1 shows a transistor switching an inductive load. The load current can
be considered constant. The supply voltage, Vpc is 700 V and the load current,
I; is 50 A
Ve A
Figure 6.1
0 Sketch the shape of the collector-emitter voltage and collector current
waveforms at turn-on. [2]
(i) Calculate the turn-on energy loss if the current rises at a rate of
400x10° A/s and the voltage falls at 20x10° V/s. (3]
(iii) Sketch the circuit of a turn-on snubber and the associated voltage and
current waveforms assuming that the current does not complete its rise
before the voltage has fallen. (3]
(iv) Choose snubber components such that the rate of rise of current is never
greater than 200 x10° A/s and snubber reset takes 2 ps. (4]
(v) Calculate the turn-on loss of the transistor with the snubber present and
. loss in the snubber resistor. [5]
(V) The diode is a snap recovery diode. At turn-on of the switch the current
(WA & ’\'C’RC‘\/ continues rising above the load current at the same rate of change until a

charge of 0.9 yC has been removed from the diode. At this point the
junction recovers and no more current flows. Calculate the diode
recovery time and peak recovery current and redraw the turn-e N
waveforms for the case without the snubber. [3]

|2:08
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Draw the circuit diagram of a zero-current switched quasi-resonant converter
(ZCS-QRC) based on a buck circuit. Identify the components that are used in
addition to the standard buck circuit. [3]
A ZCS QRC. The QRC includes an additional L and C for each switch and an additional
diode.

>
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Explain how the ZCS-QRC achieves low power loss during switching. Explain
why low switching power loss is an advantage when designing a power converter
to occupy a small physical volume. [5]
With the inductor placed in series with the switch, the resonant circuit is excited by turning on
the switch and at a later point in the cycle the current will reverse. At this point the additional
diode conducts in place of the switch and the switch can be turned off when carrying no
current and with a small reverse voltage. At turn on, the current will be initially zero and
constrained to rise slowly by the series inductor. The voltage will be large but will fall while
the current is still small. Overall, the voltage-current product during switching is small. By
achieving a small switching power loss the penalty against raising the switching frequency is
reduced and by operating at high frequency smaller valued inductors and capacitors can be
used in the main circuit while maintaining the same ripple voltage specification. Smailer
valued L and C are also physically smaller (for the same V&I).

Sketch the waveform of the current through the resonant inductor and voltage

across the resonant capacitor. Identify the time at which the switch is turned on

and turned off. Describe what governs the on and off times.
Turn-on can occur as a free event and appears in the diagram as the point at which the
inductor current begins to rise. Turn-off can occur at any point while i, is negative. The
conduction period of the inductor is set by the resonant period and this is considered the on-
time of the circuit. The on-time of the gate of the switch is approximately % of the resonant
period. The off time is chosen to give an average voltage across C; equal to the desired
output voltage.

(3]
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(d) A ZCS-QRC is built with resonant components Lz = 500 nH and Cg = 100 nF. It
is used to convert a battery voltage in the range 5.2 to 6.8 V to an output voltage
3.3 V. Calculate the following:

(i) the resonant period

Ty = 27JLpCp = 274500107 x100x10™°

=1.405 us

(i) the approximate off-time of the circuit
Vo Tk o _ T _
Vi T Tp+tyy

V, -V,

ton =T 1 o
oy~ IR Ty
vV, =52V
Loy =1.405ux 5'23_3'3 =0.81 us
V, =68V
foy =1.405u % 68-33 | 49 s

(iii) the maximum output power consistent with ZCS operation over the range
of battery voltage.
The current in the resonant inductor during resonant action is:

iLR:[o + sin(a)Rt)

R ~R
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This is composed of a load current term and an oscillatory term. Turn-off under ZCS conditions
is only achieved if this current turns negative at some point and therefore the load current must
be smaller than the amplitude of the resonant term.

V=52V

wp Ly Ly \/500n

Cr 100n

PN —77W
V=68V
OM“::—E&?§——-=304A

V %OOn
pM™ =10.0w
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For a 3-phase inverter (DC/AC converter):
(i) Sketch a circuit diagram of the principal components required [3]

T
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(ii) Describe either the PWM or space-voltage vector methods of generating
the signals to control the on/off state of the switches and include a
description of how the magnitude and frequency of the AC voltage is set (5]
A sinusoidal reference signal of unit magnitude is established for each phase voltage. The
signals are compared with a common triangle wave carrier to generate the commutation
signals.

v, =Msin(w,, t) where0< M <1
=141
O=5+5m
where M is known as the depth of modulation and sets the magnitude of the AC voltage being
synthesised and v,, is the instantaneous modulating signal.

Voe &

(Egn2.1)

v, =Msin(w,, t)

0

The resulting phase voltages are
v, = %VDC + % VpcM sin(a)t)+ carier and sideband terms

vg =3Vpe +5VpeM sin(a)t - 2T”)+ carier and sideband terms
ve =3Vpe +3VpeM sin(a)t + 2T”)+ carier and sideband terms

The DC terms are common mode and can be ignored.

The reference signals are often generated by a look up table. The frequency with which the
look-up table is scanned dictates the AC supply frequency. The amplitude can be attenuated
by multiplying the samples by a scaling factor.
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(i) Describe the form of frequency spectrum expected of the output voltage
and clearly distinguish between the desired and undesired parts of the
spectrum. [4]

The spectrum of the phase voltages consists of the desired base-band term plus a DC offset,
a carrier and sidebands at the switching frequency and further carrier and sideband terms at
multiples of the switching frequency. The undesirable DC term is not present in the line
voltages because it is common-mode. The higher frequency carrier and sideband terms are
naturally attenuated by inductive loads or can be attenuated by filters.

1‘ VAB‘
SV, |
: Vo |
R I R I
Ty fe 2f. Su Jfe 2fc

Frequency spectra of the phase and line voltages of a three-phase inverter

An inverter can be used to give bidirectional power flow between an AC and a

DC system.

(i) Describe how the power flow direction and magnitude can be set. [4]
Power flow through the inverter can be controlled in the same manner as a standard
synchronous machine. The phase difference (or load angle), 8 across an interface inductor
can be set by the PwM system and used to control the real power flow. The voltage
magnitude could also be used to control the reactive power flow. The inverter is able to
operate in all four quadrants of the S=P+/Q plane. This is useful for regenerative systems
since power can be returned to the AC system. it is common to implement current control in
this class of converter and separately control the in-phase (real power) and in-quadrature
(reactive power) components of current. This might well be performed in the dg-domain
following Clark and Park transforms of the variables.

Page 5 of 14



[3.14]

VLA
I -
LA
A B
Rectifier Mode

[LA VA
—
o
NJ VLA
V',

Inverter Mode V',

(i) Describe the advantages this circuit and mode of operation have over a
simple diode rectifier. [4]

A simple diode rectifier has two major problems: (i) the output voltage can not be controlled
and (i) the input (AC) current is not sinusoidal and is rich in harmonics. The inverter
operated as a rectifier draws sinusoidal current by imposing a sinusoidal voltage drop across
an inductor and thereby operates within harmonic current standards and at a high power
factor. The control of real power flow can be used to control the charging and discharging of
the DC-side capacitor and thereby control or regulate its voltage.
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In the context of semiconductor devices designed for use in power electronics, answer
the following questions.

(a)

(b)

()

Why is a large cross sectional area required? [2]
A large cross sectional area is required to keep the current density reasonably low for a
given current to avoid excessive forward voltage drop and power dissipation.

Why is the semiconductor deep? [2]
A deep device is required to achieve a high reverse breakdown voltage. If the doping level is
high, the electric field strength is high and avalanche breakdown occurs. If the doping is
lowered then avalanche breakdown can be avoided but the depletion layer will be deeper for
a given voltage and the semiconductor must be deep enough to support this without punch-
through.

For a junction required to block high voltage, why is one side of the junction more

heavily doped than the other? [3]
It is sufficient to lightly dope one side of the junction to keep the peak electric field strength
low (to avoid avalanche). By lightly doping only one side, only that side suffers from a high
ohmic voltage drop in forward conduction. By keeping the other side highly doped it is
possible to achieve high-level injection in the lightly doped side in forward conduction to
avoid excessive forward voltage drop.

What is high level injection? [3]
In forward conduction, carriers are injected across the junction and the minority carrier
concentrations on both sides rise. On the lightly doped side, the natural minority carrier
concentration is only slightly below intrinsic levels and not much below majority carrier
concentration. The rise in minority carriers requires a rise in majority carriers to maintain
charge neutrality outside the deletion region. For a lightly doped region with a large minority
carrier injection, both the minority and majority carrier concentrations rise significantly and
both are above intrinsic levels. This is high level injection.

Why is the forward voltage drop of a p'n” power diode significantly greater than

the 0.7 V expected of a signal diode? [3]
The light doping required of a high voltage diode combined with the large injection of high
forward currents results in power diodes operating under high-level injection. Under HL!, the
drift voltage required across the neutral region is equal to the voltage drop across the
junction and the forward voltage drop can be twice that expected of a junction alone. This is
also an ohmic voltage drop across the neutral regions but this is kept relatively small by the
high carrier concentrations expect of HLL

Why is a vertical double-diffused structure used for a MOSFET? [4]
The standard lateral mosfet supports off-state voltage drop across a depletion region formed
between a lightly doped body and a heavily doped drain diffusion. The depletion layer grows
mostly in the body in the space also used for the on-state channel. The design of the
channel is compromised. The doubled diffused structure uses a large lightly doped drain
region in which the off-state depletion layer can grow and allowing the channel to form in a
short body region as required for good (low) on-state resistance.

Why does the addition of an extra junction to the MOSFET to form the IGBT

lower the on-state voltage drop? [3]
The junction is added to the drain side of the device and is forward biased by positive drain-
source voltages. The drain is lightly doped and of low conductivity. The extra diffusion to
form the junction is heavily doped. In forward conduction, the junction injects minority
carriers into the large lightly doped drain region to the extent of high level injection. The
conductivity of the drain is modulated (reduced) and the large ohmic voltage drop in the drain
of a high-voltage power mosfet is avoided in the IGBT.
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(a) Describe the relationships between power, torque, speed and size of an electric
motor. [3]
The torque developed by a motor is proportional to the volume of the rotor where the
constants of proportionality are the magnetic flux density in the pole pieces and the (one-
dimensional) current density around the circumference of the stator. These two constants
are fixed by material properties. The power developed is the torque multiplied by the speed.

(b) Describe, with examples, how the shape and layout of a motor might be varied to

achieve high acceleration. [4]
To achieve high acceleration, a high torque to moment-of-inertia ratio is required. Where the
load inertia dominates, this mean simply a high torque and therefore little constraint is place
on the shape. Where the load inertia is low and the motor inertia is significant it is important
to use a low radius, long length machine. Additional measures aim to reduce the mass of the
rotor. One approach is to use a hollow (annular) rotor or an ironless rotor in which only the
winding itself rotates and all magnetic material is stationary. This could use a radial flux
design with an armature suspended only at one end or an axial flux (disc) design.

(c) Describe how commutation is achieved in a brushless DC machine [3]
The armature conductors are stationary and the magnets rotate. There is no mechanical
commutator. As the magnets rotate their position is sensed (perhaps with a Hall-effect
sensor) and feed to a commutation logic circuit. The position is used to establish current
references for the armature phases. Power mosfets used under PWM control are used to
force currents to flow in the appropriate directions in each phase and to change direction as
the magnets move.

(d) A standard chopper is used to supply a brushed DC machine which has a
separate circuit supplying field current. The chopper has a DC supply of 200 V.
The machine has a maximum armature current of 30 A and maximum field
current of 1 A. When the armature is rotated at 1,000 rpm with a field current of
1 A the induced voltage measure across the open circuit armature was 130 V.
The armature has a resistance of 0.5 Q

i Calculate the maximum torque available from the machine 2]

E 130
kA¢|[,_,=1A :;:m=1.24 Vs/rad
60

T=kol,=124x30=37.2 Nm

(i) Calculate the chopper duty-cycle required to achieve maximum torque at
500 rpm. (2]
V,=E+IR=k o+——R, =130x—22 4 30x0.5=80.0 V
k¢ 1000
P B0 oy
Voe 200

iii) Estimate the maximum speed that can be achieved without field
weakening and the output power this achieves. [3]
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M =200
VAMax - kA¢a)Max +IAMaxRA

Max Max
it ~Va —Ta Ry _ 200-30x0.5 _ 149.2rad /s
Py 1.24

M = 1,424.7 rpm
Py = E 1M =185%x30=5.5kW

(iv) Calculate the degree of field weakening required to operate at 2,500 rpm
and maximum armature current. Also calculate the torque and output
power achieved. [3]

VAMax - kA¢a)Max +1AMaxRA

y Mer_p MR 200-30%0.5

kad=— - ~0.707
0 M 2,500 2%
#0707 _ oo,

6 124

e _ M L0 57 =21.2 Nm
POm = EA]AMax =185X30:55 kW
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(a) Derive an expression for the output voltage to input voltage ratio of a Cuk switch-

mode power supply (SMPS) and state any assumptions made.

v,

iLl Ll RLI il—-— i LZ RLZ
L2
=AW= AW
v, G
i o
H
Assume

Ro

Yo

¢ Cyand Cyare large, V¢; and V¢, do not change significantly during switching period

T

e Both L;and L; are in continuous conduction and the currents in them are in steady-

state
A+ A Y =0

%aTJr———V‘_VCI (1-6)=0
1 1

1
vV, 1-6

2 2
V,
c2 =_-5
VC!
VC2 — VCZ % VCl — —0
Vl VC] Vl 1-6

(b) A Cuk SMPS is to be used to provide a -5V output from a 9V input. The
maximum output current will be 1.2 A. For a switching frequency of 100 kHz,
choose inductors to maintain the input and output current ripples at 10 mA and

20 mA respectively.
Vea =8V = =0V,

V _
(S: €2 = 5 =i=0357
Ve =V, =5-9 14
Aiy =L x d
1 fvw
V .
| = .1 xiz ? x 03573 =32mH
Al foo 0.01 100x10
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2 W
vV, 1-6| 5 1-0357

; - X 7= 1.6 mH
Al foo | 002 100x10

It is found that for the inductor materials used, the size of the inductor is related

to maximum stored energy it can support. The energy density achieved is

180 J/m®. Calculate the volume of inductor required for the design in (b) and

calculate the inductor value that could be used in a buck-boost SMPS to achieve

the same voltage ratio as (b) and use the same volume of material. [5]
Output Inductor (ignoring ripple contribution to maximum current)

Ey =41, 1, =05x1.6x107 x1.2* =1.16 mJ

1.1
Vol, :—1-8%"=6.43><10'6 m’ =6.43 cm’

Input Inductor (ignoring ripple contribution to maximum current)
£
1
E =1L, 1,7 =0.5x3.0x107 x0.667% = 0.667 mJ

0.667m

1~ 1,2 2 12x2 = 0.667
9

Vol, = =3.70x10° m* =3.70 cm’

Total Volume 10.13 cm?®

Buck-Boost will use the same duty-cycle and have same input and output current. The
inductor current is given by:
ol =1,

1, =207 g7 4
0357

Allowed inductor value is:
| Volx180 10.13x107° x 180

- =104 mH
1 0.5x1.87

Compare the Cuk SMPS in (b) with the buck-boost SMPS in (c) in terms of the
maximum voltage and currents required of the transistor and the maximum ripple
in the input current and output currents. (4]

The input and out ripples in the Cuk are as specified and are 10 mA and 20mA. For the
buck-boost the input and output currents are chopped and have an amplitude equal to the
inductor current which is 1.87A. The ripple and consequent interference [produced by the
buck-boost is much larger than the Cuk.

The transistor in the Cuk carries /;;+/,, = 0.667+ 1.2 = 1.87 A when on. In the buck boost the
current is also 1.87 A. In the off state the transistor must support Vg,=V- V¢, = 9--5=14V for

the Cuk and the same voltage. There is no penalty in semiconductor rating for using the Cuk
over the buck-boost.
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Figure 6.1 shows a transistor switching an inductive load. The load current can
be considered constant. The supply voltage, Vpc is 700 V and the load current,

1 is 50 A.
Voc 4
I
ic
- VcE
Figure 6.1
(i) Sketch the shape of the collector-emitter voltage and collector current
waveforms at turn-on.
A Vep
ic
t
(i) Calculate the turn-on energy loss if the current rises at a rate of
400x10° A/s and the voltage falls at 20x10° V/s.
= diL 2_5_0_6_=125 ns
It 40010
L z%=log—=35 ns
it 20x10

Eguon = %VDC1L<t”. + tfv)= Y5x700x 50% (351 +125n)= 2.8 mJ

(iii) Sketch the circuit of a turn-on snubber and the associated voltage and
current waveforms assuming that the current does not complete its rise
before the voltage has fallen.

Page 12 of 14

[3.14]

(2]

(3]

[3]



Ve A

Vs

(iv) Choose snubber components such that the rate of rise of current is never
greater than 200 x1 0° A/s and snubber reset takes 2 ps.
Maximum rate of rise occurs with full supply voltage across L.

A O b

¥ di/~ 200x10° #
Snubber reset can be considered to take 5 time constants
5r= SLs =2x107°

RS
5x107°
= i’ﬁlj__ =875Q
2x10

Choose a 10 Q) resistor.

(v) Calculate the turn-on loss of the transistor with the snubber present and
the power loss in the snubber resistor.

S .
E_g',1,,,(),1 = I Veg e ~dt

Ver :Voc(l“%_v)

v Vpe —v
jomig = [+ di= [TRENE gy
N N
t

VDC
= J‘_t_fl - dt
LS

Vpe 1

T
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Vpe 1" 700 (35n)?
Ly 24  24x3.5u
ERS :%Ls 11,2
= x3.5x1076 x50% = 4.4 mJ

=102nJ

(vi) The diode is a snap recovery diode. At turn-on of the switch the current
continues rising above the load current at the same rate of change until a
charge of 0.9 uC has been removed from the diode. At this point the
junction recovers and no more current flows. Calculate the diode
recovery time and peak recovery current and redraw the turn-off

waveforms for the case without the snubber. [3]
]I‘I' :ﬂtﬂ‘
dt
er = %Irrtrr = %Z_;trrz

> 20, 2x09x107°

trr .
di 400x10°

dt
t,, =67ns
/,=2684

A Veg
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