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PSDE6016 Main Paper

QUESTION 1
(a) Analyse and explain the operation of the rectifier circuit shown in figure Q1 with the aid of waveform
diagrams for input and output voltages and currents for a firing angle of around 30°.
[14 marks]

(b) Derive the following average load voltage formula for the circuit of figure Q1 from first principles:

VRMS
cosa

V2m

Vinean = 3

[12 marks]

(c) Define the term regenerative braking for a separately excited dc motor and explain, with the aid of
an additional diagram, how this rectifier can be used to achieve this mode of operation.

[8 marks]
iy l3
lg1 L2 ig3 |
T, T;
Load
Figure Q1

Total for this question is 34 marks
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QUESTION 2

PSDE6016 Main Paper

(a) Draw an approximate per-phase equivalent circuit for an induction motor referred to the stator, and
derive expressions for the per-phase stator current and torque produced.

[12 marks]

(b) Using the formula derived in part (b), calculate the stator current and the total torque of a star
connected three-phase induction motor with the following parameters:

Poles =6
Stator line voltage = 415V@ 60Hz
Rotor speed = 1140rpm
Stator leakage impedance = (0.7 +j1.9)Q/phase
Rotor standstill impedance (referred to stator) = (0.6+ j1.9) Q/phase
No load current = (1.7 — j6.6) A/phase
[11 marks]

(c) With the aid of a torque-speed curve for fractional slip values between 2 and -1, evaluate the
regions of operation of a three-phase cage rotor induction motor.

Page 3 of 5

[11 marks]

Total for this question is 34 marks
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PSDE6016 Main Paper
QUESTION 3

A quasi-square wave inverter supplies a three-phase balanced delta-connected load. Figure Q3
shows the voltage for one phase of the load. The inverter is supplied from a battery voltage Vp.

(a) Using the Fourier series expansion equations below, derive the following expression for the
voltage of Figure Q3 up to the 7™ harmonic:

v(t) = 2y, {sinwt +=sin5wt + ~sin 7wt
T b 5 7

[18 marks]

(b) Given that the battery voltage is 420V, the load resistance and inductance per-phase are
0.3Q and 4mH respectively and the inverter is operating at 35Hz, determine the spectrum of
the RMS phase voltage and current harmonics and calculate the total RMS current.

[16 marks]
2Vu/3
Vu/3
= 2
0 I | T T > ot
b4 27 4z 5w
3 3 3
-Vu/3 3 3
-2V/3
Figure Q3
The general Fourier series expansion is:
vi) = A+ aisinwt + axsin2 ot +.......... + a, sin n wt
+ b1Cos X + by C0S 2X +.......... + by cos nx

where:

1 2r
A=_—|v(0)de
27[{ ©)
127r
an= = [v(0)sinnodo
72.0

2z
bn = ijv(e)cosnede
4 0

Total for this question is 34 marks
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PSDE6016 Main Paper
QUESTION 4

(a) Explain the function and operation of the converter circuit shown in Figure Q4 and suggest a control
strategy for maintaining output voltage under load.
[5 marks]
(b) For the circuit of figure Q4: the source voltage Vs =40V, the load current lo = 9A, the load voltage Vo
= 15V and the switching frequency is 125kHz. The current flow in the inductor is just continuous.
Assuming ideal components, calculate:

(i) The duty cycle and the on-off times [4 marks]

(ii) The peak inductor current [3 marks]

(c) Determine and sketch the waveforms of I, is, i, i and ic.

[11 marks]

(d) Calculate the value of the inductor.
[4 marks]

(e) Calculate the peak-to-peak ripple in the load voltage if the value of the capacitor is 150uF.

[7 marks]
Vi
is iL lo
| TR
ic
Vs Vo ( — Vo Load
i D I
@ @
Figure Q4

Total for this question is 34 marks
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PSDE6016 Main Solutions

QUESTION 1

(a) Let the dc output load voltage be Vo, and the dc load current lp. The waveforms are shown below,
for a =30° =m/6 rad

by D2 Uy
& / e, o
V_:.__.____r'f_ = “1 [1 mark]
Dc load voltage R Y 4 B A"~ = Viein
and phase
voltage supply [4 marks]
waveforms =
0=wmt
Gate
pulses
[2 marks]
Dc load current L [1 mark]
[+
Thyristor
currents [2 marks]

The load current is assumed to be constant and is made up of the 3 thyristor currents, only one thyristor will
conduct at a time.

L =L+, Tl

Lo = U < 3 [2 marks]

The delay angle for firing each thyristor a is measured from the cross-over point of phases which occurs 0 =
30° = 11/6 rad as shown. Conduction continues until next thyristor is fired, after 120° = 4r/6 rad.

[2 marks]

Page 2 of 18
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PSDE6016 Main Solutions

QUESTION 1 (continued)

(b)

The auerzn.je de u‘bl-hﬁ-_ge can be calculate

ke Fowm T/ + ot =  &m t
bd lnltl-j ~9 /; /E:
S el
Umeun = ._I. Vimay S0 ® de [2 marks]
&1,
T
4
Y SW +ed
£
= %UMﬂi — Ces B [1 markl
2
e
= 3'_"_;«1“ — Cos (ST -hx‘) - — Cos (E‘f”) [1 mark]
2 6
I b 4 5 ]'
= EUMT. — Lot /ST +el| + &'_"L.E_ +M_)
il E'_ G [1 mark]
i
Ustng the Lypansien \
= i = f
(Gﬁﬁ(ki’i}) - Cesh aB - Sin A S:ﬂ.E_J 5"-2: 2 [1 mark]
Lo O Sin Gl = !
." f&b(gj" ,.].dl) = Cﬂ-i‘gj" (esef — Elﬂ? M'EI 2 [1 mark]
6 L
- Cot T = a2
= ERS _'-__I;_ Smo & z [1 mark]
o
, CesSm:- a3
» = T Cot o¢ __SME-EMD-:’ - —
e cm-(% +ol ) f-’mg . [
= nJ?_?-. Coo o~ i Stn [1 mark]
2
. e 1 Sin e
- \fmmﬁ: 3Umm["'@£@od—}li/5'“°e +'g3 Com o ! [1 mark]
- 2
Z1
2
Voo = %__Umw.[q.ma} Cos [1 mark]
[z
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PSDE6016 Main Solutions

QUESTION 1 (continued)
(c)

When the flow of power to the motor becomes negative, energy is recovered from the load and if the
converter has the correct circuitry, this energy can be delivered back into the supply producing a braking
effect. This is achieved when the voltage and current have different polarities.

[2 marks]

This is achieved in the half-wave three-phase rectifier by reversing the armature connections while at the
same time setting the firing angle above 90°, making the armature voltage negative, while at the same time
maintaining the direction of the current into the armature. The product of volts and amps is negative thus
producing regenerative braking as shown in the diagram below.

[2 marks]

RESENERATIVE BRAKING, U, is m: ahw-*, L. ﬂm,r- ‘;‘; nejahm:a

o LF“:l'.D O Er e wh
(INVERTER MoDE) ( poL I~
N e
%7 } )
PDID.“ ’r-i
iF
of et
E'a, revested .
e
[4 marks]

Total marks for this question = 34
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PSDE6016 Main Solutions

QUESTION 2

(a)

1% 1%
Yyl e aad }
I [2 marks]
1%,
) 5
O
Where |y is the per-phase no load stator current and I,! is the balancing current. [1 mark]

£y ® !
Porver Jransferved Jo the robov - fI',_ " K,
s

[1 mark]
0
-‘lla&‘h-‘h-c:}wj o lows :I-:.} “fz
Pw ﬂl* GLH:]I ﬁ‘pfﬁdq
= JTLIIIR; - lI:jLR,_; [1 mark]
3
P = F'I;r (":_E_J -"2_1 ,pu-leM{ [1 mark]
S
ffﬁwqfﬂ_, ¥ ")Ebun-l‘- b.:j dludu-:j 5:} rETes IF-eat-ﬂf e
2 '
T = JI;I ff*ﬁ}-‘?_,_ " _{ [1 mark]
s e
Since By = ("’5)“& [1 mark]
P * I
- = 1x'| %
g .
S We pe ?
Totul staker . rofet in~peslance
:'(1‘?\, f—,f_‘_’) ,._J(}rf +}<; )
5
- I.‘L; = v [1 mark]

5{, M:"E,") *J. (x, - k’,fj

2017/2018

Page 2 Ul 10



PSDE6016 Main Solutions

QUESTION 2 (continued)

The stator current is then given by 11 = I + 1! [1 mark]
'l = v,
[1 mark]
A% =
\/ (911-ﬁ; ) d (FH}+}KL)
B
FA
T = VR,
= N
5“4[(!’&',1‘*&.) "'(}C_, f‘}'ﬁ,) [1 mark]
s
P,.,r Phwu_
(b)
NS = @&x%:‘_\, = “15'1‘.\ fiﬂﬂ-{
3
Ly = ldens % e T
co [1 mark]
= 125.664 rad(s
S = N -Ng = (l2eo —1llge = ©:.65 (1 mark]
;_s- 20D
v, o= ‘ii = 239.66 V [1 mark]
~ NS
H.ﬁr"'\j‘
I'j_! = bﬂ’
I * i
CRYNICES
=
- 239. & [1 mark]
('ﬂ"_ir-F ?_'__"5’) + J ( 1.2 + "-‘?)
a.0%
i 23%-6
= = AMPI [1 mark]
1a.7 +y 3%
Page 6 of 18
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PSDE6016 Main Solutions

QUESTION 2 (continued)

_ | oy %_1) - IG.:‘;E-& [1 mark]
[ 12-7
¢ ! o
T = A239-C = 1%.07 /=l6.6(
- z 5
13.2¢ /16-6¢
- 17310 —jSast Anps [1 mark]
° _ I
vo T, = I+ T,
= IT-y6.6 4 17.310 - j5. 181 [1 mark]
= 1901t =y T8 Awaps:
s =gl
I = 22.37 L ( 14.0N
= 22.37 L——E!,'ﬁp /—'lups [1 mark]
N |
"T;i-a-l W = L
S‘{_“s[(_ﬂ-}-f) (k-r“()]
= 3 . 237 ':f'-' = O b [1 mark]
6.05 « ms.é.m[ 1277+ .5-5“]
= lo3334.7
10415 [1 mark]
= 93.59 N
Page 7 of 18
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PSDE6016 Main Solutions

QUESTION 2 (continued)

(c)

The torque speed curve for values of S between 2 and -1 is shown below:

T&m Max?muw\ (or Pull—Ou’;)
: - / "l'orttue.

1 (LENERAT NG —>
|

|
"I—— Te. |
/ !

| .
-5
S~

Qe BRAKING —| —— M OTORING —

[4 marks]
For small values of S (between +/- 0.1)
3av* s =V
Tﬁ:_l a“dIIn :_,,'S
e R, R,
[1 mark]
L]
Therefore 1:} % § o< l:[; [
For high efficiency, the value of S must be kept low and within this region for best operation.
[1 mark]

Motoring Region
This occurs for values of S between 1 and 0 where stator field is travelling faster than the rotor. Torque is
positive in the forward direction. Motor will stall if load torque exceeds the pull-out torque.

[1 mark]

Page 8 of 18
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PSDE6016 Main Solutions

Generating Region

This occurs for values of S between 0 and -1 where rotor is being driven faster than stator field. Torque is
negative in the forward direction giving a braking effect and energy is delivered back to the supply.
Generator will stall if braking torque exceeds the pull-out torque. This method is often used in commercial
wind generators.

[2 marks]
Braking Region
If the rotor is driven in the opposite direction to the stator field, S becomes greater than 1 producing a

braking effect but no recovery of energy back to the supply. This is called plugging. The effect also occurs
when two of the supply phases are swapped. This is a wasteful method of braking and should be avoided.

[2 marks]

Total marks for this question = 34

Page 9 of 18
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PSDE6016 Main Solutions

QUESTION 3

(a)

v (e) !
Y
3‘ [ ]
w i
JAn
7 -2, Y '.
] s Ii;;ﬂf ;:I! T = T
I T3
: Vo3
: |"2%5
Sinee LM‘FB\"M-L kﬂ-—b ed.d Sﬂ"*"‘""‘""‘\'j
A =o ) b, =o
iz .
qh = E v (e) 241 g’&_} E{B‘
_'ﬂ'(’l
Behsean :iVL A -ufa j 'U(B) = "31"‘15
3
Be hoean  —T/, and © p v(e) =-Ve
3
BF.'I'I.-::-EH ) avsl T/-?J' ; U(&) = hﬂ"
3
Behoeore W, and T, vfe) = 2%
3

Q. :tmmf+;me sr Sollmx

Page 10 of 18
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PSDE6016 Main Solutions

QUESTION 3 (continued)

=Tz, o
a, = 2 J: 2V, Sin M@ do + "E" S (0 ) d.f
m 3 3
A -TI{,}
a3 bl
+ Vp s (a8)d¥ 2Vy, s (1 8) el
R 3
e “15 [1 mark]
“T/s ©
. 2] -2V, {- Cm(ﬂ%)] - W [— C_"_’@ﬁ)}
- E n 32 l
" Wy, “s
w3 LI
+ W |- f«',s-'(n%J] + 25’#[“ E”(“g)]
3 M . 3 n _“;3 [2 marks]
o Yt
= 2V ‘“[“”""%‘)"‘*“f"’fﬂ [0 )]
3rn
_ Coof AT\ _ m(’ﬂ" ?
- (efg) =] -2 =5) ()
[2 marks]
Cooea I.‘:j JHMM
- T\ = Ce /M ot &{*;)=G-ﬂ~”j
L enfmy w(F) =t
Gunel S e H:\S G'ﬂl..s:ll- F m(r}_ﬂj = &
= [1 mark]
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PSDE6016 Main Solutions

QUESTION 3 (continued)

a, = 2\ Q.(Cmﬂ_‘{;‘)—ﬂ)*‘ (r . a?(*gﬂ

—_—

3nm

i ({'ﬁ(h{J._ I)HE(O— Cpgry] [1 mark]
= zvb[zﬁnhﬁjﬁ-f—ﬁmn?'r—{an(ﬂl?‘j
37
+ 1+ &c,,-..(n_r_r)
3
q, = gﬁvh [;z cn(f;éf) + 2 ] = ﬂfb [-c,.(ngw)“]
3nm Som

: _ 4,%[&(1:*) ] 0-637

[1 mark]

[1 mark]

Ve

a, i [ (g'ﬂ"} fl:l
.3 gr y
. = 4 Ub [ &ﬁ(gw>+'j = 0.127 V)
315#
a =
; [ (?11) + ! } 0 B | U [4 marks]
d " | Sen (5-“5') + 1 St (?‘“ﬂ_
o U({') = 3%‘!5[ S'm(f.j-f- _5_ 2 _
) Sen (S st +d S (?IJF)] mar
o - 20 st + 4 6 -
T

Page 12 of 18
2017/2018



PSDE6016 Main Solutions

QUESTION 3 (continued)

(b)

Ui: = 420\ W = 2xTra. 35 = 219-91 rod /s

—_—

V{{'-) = =2 x‘l‘lﬂ[ S:u(w&)f 4 511-1('5“@ + 1 sm (‘?ul}]
S T

W™

s valuwes ,f.. hH‘!-aAS et

V, = 2xt20 | - 139.06 V
T vz
\.r’a = 0
v - IRG.06 - 27.% V
5 N
s
- I§9-o6 = 2701 V [3 marks]
Vo T —
-
A 189.06V
3731V
27.elV
1 t ] ':-F [2 marks]
o a5Ha leS Hae 175 He 245H,
f, 34 sf, 14,

Page 13 of 18
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PSDE6016 Main Solutions

QUESTION 3 (continued)

X, = 2nf L
@ 25 Ha , K’n. = 2xTx35<b.004
= -3 n
@ (7S Hz ¥, = 2ArTWxIT75 xo0.00%
]
= 42399
@ 245 Hz, X, = b.15% o [3 marks]
I: - Lr + E!, + {rs + L-—;
= E' = * iﬁ * \{‘1 [1 mark]
=
= - 1
ZI = @ 3 +~J 0.%%
= ©-9297 T Hgn [1 mark]
Z = 03 + ) 4.27%
5 (=]
- “4+.40% 86.018 [1 mark]
= s~.3 * 6-15%3
Z, J
= 6145 ZET‘ 2t [1 mark]

Page 14 of 18
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PSDE6016 Main Solutions

QUESTION 3 (continued)

{:’ = 89. 06
©-9297 /71-18°
= 203.56 /-T-18 ﬁu«f!w [1 mark]
' = 37.81
LS —
4. 406% /[ B6.098
- % -5 % ﬁ%ﬁﬂ?g l‘:}l‘-\-flj [1 mark]
{j? = &T.of
6-165 /87.21°
- 4.3% /...3‘;‘.21'& Frags [1 mark]
- l/ ;1&?3'351 o+ ] EEL = 4 5%1—
TRME
B 203.59 A [1 mark]

Total marks for this question = 34
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PSDE6016 Main Solutions

QUESTION 4

(a) The circuit is called a buck converter because it decreases voltage making Vo < Vs. The
inductor act as a filter providing constant voltage and current to the load. The diode allows
the current in the inductor to continue to flow when the transistor is off. After a transient
period, the output voltage is determined by the duty cycle of the transistor switching.

[2 marks]
. T,
 be
Vs C :: U‘o
Vo Liwes
—[m L-_ Con{‘ro ”QJ SENS"‘&
\farl.‘a,lol'e
d u.":j C‘j [ EC
[2 marks]

The above diagram shows that the output voltage is fed back to a controller which compares
it with the set-point voltage. The duty cycled is controlled so as to maintain output voltage
at the set-point.

[1 mark]

Page 16 of 18
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PSDE6016 Main Solutions

QUESTION 4 (continued)

(b)

(i) The current waveforms for an inductor current that is just continuous are shown below. The cycle

time at 125KHz = 8us. [1 mark]
The duty cycle = Vo/Vs = 15/40

= 0.375 [1 mark]
Hence the on-time = 0.375 x 8us

= 3us [1 mark]
And the off-time = Sus [1 mark]

(i) The charge into the capacitor must equal the charge out in each cycle, hence:

The mean value of ic 0 [1 mark]

lo

And mean value of i,

- 9A [1 mark]

Because the current changes are linear, the source and inductor currents must peak at 18A

[1 mark]
(c) In the circuit, is + ip = L The capacitor current rises and falls to balance the difference
between the constant load current and the inductor current.
[1 mark]
9A
Iy 4 i
: : [2 marks]
| : I
18A [
i
is )
1 [2 marks]
r
[
1
1
|
! [2 marks]
: 18A
ip
[2 marks]
L e 9A
9A [2 marks]
3us
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PSDE6016 Main Solutions

QUESTION 4 (continued)

(d)

During the ON time, the voltage across the inductor = 40-15
= 25V [1 mark]
Since the voltage across the inductor = L di/dt
And the gradient di/dt = 15/(3x10°®)
= 5x10° A/s [2 marks]
Therefore, the inductor value L = 25/5x108
= SuH [1 mark]
(e)
The ripple load voltage is the capacitor voltage, using [1 mark]
q=CV
and i= dC]/dt [1 mark]
The change in output voltage =Aq/C [1 mark]
From the waveforms, Aq is the area under the graph corresponding to half the cycle time [1 mark]
Aq = % x4x10°x 9
= 18 x 10° coulombs (2 mark]
Avo = Ag/C [1 mark]
= 18 x 10°%/150x10°®
= 0.12v [1 mark]

Total marks for this question = 34
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