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1) For the circuit below with T = 30us and D = 0. 6, sketch the resulting voltage and calculate the
inductance needed if the voltage applied over the inductor during DT < t < T is 24V. (3p)

Subcircuit 1

Subcircuit 2

The constant inductor voltage during DT<t<T is given. The resulting current through the inductor can be calculated as:

1
iL = lL(tl) + zf det



2)

3)

Which means that the current derivative will be positive when the applied voltage is positive.

L= VoltSeconds 0.4 -30us - 24V
h Aiy a 54

= 57.6uH

For the buck converter below, derive an expression for the ratio between the input and the
output voltage if the converter is operating in CCM. (2p)
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The average inductor voltage over one switching period is equal to zero when operating in steady state which gives:

DTs T
1 1
V=g f (Ve — V)dt + f (=)t | = = (VaDT, = V,DT,=V,T, +V,DT,) = 0
S \o DTs °
2

The buck converter in (2) is used with the circuit parameters and operating conditions below.
Apply Simpsons formula and calculate the maximum power dissipation in the diode if
Vg = 0.63V is used. (S5p)

20V <V,<40V V,=12V L=40uH f,=80kHz C,=330uF 1I,=7A

The input voltage can vary which gives a duty-cycle that also varies.

v, 12v 12V

D=2 D, =—— =06 D, = — =03
v, * 17 200 - 2= 300

The average output current equals the average inductor current.
I,=1,=7A

The peak-to-peak ripple in the inductor current can be calculated. During the period 0 < t < DTj,, is the inductor
voltage constant and equal to the input voltage. The equation can then be written as:

. (V4= V)DT, _(20V —12V)-0.6
oo B Ay = = T 40uH - 80kHz
L dt At (Vy = V,)DT, _ (40V —12V)-0.3
L "~ 40uH - 80kHz

= 1.504

= 2.624

AiL(Z) =
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To calculate the power loss in the diode, only the constant voltage drop is accounted for, this gives a need to calculate the
average current through the diode. The definition for Simpsons rule is:

%[O”f(x)dx=%<f(to)+4'f<f0+;>+f(t°+T)>

The AVG current can now be calculated as:

1 7.5# 7.5u 12.5u 5# 1
1 =—7|=— 0dt +— ip(t)dt | = ———=((7.75) + 4(74A 6.254)) = 2.84
A 12.5;1(7.5# J, orrg ] Cww )= Do (750 + 407 + 625)

I __L (375w f 375#0dt +8'75” o (t)dt | = 87511 ((8.34) +4(74) + (6.74 0@
D(AVG) = 1250\3.750 ), 8.751 o785 lp T 12.5u6 % .

For the flyback converter below, an LC-filter is applied to the input that smoothens the current
drawn from the DC-source. Calculate the power dissipation in the input filter capacitor if
Rigsr = 80mA). Assume that the input filter is sufficiently large so that the current from the DC-
source is a pure DC-current. (S5p)
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L,=63uH C=470uF V =9V V,=24V f,, =100kHz I,=2.54

(N{:Ny:N3) =(4:1:4)

The ratio between the input and output voltage is:
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DTSW TSW

1 1 1
v, = f Vydt + — | —V,dt = — (VyDTs,—V,Ts + V,DTs,) = 0
TSW 0 TSW TSW

DTsy,

Since the output voltage is held constant at 24V, the switch duty ratio D can be calculated:

VD =V,(1-D) L b 24V __D D = 0.727
= —_ e d _— = — e d —_— — e d = .
a 0 V, 1-D 9V ~1-D

During the on-time of the switch, the inductor voltage is constant (v, = V,;) which gives

L Ai; A v At VD 9V  0.727 1044
= —_— g = = = . = 1.
VL= R T TRl 63uH 100kHz
The average input current is calculated as:
Valg 1, V,(1—=D) I, (1-D) DI, 0.727 - 2.5A
P, =P Vol, = V4l I, = =— — = Iy = = = 6.664
o=Fa = Yolo = Vala = lo === = 7 T LD T lTa-p T a-o0727)
1, =1,(1-D) I 254 9.164
= _— b d = —_= .
e.m ™ 1-0.727

CCM is valid since I, > (Ai; /2 = 0.524).

Since the input filter is well dimensioned, the current
drawn from the DC-source can be considered a purely
DC-current. If a pure DC-current is flowing from the
DC-source, the entire ripple current must flow
through the capacitor. The rms-value of the capacitor
current can be calculated according to the definition

1 10u
e = |70 fo i2(0)dt =

The definition for Simpsons rule is:

L[ s =L )

The RMS-current can now be calculated as:

1 1 7.27u 1 10u
1 = |—|727p=—— i2(t)dt +2.73u——— i2(t)dt | =
C(RMS) 10”( :u'727'u o lC( ) M273,U. 7'27ch( ) >

2

7.27u1 1.04A 1.04A 2\ 2.73u
= |[———= (9.16A - 6.66A) + 4(9.16A — 6.66A4)? + (9.16A +— 6.66A) + ——(6.664)?
10u 6 2 2 10u

= 4.084
The power dissipation in the capacitor can now be calculated as:
PC = RESRIL%(RMS) = 80mQ . 4‘.08142 = 1.33W

You shall design a transformer and you have two different RM6R-cores made of material 3D3
to choose between; a core with (0.7mm airgap and a core without airgap (see datasheet below).
For the two cores, calculate the maximum allowed current with and without an airgap for
Biax = 380mT. Also, exemplify for which converter topologies transformers with and without
airgaps can be used. (4p)



Ferroxcube

RM, RM/I, RM/ILP cores and accessories RM6R
CORE SETS
Effective core parameters /\\
07 g
SYMBOL PARAMETER VALUE | UNIT i :
1 P T
Z{lA) core factor (C1) 0.810 | mmr o _g .28 EH_‘{ v
Ve effective volume 810 mm? i U
le effective length 256 mm SN
A, effective area 320 mim? Ml'?ﬁ g Pl
Amin minimurm area 238 mm? o g
m mass of set =45 |g e 1;3 +0.1
1o
fi.ﬂ_f 777 ! ﬁ/ " * T
1035 1§ +04 12,
N=33 02 23 =3 !jl“‘l
The number of turns was missing ¢ F N R@W_N\'\g%—* l
on the exam. Points are given for o o12at05 Lo oWz
reasonable assumptions or for °
. . * Dimensions in mm.
expressing it as A *turns.
Fig.1 RMGR core set.
Core sets for filter applications
Clamping force for A_ measurements, 40 £20 N.
g AL TOTAL AIR GAP TYPE NUMBER TYPE NUMBER
(nH) He {m) (WITH NUT) (WITHOUT NUT)
303 € 40 +3% =26 =1200 RMBR-3D3-E40/N RM6R-3D3-E40
B3 +3% =41 =700 RMBR-3D3-E63/M RM6R-3D3-E63
100 +3% =65 =400 RMBR-3D3-E100/N RMBR-3D3-E100
160 +3% =103 =200 RMBR-3D3-A160/N RMBR-3D3-A160
1000 +25% =650 =0 - RMBR-3D3

If the air gap is considered, the majority of the reluctance lies within the air gap, hence can the core be neglected in this
case. The inductance for each transformer can be calculated as:

L S 33 =1111uH
ungapped — le/ = 25.6mm/ B ) = u
UrtoAe 650 - 4me~7 - 32mm
N2 332 332
L= = 4 boavpeacy = ~ 0.7mmy - ool
R g/ A 4me~7 - 32mm?2
HoAe
33? 332
Lgappea2) =1 - 25.6mm/ = 70uH
g//,t A 41-4me~7 - 32mm?
04te
380mT - 32mm? 25.6mm
lsat(ungapped) = 33 650 - 4me—" - 32mm? = 0.364
BinaxAe 380mT - 32mm?  0.7mm
Lsqr = N (R + %) = Isat(gappeary = 33 Ao~ 3mmZ 6.414
380mT - 32mm? 25.6mm
= 5.724

Isat(gapped,z) =

33 41 - 4me~7 - 32mm?2
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Gapped core is suitable for a Flyback converter. The transformer in the flyback converter is used as an energy storage
device which means that an air gap is preferred. A flyback transformer doesn't have the ampere-turn cancellation benefit
of a forward converter, so the entire energy storage in the core moves the core up its hysteresis curve. The air gap flattens
the hysteresis curve and allows more energy handling by decreasing the permeability of the core. You will of course need
to add more turns to get your desired inductance compared to no-gap, but you avoid core saturation.

Ungapped core is more suitable in e.g. a forward converter where the magnetizing inductance shall be kept as large as
possible in order to minimize the current ripple.

®=BA, A

BsgrAc |

nlsars ) ni o< Hg

The three phase diode rectifier depicted below is used with a voltage stiff DC-link and a
negligible source inductance. The system operates with 50Hz and v, = v}, = v, = 230V peak
voltage. Draw the phase voltage in phase a (v,,), the resulting line-to-line voltage between
phases a, b and ¢ (v, and v,.) and the phase current (i,). Clearly state the amplitudes and
phase shifts between the voltages. An exact value of the line current is not needed. (4p)

i JSD, ng j&n,, '
N e

M,_@_O_NV'\_A\_.. =l )

Current is drawn from the voltage source as long as the input voltage is higher than the output voltage. Note that this
happens two times for each phase, when the line-to-line voltages (v,; and v, ) are higher than the output voltage, a current
is drawn from the source. This can be seen as two pulses in the middle of the a-phase voltage.

Points are given if the answer shows a difference in amplitude and phase (30°) between the phase and line-to-line voltages.
To score full points, the correct phase current has to be drawn.
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R O A A

ab Line-to-line voltage (Vpeak=400V)
a-Phase voltage (vpeak=230V)
ac Line-to-line voltage (Vpeax=400V)
a-phase current

-l Y QN RN KN R R - --F- - (-l - - - -

_____

-280A
a I{Ldc) + -I{Rc) - -I({Rload}

YAy

]

455ms L458ms L165ms 47 475ms 48 8ms L85ms 498ms 495ms S 88ms
‘8:U(UOUTPOS,UDUTHEE) - U(UR,US) + I(Lr) {+iU(UR=+,UT) - U(UR,B)
Time

The diode rectifier in (7) is now connected to a grid with a source inductance. How will this affect
the power factor (PF) and the displacement power factor (DPF)? Exemplify with e.g. graphs and
Fourier components. (3p)

If the source inductance is taken into account, the current waveforms will be smoothened out due to the inductance. As the
source inductance continues to increase, the DC-side current will eventually become continuous.

SEL>>
-488
45 8ms 455ms L Bms 465ms 47 Bms 475ms 48 Bms 485ms L498ms 495ms 5 88ms
o U(UDUTPOS ,VOUTHEG) U{UR,US) =+ I{Lr} + U(UR:+,UT} = U{UR,8)

Unlike for the single phase diode rectifier with a source inductance, the fundamental frequency component of the line
current will not change significantly (compare Figure 5-18 and 5-37 in Undeland) if the source inductance is increased.
The power factor will increase since the harmonics will decrease as the source inductance increases.

The single phase inverter below. Determine the 3 first harmonic components of the load voltage
for square-wave operation. (4p)




o —> O
+ g, P Si/
2 I
—_—> . .
Ao T O 4+ Nominal values for square wave inverter
Va ) Vo Source voltage U, =200V
B ) Load inductance L= 10mH
S S Load resistance R=2Q
;‘/ﬁ 2 Fundamental frequency f,1 =50Hz
- N
o O
2®)
A
A r—
T r > o=
A
From the figure we see that g(@) is odd, g(@)=—g(—0), and half-wave, g(0) = g(@+7) =
a, = 0 for all n
4 6y+1/2
b, == [g(®)sin(n6)a6 for n=1,3,5,... (odd)
T %
b, =0 for n=2,4,6,... (even)
for odd n
/2
47 4 A 4 A T, 4A
b, =— [Asin(n6)d6 = ——=[cos(n®)]]* = ==(1-cos(n>)) ===
Ty T n T n 2 T n
%/_/
=0 for odd n
The average of the function is zero since ay is zero.
b 242 A
b, —=—t= 024 for n=1,3,5.... (odd)
' \/5 T n
Frequency Uo(n) calculated (RMS)
50Hz (n=1) 180V
100 Hz (n=2) 0
150 Hz (n=3) 60V
200 Hz (n=4) 0
250 Hz (n=5) 36V
9) If the single phase inverter in (8) is operated with PWM bipolar switching in the linear range

(m, < 1). What is the lowest DC-link voltage that is required in order to obtain a fundamental
frequency voltage component of 180Vrms? (2p)

The fundamental frequency voltage component can be adjusted by changing the modulation index. The highest value is obtained
when m,=1.

Vdma SV, = Vo(l)RMS\/E _ 180V - \/E

Voyrus = _\/7 4= = 254V

mg 1



10)  The single phase inverter in (8) is operated in PWM-mode with unipolar switching. For the
shaded time interval (the fundamental frequency component of the output voltage is positive
and the output current is negative), draw the current paths in the circuit and clearly mark which
components (e.g. switches or diodes) that carry the current. (3p)
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11)  Consider a neutral point diode clamped (NPC) 3-level inverter that consists of three parallel
phase legs as the one depicted below. Draw the resulting mid-point voltages
(VaenD VBGND Vconp) and the resulting voltage (v,,,) that is applied over a y-connected load

(phase voltage). (4p)

[
Vds’:z -
. Y
A 2
rﬁ Van = 3 VAGND
GND &
Vi2 ==
[

The resulting voltage can be drawn as follows:

¢ Bus-splitting common DC-capacitor “h

1

- g(UBGND + Vegnp)

and diodes for clamping
® The resulting phase voltage will ~Va/,
have 4 levels

Va2 i Vol T
L
A A
GHD k GHD *
Val2 == Vo2 =

2
Van = 3 VAGND §(UBGND + Veenp)

VacND s g
. i F
VBGND : i
't
Ve
St
Van S S S

Wy, Way avy,
LT Pl Ly 8

12) A dynamic thermal characteristics of a power module can be represented with the thermal
network below. The system is exposed to a pulsed power source where each pulse is 3W and lasts

for 10seconds. After the power pulse, the module

is cooled to the previous temperature. If the

module is assumed to operate in an ambient temperature of 100°C and with the minimum
footprint, how many thermal cycles will the module survive before it breaks down? Due to which

mechanism will it break down? (3p)

The pulse lasts for 10s which gives a transient thermal response of 30°C/W. Since the power dissipation in each pulse is

3W, the total temperature increase will be 90°C.
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Power Cycling Capability for Modules

1,0E+10 =
%‘ =~ ——IGBT4 : Tvjmax=100"C |-
1,0E+09 —I|GBT4 : Tvj,max=125"C k&
— —|GBT4 : Tvjmax=150°C [
@ 1,0E+08 RN
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< 1,0E+07
o .
d b ™, \_\
Z  1,0E+06 N
j } i — = s
1 0E+05 - | | [ | | é
! % dashed line: estimated | —
1,0E+04 1 -
10 ATy [K] © Infineon 100
13)  Consider the single phase thyristor rectifier with source inductance below.
P
; +
iy, AT AT
oYY
+ iy
@ Vs Va GD
N1, DT,
N -

If the input is a triangular wave shaped voltage with an amplitude of 100V (peak) at a frequency
of 60 Hz, draw the output voltage waveform (va) and calculate the average value Vg if the delay
angle (a) is 45° and the source inductance (Ls) is 2mH. Assume that the DC-side current (ia) is
constant 10A. (Sp)



The input voltage (v) and the output voltage (v4) can be drawn as:

A Vs

100V

-

- t

—100V -

Vg

100V
Ay + Ay (\
u=10°
—-100V

a = 45°
The reduction in output voltage due to the commutation can be expressed as an area:

dig
Vs = Vs = LSE

45°+u 100 Ig
f (mwt> dwt = wLy dig =2wlLsl; = A,
45°

—Iq

Vampt
~ Ae Ay V. ™y a 20Lg,
Va=Vay -~ = -2 -

V, =32.7V
s 2 s T - a

14) What are the main benefits of using 12-pulse rectification in a three-phase thyristor application

(e.g. a HVDC classic transmission line)? Exemplify with e.g. input current and output voltage.
(3p)

e  To reduce line current THD
e To improve input power factor
e To avoid semiconductor devices in series.

For a 6-pulse rectifier, the THD in the line current is high and the PF is low due to harmonics. For a corresponding 12-
pulse rectifier, the THD in the line current is significantly lower and the PF is almost unity.



Phase current a from
the grid (i;) and the
currents a in each
transformer (i,4, /52)
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The resulting output DC-link voltage will be smoother (lower harmonic content) since it will consist of two voltages
from each thyristor rectifier that are summed together with 30° phase difference.

DC-voltages:

* Upper (Vy,) — blue

+ Lower (Vy) — green
» Total (V) - black
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iz as; 100 . 3 =
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Formulas for Examination in Power Electronic Converters (ENM060)

Table 3-1 Use of Symmetry in Fourier Analysis

Symmetry Condition Required a, and b,
Even f(=0 = fn) b= 0 a = % f"f(t)cos(hmr) o) Definition of RMS-value:
0
0dd f=n == a =0 b = % I " f(t)sin(hoor) d(wt)
(1]
Half-wave fo = —f¢ + %T) a, = I;,, =0 foreven h
== L " £(¢) cos(hor) d(wr) for odd h

by =2 f " f(sin(hot) dwr) for odd h
Jo Definition of RMS-value with Fourier-series:
Even Even and half-wave b,=0 forallh
quarter-wave - o ) 2
L % J’ 2 f(®)cos(hwt) d(wt) for odd k F F2 F2 a, 2 /aTZl + b721
h 0 = = J— _
0 for even h RMS 0 +Z n (2) +Z ﬁ
n=1 =1
Odd Odd and half-wave a,=0 forallh "
quaner-wave 4 (w2 .
b, = P Io f(Dsin(hot) d(wt) for odd h
0 for even h
sin” (&) +cos* (o) =1
sin(a + ) = sin(a) cos(f) + cos(a) sin(S) sin(a — ) = sin(a) cos(f) — cos(ax) sin( )
cos(a+ f) = cos(a) cos(f) —sin(@) sin(S) cos(a—pf) = cos(a) cos(f) +sin(a) sin(f)
sin(a)sin(f) = (cos(a B)—cos(a+ f3)) sin(a) cos(fB) = (sm(a B)+sin(a+ B))

cos(a)cos(fB) = — (cos(a B)+cos(a+ f3))

.[ sin(ax)dx = —lcos(ax) , .[ xsin(ax)dx = iz (sin(ax) —ax cos(ax)), .[ cos(ax)dx = lsin(ax)
a a a

.[ xcos(ax)dx = iz (cos(ax) +ax sin(ax))
a

P VI, cos g,

T

PF = T , DPF=cos@,, %THD, =100 Iil: = 2.
Electromagnetics

e=%lﬂ y=Np  ¢=BA R:Aﬂl,uo Y

NI = R¢p = mmf N¢ = LI L=AN? w =%L12

Simpson’s rule
Let f(x) be a polynomial of maximum third degree, this means

f(x)=a, +a,x+a,x> +a,x’

For this function the integral can be calculated as
1 to+T

- j f(x)dx——(f(r )+Af(t, + )+f(t +T))



