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Power Electronics (EIEN25)
Exercises with Solutions



Exercises on Modulation



Exercise 1.1 2Q Boost / Buck converter no resistance

e Data for the Boost / Buck converter

U 300V

e 100V

L 2 mH

R 0 ohm
f,, (switch- freq)  3.33 kHz
i,ve (COnstant) 10A

e Determine
— Load voltage (u) and load current (i) incl graphs
— Dclink current (i) incl graphs
— The average powers at P,, P,, P,

Ua’c —

W



Solution 1.1

1) Ugpg= e +R - igyg = 100 + 0 = 100V

e (Calculation steps u 100
P D=-29-__=033
1. Duty cycle Ugc 300

2. Load current ripple, at positive or negative
current slope. Max and min current

3. Load current (i) graph, Load voltage (u) graph
and dclink (i,) current graph

4. Average current and average voltage at P,
P, P;and P,

5. Average powers at P, P, P;and P,

2) Current ripple, max and min current

_Waeme) o, (300-100)

tripple =~ Tper D = ——47355
=104

-0.0003 - 0.33



Solution 1.1

3. The output voltage equals the DC link voltage
(u=U,,) during 33% of the period (called the
pulse) time(the duty cycle D), and equals zero
(u=0) the rest of the time (called the pulse

gap).

The output current (i) increases from 5 A to 15 A
during the pulse, and returns from 15 A back to
5 A in the pulse gap.

The dclink current = the output current (i, = i)
during the pulse (= when the upper transistor is
conducting) and is zero for the rest (when the
lower diode is conducting).
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Solution 1.1

4. Average current, average voltage
and Power atP,, P,, P, and P,
.
- The voltage is the DC link voltage U;,=300 V
- The current equals the load current while
the transistor is on and zero for the rest —
lgcave = 3.33 A
- The average poweris Py = Uy, * igcave =
300-3.33=1000W =1kW

e The voltage is the is the average output voltage u,,, =

100V

e The current is the average load current i, =
104

e The average poweris P; = Uy, * igcape = 100 -
10 =1000W =1 kW

o The voltage is the is the load voltage e = 100 V
e The current is the average load current i, =

104
e The average poweris P, = e - igy, = 10010 =
1000W =1kW

000

1000

000

000

1000

000

1000

000

1000

000

000

000

3000
1000
3000
2000
1000

P1

P2

P3




Exercise 1.2 2Q Boost/Buck converter with resistance

e Data for the Boost / Buck converter

U, 300V
e 100V
L Very large i
R 1 ohm ‘jc
£, (switch- freq) 3.33 kHz -
I,y (constant) 10A
+
C LR
L Ua’c S Y'Y Y
+
. - u
e Determine

— Load voltage (u) incl graphs
— DC-link current (i) incl graphs
— Powerat P, P, and P,



Solution 1.2

Calculation steps

1. Avg phase voltage

2. Duty cycle

3. Load current. Ripple and min and max current

4. Load current graph, Load voltage graph and dclink current graph
5. Average current and average voltage at P, P,and P,

6. Power at P, P,and P;

1) Average load voltage

Ugpe =€+ R igy =100+1-10 = 110V

2) Duty cycle (D)

Ugpg 110
D = =_—— =037
Uge 300




Solution 1.2

3) Load current. Ripple and min and
max current

(Udc—R'iav _e)-i-DZO.OA

o0 fsw

iripple =

4) Phase current graph, phase voltage
graph and dclink current graph

i(t) = {L is very high,i.e.no ripple} = 10A
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Solution 1.2

5) Average current and average voltage
at P, P,and P

(i4vg p, =D 104 = 3.7A
Sigyg = 104
e = 104

Ugpe p, = 300V
e, NI 0V
(Uave_p, = 100V

6) Power at p, p,and p;

Pyy = Uge  igyg = 300 - 3.7 = 1.1kW
Ppy = Ugpe * lgvg = 11010 = 1.1kW
Pp3 =€ igyy = 10010 = 1 kW
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Exercise 1.3 1Q Boost converter with resistance

e Data for the Boost converter

15 300V .
e 100V 14,
L Very large >
R 1 ohm a
£, (switch- fre VAN
b1 a) 3.33 kHz
/ tant 10A .
I, (constant) ] % __C
+ +
u
e Determine - -
— Input voltage (u) incl graphs P, P, P,

— DC-link current (i) incl graphs
— Powerat P, P, and P,



Solution 1.3

Calculation Steps

1. Avg phase voltage

2. Duty cycle

3. Phase current. Ripple and min and max current

4. Phase current graph, phase voltage graph and dclink current graph
5. Average current and average voltage at P, P,and P;

6. Power at P, P,and P;

1) Ugpe = € — R - igpe = 100 — 1 - 10 = 90V

ulil —2=030

2)D = =
) Uge 300




Modulating Wave and Voltage reference
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Solution 1.3

5) Average current and average voltage at P; P,
and P,

(ia,, _p, = dutycycle - 104 = 3.04
4 iave_Pz = 104

kiave_Pg =104
(Uave p, = 300V
1 Uave_ P, = 90V
| Uave_p, = 100V

6) Power at P, P,and P,

P, = Uy igpe - D =300-10- 0.3 = 0.9kW
Py = Ugpg * lgve = 90 - 10 = 0.9kW
P;=e-iy =100-10= 1kW
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Exercise 1.4 1Q Boost converter no resistance

e Data for the Boost converter

Ui,

c

e
L
R

Ia ve

300V
100V
2mH
0 ohm
£, (switch- freq) 3.33 kHz
(constant) 5A
Determine

— Input voltage (u) incl graphs
— DC-link current (i,.) incl graphs
— Powerat P, P,and P;

g
AN 4
/ _r%\ C ]
+ + T Ya ]
u iy
Py P, P,



Solution 1.4

Calculation steps

1. Duty cycle

2. Source current ripple, at positive or negative current slope.

3. Medium, max and min current

4. Source current graph, phase voltage graph and dclink current graph
5. Average source current voltage and power at P; P, P;

1) Duty cycle
Ugpe =€ — R - iy, =100+ 0 =100V
_ Ugye 100
s Ug =300 033

2) Source current ripple, at positive or negative current slope

e—UdC

di if Transistor OFF (Negative slope!)

dt e
a8 1 I if Transistor ON(Positive slope!)

e~Us , _e=Ua 100-300 1 . o o di_ —10 100 kA
e J L w="0002 3 dt ~ 100e° /s
Cac=1-py 1, =2 2 350.106=10-% 50 kA
L L W = 0,002 3 dt ~ 200e-5 /s

16



Modulating Wave and Voltage reference
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3) The current ripples between 0 and 10

A, with an average value of 5 A. °C i . i i . i J . ]
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Solution 1.4

5) Average current and average voltage at P; P,

and P,

(ia,,ep1 = dutycycle - 5A = 1.67A

{ lave_p, = 54

1de

kiave_P3 = 54

(Ugy p, =300V
{ugy ,, =100V

lo

(Uav p, = 100V A

6) Power at P, P,and P,

P, =Ugy - igye - D = 300-1.67 = 500 W

Py = Ugpg * igye = 100 -5 = 500 W
P;=e iy =100-5=500W
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Exercise 1.5 1Q Buck converter no resistance

e Data for the Buck converter

ij 300V
e 100V
L 2mH .
R 0 ohm ‘Ia’c
£, (switch- freq) 3.33 kHz
i 0 A, i.e. a switching period starts with zero load current
tn 50 ms, the time the transistor is activated -+ LR
2229 WV
e Determine T Udc T + +
— Output voltage (u) incl graphs U
— DC-clink current (i,.) incl graphs )
— Powerat P, P,and P, )
Calculation steps ’D7 'D2 'D3

13

o kA wN

How high do the load current rise during the time the transistor is on?
How long time does it take for the load current to fall back to zero?
The load voltage (u) when the transistor is off and current =0

The load current, load voltage and dclink current (i,.) graph

The average current and average voltage at P, P,and P;

The powers at P, P,and P;

19



Solution 1.5

1)

2)

3)

How high do the load current rise during the time the transistor is on?

di_u—e

bt L

_iTe.  _300-100 o
PETL v T 0002 ¢ =

Time for load current (i) current to fall back to zero.

di_u—e_—e

s L

At = —Ai L_ (-5) O'002—100
e 100 W

Phase voltage when load current is zero (i=0)

When the load current (i) is zero, neither of the transistor or diode are conducting. This

means that neither of them ties the bridge output potential to the positive or negative
side of the DC link. Since there is no voltage drop over the resistor either, the load voltage
is “floating” and equal to the back-emf,

u=e=100V



Modulatmg Wave and Voltage reference
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Solution 1.5

5) Average current and average voltage at P, P,

and P,
Ugpe_p, = Ugc = 300V
(300 -50us + 0-100us + 100 - (300 — 50 — 100)us)
Ugve P, = 300us
Ugpe p, = € = 100V
; 5-50us 1
lave P, = T . TO/JS = 0.4167A
v _ 5-150pus 1 = 1254
iR NS 300ps
lav =Py iPZ

6) Power at P, P,and P

Pp, = Uge - igpe p, = 300 - 0.4167 = 125W

Pp, = Uave p, * lavep, = 100 - 1.25 = 125W

Pp, =€ ig p, =100-1.25=125W
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Exercise 1.6 4QC Bridge converter

Data for the Bridge converter

35 300 V i

e 100 V de Py

L 2mH :"""""""""""‘,

R 0 ohm + E LR +e-P3 | @E

£, (switch- freq) 3.33 kHz C v, I v,

I, (constant) 10 A - U, | | < >: ™
Determine

— Phase potentials (v, & v,) incl graphs
— DC-link current incl graphs
- Powerat P, P,and P;



Solution 1.6

Calculation steps

1. Phase potential references

2. Phase potentials and Output voltage, pulse (tp ) width
3. Phase current. Ripple and min and max current

4. DC link current graph

5. Average current and average voltage at P, P,and P,
6. Power at P, P,and P,

1) Assume symmetric modulation:

- v, = u?* = {Stationary operation} = e+R'i:%:50V
u* e+R-i 100
> vp= ) {Stationary operation} = — =T

Modulating Wave: i% @ 3.33kHz
w1 100
Uge 2-fsw  300-2:333

Pulse width of output voltage t,, =

=—50V "

Modulating wave and potential references
T T T

100,

100 -

L

Output potentials
T

100

100~

|

Output voltage
T

300

200~

0

Output current
T

=50us "”

T

%107

24



Solution 1.6

00 — —_—
50 -
3) Phase current o 1
Average load current is zero (i ,.= 0), i.e., starting curre tis | N
zero o ]
di _u-e . _u-—e _300-100 . ]
S — Al = ‘ = e = 1 I I | 1 1
dt g L p 0.002

Load Current
T

i.e., a current rippling between 10 + 2.5 A 15 . . .

4) DC current graph? . i
The DC current, i4., equals the load current when u=U,.and
is zero when u=0.

5) Average Output voltage, ugye = 100V
Average Output current, iz, = 10 A

0 1 1 | 1 | 1 1 1 1

Average Input voltage, uz. = 300V DC link current
Average Input current, igzc gpe = 10 -%p = 3334
10 -
6) Average powers: dn 1
P = ug¢ * igeave=300-3.33 = 1000 W
P2 = Ugype * iavez 100 - 10=1000 W 3 . 1 I I L ! 1 | | 1 ]
P3 =e- iavez 100 - 10 =1000 W 0 0.1 02 03 04 05 08 0.7 08 09 1

25



Exercise 1.7 4QC Bridge converter

Data for the Bridge converter

Uy 300V
£, (switch- freq) 3.33 kHz >

Determine |

Draw the output potentials (v, & v,) and
Output voltage (u)with symmetric
modulation and

a)u*=100V,

b)u* =-100 Vv

26



Solution 1.7

Modulating wave and potential references
T T T

T T T T T
150 - N N /N i
100\ A AN
50— - A - J / \ L ’ i \ :

0 \‘-.\ / : : // ) \ B % i

b ) u*=-100V > v Z; =50V & v Z =50 V, 100 - \ /,: \l‘\, v \ // .

\/ \/ |
T 1 | 1 | | I
: | Qutput p‘otentials : :
150 [~
100 - 9
50 n
ok |
-50 - .
100 - .
150
1 | 1 I | I 1
Output voltage
i T T T T T ]
200 — .
100 - 1
0 _
100 — 1
200 - 1
300
1 | 1 1 1 l | 1 1
0 0.1 0.2 0.3 0.4 05 06 07 0.8 09 1
Offset=0 wan3

27



1.8 : Modulation of a 4Q converter

o Given:
— Udc=600V
- e=200V

- i(t=0)=0

— Voltage reference given
. Parameters:

— L=2[mH]

— Switchfrekvens: 6.67 [kHz]
. Draw:

— Potentialsv,and v,

— Load voltage u
o Calculate

— Positive current derivative

— Negative current derivative
. Draw

— Load current i

wﬂas

300 it .
U v
00
‘ 7
-100
2300 4--<-- - Ve bo
300‘%}-&:—%/’7;-----
-300 f----------- Lo -
600AU-- - -
0
o AL
§ J--docdaaaaa R
B oJr
vb
%Sb 10 ----------- A

28



1.8 Solution

Given:

— Udc=600V

- e=200V
- i(t=0)=0

— Voltage reference given

Parameters:
— L=2[mH]

— Switchfrekvens: 6.67 [kHz]

Draw:

— Potentialsv,and v,

— Load voltage u

Calculate

— Positive current derivative

— Negative current derivative

Draw

— Load current i

+Ud/2J_

al

—Ud/ZT

id
0

L,R
~

w3
e

u

300 T 'V'*"" G R . hak dulek eiutalaty el ah? Al -mqm---- iy b Rhbb
100 7 7 Nun ~ ~
-100 \ °
7 VA min
\43

T Rt S ST B A VAR B A e D hh SEEEEEEEEE
300‘-\/‘&-&‘,’,) ----- e --—-- ----

-
-300 ---- ---- ---- --- --
600Au _——— —— - g— - - - - — - - pes— - - - - — - - - - - S S — — - - - - — - -

29



Exercise 1.9 Symmetrized 3phase voltage

e  The sinusoidal reference curves (v,*, v, *, v.*) for a
three phase constant voltage converter can be
modified with a zero-sequence signal:

- v,* =[max(a, b, c)+min(a, b, c)]/2
according to the figure below.

e  Determine the analytical expression for e.g. a-z in
one of the 60° intervals!

o Determine the ratio between the maxima of the
input (e.g. va*) and output signals (e.g. vaz*) !

: WQVWAV‘WAV‘
e 74 ANeo A 130 hinso i 240 Frngog A seo it

uc-z

Power Electronics. Exercises with solutions



Solution 1.9

The interval 0-60 deg is used (any such 60 degree can be used)
Find the maximum in this interval.

T
ue ue cosr) cos(x =)
2 2 2 2

dug,o- 4 4 4 3 V3
EoaAlast — _ sin(x) + sin (x — ?> = sin(x) - cos <?> — cos(x) - sin (?) —sin(x) = —5 sin(x) + - cos(x)

Ug + Uc
Ugz,0-60 — Ug — Uz = Ug — 2

dx

At 3 V3 2-V3 1 m
$=O:>E-sin(x) =7-cos(x) = tan(x) :W:ﬁix:g: 30°

d?ug, o 3 V3 T 3v3 3
Check ifmax% =-3 cos(x) — -5 sin(x) = {x = g} =\/:T _\/_T < 0 = max

s T 4m s 7T 3 < 3)
) - cos(f) cos(G-7) cos(g)-cos(-F) F--%) v5_ 0.866
ERa\6 2 2 2 ) 2 2

The ratio between the 2 input and the output signals = ——— = 1.155

0.866

W



Exercise 1.10 Sinusoidal 3phase voltage

The following data is given for a 3-phase carrier wave modulated
2-level converter:

e Phase voltage reference amplitude: 350V

e Phase voltage reference frequency: 50 Hz

e DClink voltage 700 VDC (+/- 350 V)
e Carrier wave frequency: 18 kHz

Calculate and draw the phase potential and phase voltage
references together with the modulating wave for 1 carrier wave
period @ phase angle 15 degrees into the positive half period of
the sinusoidal phase a.

W

\9]



Solution 1.10

u,*=350%sin(15/180%pi) = 90V
u,* = 350*sin(15/180%pi-2*pi/3) = -338 V
u*=350%sin(15/180%pi-4*pi/3) =247V

v,* = (max+min)/2 = (247-338)/2 = -45V

v,*=ua*vz*=135V
v,*=ub*vz*=-293V
v.*=uc*vz*=292V

4001

300

200
100¢

-100+
-200+
-300F
-400¢

400
3001
200
100

-200+
-300F
-400+

500

-500

um, uabc®, vabc*, vz*

NNIN72 ONIATA  ANANTE  ANANTR  NAANTT

vabc

ANANTZ  ANAATA  ANAATE  ANANTE  NAANTT

uabc

Offset=0001073  0.01074 0.01075 001076 0.01077

um, uabc®, vabc®, vz*

300

2001

100[

-2001

400k

nn

an7e

nnianTa nnang nnina nninan nninga
vabc

in7o

NAANTO NNA4ANO AN4ANOA LaRaklal-le} N N4NOD
uabc

-500

Ofikleg8 001079 00108 0.01081 0.01082 0.01083

33



Exercise 1.11 Voltage vectors

Deduce the 8 voltage vectors
that are created in a converter
fed by a constant voltage!

0f

Ug

_Uac
2

L

+ub
L

iRt

e B

Vo

34



Solution 1.11

Udc
2

7 1 —
Udc T ;j ||:|j |
Va Vb Vc Vo Ua Ub Uc Ualfa | Ubeta
U U U U
il e il Bt il Mt i N 0 0 0 0
Ugc _Uac _Uac _Uac 2Y4c Uge _Uac 2y
2 2 2 6 3 ~ 3 3 3-dc 0
Uge Udc Ugc Ugc Uqc Ugc 2Uqc Ly Ly
—ac —4ac — —4&c —_ —_— - dc dc
2 2 2 6 3 2 2 Ve V2
Udc Udc Udc Uqc Udc 2Uqgc Udc _ Ly Ly
= > ) ~a ~ 3 3 ~ 3 Ve % | 2
_Uac Yac Uac Yae | _2Uac Uac Uge _Jzu 0
2 2 2 3 3 3 3 3" dc
_Uge _Uge Use | _Uac _Ugc _Vac | 2Uge | -=ug | -Lu
2 2 2 6 3 3 3 Ve “¢ V2 de
Uac _Uac Uac Udc Uac 2Uqc Uac ~u -=u
2 2 2 6 3 3 3 Ve ¢ V2 %€
Uge Uac Ugce Uac
= > S 2 0 0 0 0 0

Ug = 3/2 “Uq
up —\/_17‘(113_716)
B
A
; Udc/\/E R
e " e
"z

T

W

W



Exercise 1.12 i, and iy in symmetric three phase

A three phase 2 level self commutated converter is
connected to the three phase grid with net reactors.
The fundamental current of from the converter to the
grid is a symmetric 3-phase system:

ig =1-cos(wt) Ugs L )
A\ Y

N _ () AAA
ip =1-cos(wt-2*pi/3) Ug2

i L

/\D Y _AANA,
i =1-cos(wt-4*pi/3) k
Yss ]

. . . (A
a) Deduce the expressions fori,and iy! =

b) Determine the active and reactive power!

c) The DCvoltage is U,. Determine the highest
possible grid voltage relative to U, !

d) The same as c) BUT with zero current

e) The DCvoltage is U,. Determine the highest

possible grid voltage relative to U, that can be
sustained at ANY grid phase angle.

T3 D3

£T1 D1
. K 7N
n N SN A
Iy
”
I—:
Uout
T2 D2 T4 D4
o < N
Uy ™

|




Solution 1.12a

a)Symmetric 3 — phase (a,b,c) — frame
ig) =1-cos(w-t—¢)

: . 2
lpey =E-cos{w-t———

! A 4T
lc(1) :L-cos(art—?—d))

Transformfrom (a,b,c) — frameto(a, B) — frame

; 2 (. - 2 2E 4m i
lag = |3 i-cos(w-t—¢) el +1i-cos a)~t—?—¢ -e’3 +l-cos(w~t—?—¢)~e 3=

. 2 . 2 . .
eJ* + ¥ 2 e/(@t=9) 4 o=jlwt=j¢) ej(“’t 5-9) + e_](wHTn_d)) 2 e](("t 5-4) + e_J((‘JH%n_‘P) AT
=qcos() =————= [3-1: 5 + > el3 + > T =
9 g% (piot-i 4 gmiots 4 (Jot-iF-it | g-iot+ Frrie) | B | (Jet-i%-i | g-iet+iFie) | %) Z
2 g% (oiot 4 piots  y JOtFR T | et | Jot-fR e | et i)

2 1 (ot-ig 4 gmjwr+ jot-i 4 pOtHidHAE | —jorsjriS) _ |2 % ot 4 p-jott] 1 V3 1
= [Z.—.gJot=j¢ 4 o—jw + elot=jo 4 o 3 4+ el te 3)=|=.2.[3.el® e Jottio (1 = __
3\ 32 2 2

D= 3 ; 3
=—-{-¢/® = =1 ef@® = [Z. 1. (cos(wt — ¢) + - sin(wt —
o ﬂ -1 (cos(@t = §) + - sin(wt — $))

mates iy, =i e (@ 5) = 3.4, gjot=iv—jorsiF _ |35 iG9) = 130 (cos (T ) 4 sin (-
Flux coordinates igq = iqp - € ( 2)—\/; i.el¥tIomI® 12—\/; i 3(2 )—\/; (cos(2 ¢)+1 sm(2 ¢>))

id=j§~i~cos(g—¢)

g = E~L~sin(g— )



Solution 1.12 b

B ;-i-cos(g—cp)

”-sin(g—¢)

,
Lo 19
Q
1]
Yoo o1
-

3 3 T 3
The active power P = e, i, = \/; e \/; -1 sin (E - qb) =3 é-i-cos(¢p) =V3- €p p rms * ip rms - €0S()

The reactive power Q = V3 - €p p rms * bp rms * Sin(¢)

Note that index “p_p_rms” means Phase-To_Phase_RMS” = the Phase to phase RMS value



Solution 1.12 ¢

The highest output voltage vector length is:

o 2
[Uoutl = \/;Udc

The grid voltage at the converter terminals,
expressed in the dg-reference frame, is:

>dq
2% — R .74 A L 799 4 gda
Ugrig = R- 1" + L i +j-w-L-1""+e

Which in stationarity is:

4% —R.749 4 .. [ .79 4 gdq
Ugpig=R-1""+j - w-L-1""+e

With the vector length, assuming zero resistance,
is:

|—>dq

U ko =J(j-w-L-iq)2+(j~a)-L-id+eq)2

G U:}"r
/2

f r
/V6

39



Solution 1.12d

e  With zero grid current, the grid voltage at the
converter terminal voltage is

|ugrid

=\/(j-w-L-iq)z+(j-w-L-id+eq)2=eq=Ep_p_Tms

e Ifthereis a current flowing, the grid voltage at
the converter terminal voltage must be higher
than E,, ,, s, see solution to 1.11 c.

f r
/V6

G U:’:'r/. )
/2

40



Solution 1.12 e

The longest vector that the converter can supply is

\E U, see the figure to the right, BUT ...

— ... that vector can ONLY be supplied in the corners of the
hexagon.

The maximum length of a voltage vector (|ugn-d ) at

max

the terminals of the converter, that can be supplied at
ANY angle, must be shorter that a circle inscribed in the
hexagon, see the figure to the right.

2 T 2 NE P
max—f§"dc'°°s(z)— 307 =

|ugrid

41



Exercise 1.13 3 phase line

Symmetric three phase

A three phase grid with the voltages ug, ug, u; is loaded
by sinusoidal currents iy, ig, i; and the load angle ¢.

a)  Derive the expression for the voltage vector
b)  Derive the expression for the current vector

c¢)  Determine the active power p(t)!

Do the same derivations as above with the vectors
expressed in the grid flux reference frame!

42



Solution 1.13a

a) Equ 2.39,2.40 and exercise 4.26a

- 2 ( Jriu j4_n) 3 1
Uy = (3 Uuptus-e’3 +tur-e’ 3)= E'uR-l'ﬁ'(uS_uT)

(ug = 1 - cos(w - t) )

S 21

= 41 2
LuT=u-cos<w-t—?))



Solution 1.13b

b)In the same way

2 (. . Ao AT 3 . 1
N:\/;'(lR+lS'e]3 +lT'ej3):\/;lR+ﬁ'(ls—lr)

ir=1 cos(w-t—¢)

A 2m 3
ig=1-cos a)-t—?—g‘b =Ty = E,i.e/'(oot—d))

I

. A 41
LT=l'COS((1)'t—?—¢

The power in the dq — frame, the dot — product:

> d .d_ . .
P=e%-i%=e;-ig+e; i
eq=286-cos(w-t)

B 2m 3
e, = é - cos w-t—? = 3B — E.é.eiwt

A 4
ecze-cos((u-t—?>

Transform froma B — frame to the dq — (flux)frame:

2 2

3 . _j T 3 iot—jot+ T 3
é’d‘I:\/;-é.el“)t-el(wt 2): Z.p.pl0ttjwtt 53 |2

. ) 3 .13, . m
The active power P =e4 - ig = E-e- E-L-sm(i—qb

The reactive power Q = V3 - enesr * lefy - Sin(¢)

Q
NE

:j-

<o

>

|
oy
-—Q
~
Dy
Q

I
o
N

é-1-cos(¢p) =V3- enefs * leff - cos(g)



Solution 1.13¢c

c) 1

Sinusoidal mod u lationU; yyms = ZUUi;E = % ~ 0.35- Uy,
. A . \/§ Udc 3
Sinusoidal mod u lationU; ;s = E = = |3 Uge = 0.61 - Uy,
Symmetriced mod u lationU; yrms = % = % ~ 0.41 - Uy,
Ugc - \/§ _ Ugc

Symmetriced mod u lationUy s = = 0.71- Uy,

\ ViV

X 3 . 3 . 3 . . .
Power in aff — frame P(t) = {P = Re(uy - Iy )} = Re <\/; - el \/; e e‘f(‘“f—‘l’)) =3 Re(@l - i+ eJ@t-jott) ) =
R
P

w

3 .
s R Re(@-i-el?) = Eﬁ -1+ cos(¢p) =V3- Ugess - Ierr - cos(¢)
s
Influx @2 O6rientation, flux iszafter voltage
T 3

. ’3 . . T . . T T
udq :uaﬁ.e_]m'H— 2 = E.ﬁ.e]wt.e_]m':-'jf: E.ﬁ.ejwt_J“”H—jE: E.ﬁ.eji

. g 3 . s T 3 P T 3 I
{49 = jaB . g~ jwtti7 =j;.i.e/(wt—¢).e jot 5 =\/;.f.efwt je-jottiz — E.’l‘.efz j

3 T 3 T 3 T
_ dq . ;dq* — Do iy 2 mUzie) ) 2 S r L oimiztid) —
P(t)—Re(uqlq)—Re<2ue 216(2 )>—2 Re(ulez p) )—

3 Y 3 .
=E-Re(u-lvef¢)=E-u-1-cos(¢)=\/§~UHeff-Ieff-cos(¢)

N

45



Exercise 1.14 Symmetric 3-phase transformation

—

Symmetric three phase

Do the inverse coordinate transformation from the (d,q)
reference frame to (a, ) reference frame and the two
phase to three phase transformation as well. Express the
equations in component form.

Apply the coordinate transform on the following signals.

a

1

s 27

46



Solution 1.14 s

{a:L%amﬁ—Qsmg qN\

- d
P=0Q-cos@+D-sin b Q: __;;ﬁg
0
| |
' |

0
o
a
M- o _______
0<@<ma=cosl,f =sinb
Q m<60<2m a=cosf —sinf, =cosO + sinb
s 2
b
a D
: 0< 6 <ma=cosf,B =sinb
n<f <2na=\/§c059,ﬂ=\/§sin9
____________________________ o
s 27
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2

Exercises on Current Control
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Exercise 2.1 Current increase

a. The coil in the figure to the right has the
inductance L and negligible resistance. It has
no current when ¢<0. The current shall be
increased to the value /,=0,1 U, /Lin the

shortest possible time. @g
Determine the voltage u(?) and the current + IR
i(t) for t>0! 1y _lc He'aaa W ¢
+
VAN
b. The switch s is operated with the period time u{t)

T=1ms. The time constant of the coil is
L/R=10T. The average of the current is 0,/
U,,/R. Determine the voltage u(%)and the
current i(t)!



Solution 2.1

a) R=0

Calculate the shortest time for the current 7/to reach 0.1U, /L

* LR
i(t
1y _lc L Y
) +
N u(t)
A
(u®),i(v))
u(t)
U,
0.1°U,/L
(1)
0 0 01 g

50



Solution 2.1 Continued

b)
, _ Uqc
Average current ig,,; = 0.1 R

U,
Average voltage ugyg = R - igyg = R+ 0.1 e —01- Uge
Ugpg 0.1 Ug,

Ud Udc
Periodtime T = 1ms

Duty cycle D = =0.1

L
Time constant 7 = z =10-T=10ms

Voltage pulse time t, =D - T = 0.1 ms

I

_Uge DT Ugety Ugcty

U t U t
R+0 - i(t)=%-(1—e_?)={t<<T}z%-(1—1+;)

~E i

-+
N u(t)

R-T
; Uge Ugc-t
i(®)stare = 0.1+ TC - #
H Ud Ud N t
((Bena = 0.1 ¢+ =P
A
- t |e—
Udc T
‘Udc*tp/L
i(t
0.1*U,, @
¥

v

51



2.2 2Q Current Control without load resistance

e A2 quadrant DC converter with a constant
voltage load has the following data:

\ 4

- U,.=600V

- L=1mH +

- R=0 Uy £
- T.=0.1ms '

- E=200V

e  (Calculate and draw the output voltage patterns
before, during and after a current step from 0 to
50 A and then back to 0 A again a few modulation
periods after the positive step.



2.2 Solution

Calculation steps:
8

Calculate the voltage reference before the positive
step, between the steps and after the negative step

Calculate how many sampling periods that are
needed for the positive and negative steps

Calculate the current derivative and ripple
Draw the waveform

53



2.2 Solution, continued

o Step 1
e = 200 V before the positive step
1-1073 . .
01 103 (50 — 0) + 200 = 700 V during the positive step
L e
u*(k) = o (k) —i(k) +e =« e = 200 V between the steps
$ 1-1073
01 103 (0 —50) 4+ 200 = =300 V during the negative step
e = 200 V after the negative step
o Step 2

— The positive step requires 200+500V = 700V (back-emf+current increase), but the DC link only provides 600V, i.e
two sampling periods are needed, one with 200+400V and one with 200+100 V.

— The negative step requires 200-500V = -300V (back-emf+current decrease), but the DC link only provides 0V, i.e
three sampling periods are needed, two with 200-200V and one with 200-100 V.
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2.2 Solution, continued

e Step3
di u
a=f .y _(Ud—e) e _(600—200) 200 _
e _)AL_T'tpulse_T'U_' S_Wﬁ()llo 3
tpulse=U_d'Ts d
=133 A
e Step4d

— Draw the carrier wave and the voltage reference wave as calculated. This gives the switching times
— Note the time instants when the current will pass its reference values = when the carrier wave turns

— See next page
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2.2 Solution, continued

Current reference (yellow) and Real current {magenta)
&0 F o™ o
AN / B / V4
i S NS N i ~ S
el el el T \
20 \
¢ ~7
-20
Voltage reference (yellow) and medulating wave (magenta). Only applicable to Sampled Current Control
I
600

400

200

\

ANAN\
AR
V

V

A\
AN /N
V.V

AN
[\ [\ /
V.V

AN
\ / \ [\
V.

Output voltage (yvellow) and induced emf (magenta)

05

15

25
w10
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2.3 4Q Current Control without load resistance

e A4 quadrant DC converter with a constant
voltage load has the following data:
- U, =600V
- L=1mH
- R=0
- T.=0.1ms — U
- E=200V -

e  (Calculate and draw the output voltage patterns
before, during and after a current step from 0 to
50 A and then back to 0 A again a few modulation
periods after the positive step.




2.3 Solution

Calculation steps:
8

Calculate the voltage reference before the positive
step, between the steps and after the negative step

Calculate how many sampling periods that are
needed for the positive and negative steps

Calculate the current derivative and ripple
Draw the waveform

58



2.3 Solution, continued

o Step 1
e = 200 V before the positive step
1-1073 . .
01 103 (50 — 0) + 200 = 700 V during the positive step
L e
u*(k) = o (k) —i(k) +e =« e = 200 V between the steps
$ 1-1073
01 103 (0 —50) 4+ 200 = =300 V during the negative step
e = 200 V after the negative step
o Step 2

— The positive step requires 200+500V=700V (back-emf+current increase) = +/- 350 V, but the DC link only provides
+/-300 V, i.e two sampling periods are needed, one with 200+400V = +/-300 V and one with 200+100 V=+/-150V.

— The negative step requires 200-500V = -300V (back-emf+current decrease) = -/+150. The DC link provides down to -
300V, i.e 1 sampling periods is enough
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2.3 Solution, continued

o Step 3
di u
Jrey T Ug—e) e (600 — 200) 200 s
- Ai = 'tpulse_T'U—d' S=Wﬁ0110 =133 A

t =—-T
pulse Ud s

o Step 4
— Draw the carrier wave and the voltage reference wave as calculated. This gives the switching times
— Note the time instants when the current will pass its reference values = when the carrier wave turns

— See next page
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2.3 Solution, continued

Current reference (blue) and current (red) =
o o " o Ve O 2o NCR) . S 1
7 o N N 5 F N
NN N NS NS NN NN
Modulating wave and Potential referencs (blue and red)
Al A\ N A AN \ A A\
£ioX A / 1\ X A, [\ Joy /Y [\ JAA\
/[ \ /L Ay Y /\ [\ /N FIN T g X [\
(N, VO T Ty (. T S T A V[ TR T LR A A
/ \ / LTS \pf—d" '\ \/ N7 L 4 Y/ L 4 \
V V Yy V V4 V V V
Output veltage (blue) and induced emf (magenta)
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2.4. Three Phase Current Control

e Draw a block diagram with the
controller structure for a 3 phase

vector current controller with PI

control and modulation. All N 3-phase
transformations between 3-phase 2-level Converter
and 2 phase as well as coordinate

transformations must be %
included. e ;)

Power Electronics. Exercises with solutions

62



2.4 Solution

o/P abc switch
d/q voltage voltage state
voltage references references references
references
2ph
Coord.- _
N PIE ## Modulator [~ . >Fhese
-level Converter
referenses t ran Sf 3 P h

abc
y Coord.- | , | 2PP

< _ Ly currents 1y
a/q 77 f 777 777 {
currents trans 3ph
a/b
currents
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3

Exercises on Speed Control
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Exercise 3.1 Cascade control

The speed of a motor shaft shall be
controlled by so called cascade
control. The torque source is
modelled by a first order time
constant.

— Draw a block diagram of the system with

speed control, torque source model and
inertia

— Include the load torque in the block diagram.

— How large is the stationary error with a P-
controller and constant load torque?

— Show two different ways to eliminate the
stationary fault.
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Solution 3.1a

v

\ 4
\ 4

1+ s, s-]

1 The Pl-controller with the gain k,
2 The torque controller is modelled as a first order low pass filter

3 By dividing the torque with the inertia J the angular acceleration is achieved. By
integration, in the LaPlace plane, the angular speed is achieved.

4 By subtracting the angular speed from its reference the control error is achieved
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Solution 3.1b

\ 4
\ 4
v

Tlaad
T 1 Tn o, 1

1+ s,

C

See equation 9.1. The load torque is subtracted from the achieved electric
torque at the output of the torque controller.
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Solution 3.1c

Tlaad

\ 4

v

Tm 1 T,

/

==
g
\ 4
—_
_|_
%)
S
3

(o —w) -k —r .1 _Twad
A (w w) k(‘) (1+sT) s°J sJ
1 1 1 1 Tioad
w * 1 + k . . — w* . k . . —
< “ 1+ sTy) s-]) ® A+sty) s s-]
K 1 1 Tioad _(+stm)-Tipad
W TP (A4stp) ) ws ] ke ke o*
. — 1 1) T, s24s—— ]
w (1+ka) st S.]) J'Tm s%+s o TR T

Stationary error:

— Tioad
ke

. k k
lim| w* — T"’ ——
J'Tms +S'a +kw.'m

. (1+5Tm)-Tload
lim(w* —w) =
s—0 5—0
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Solution 3.1d (Pl control)

Tlaad
1 T, 1 Tw 1
1+ — > > > >
ST; 1+ st, / s-J
Jatst) 1 1 Tioad
ST; (1+sT) s°J s
) 1 ) 1 _ *.k .(1+ST1'). 1 ) 1 _Tload
(1+st,) s-J @ ST; (1+sty,) s-] s-]
(14s7y) 1 1 Tioad sti(1+stm) Tipad
W Ko sty (14sTm) 5] w*sJ kg ) (1+s7y) : Koy @* o
w* - (1+ST') 1 1 - ]'T"T 3 2 1 : kw kw
<1+ka) S‘L’il EET— s-]) i'tm  S°+sS Tm S].Tm w- Tt tm
Stationary error:
(1+st;) — sTi - (1 + stm) * Tipaa
| . . i i ka) i ka) cwt
lim(w* —w) =lim| 0" —w" - . =0
g0 $=0 J Tt Tm S3+Sz.i+s.k_w+k ke
Tm ] Tm @ J T Ty
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Solution 3.1d (Feed forward of known load torque)
|

T/oad
1 T, . 1
k, i >
1+ sty s-]
(0w —-w) k. —r .t Tioaa 1 _ Tiocad
w = (w ) kaw (A+sTm) s ] (A+sTy) s 5]
1 1 1 1 T, 1 T,
e 1+km' . =w*-kw- . load . _load
1+st,) s-J AQ+st,) s-J] (A+sty,) s-] s-]
k 1 1 Tioad 1 _Tioad 14 Tioad _ (1+5Tm)Tipad
w W (14s5Ti0) -] (+stp) s w*s] ke kg -w* ko -w*
w* (1+k -;-i) T JTm s24s—— tkgy——
@ (1+STm) s Tm w: JTm
Stationary error:
w* + Ti0ad _ (1 + STm) ‘Tioad
: * : * kw ka) ka)
lim(w* — w) =lim| w* — T T =0
g’ 0 Jotm s245. = 4k,
Tm @] Tm
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Exercise 3.2 DC motor control

A DC motor with the inertia J=0,033 kgm? is driven by a converter with current control set
for dead-beat current control at 3.33 ms sampling time. The speed of the DC motor is
controlled by a P-regulator. The current loop is modelled with a first order time constant
that equals the pulse interval of the converter.

a) Draw a block diagram of the system with speed control with the models of the current loop and the
motor. Calculate k, = the gain of the speed control for maximum speed without oscillatory poles.

b)  The motor is loaded with the torque T, How large is the speed stationary error?

c) If the speed is measured with a tachometer and lowpass filtered, what does that mean for k,,
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Solution 3.2a

Tm 1 T, 1
1+ s, s-]
o 1
OpencircuitG =k, - ATt 3 7
K 1 1
" - I
Closedloop = = A+5tm) 5] = @
146 14 . 1 1 s ]+ sty + kg
© (14+sty) s-J
] tpmsi+s-]+k,
. . 2, S w , 1 1 ke
Characteristic equation: s* +—+ = 0 with the roots s = — + ==
Tm | Tm 2Ty 4-t5 ] Tm
o , 1 ke J
Fastest operation is achived when theroots are the same > = k, =
415 | Tm 4 -1,

Dead Beat control @ T, = 3.3ms
0.033 .

Kk =—""""
® " 4.33-1073



Solution 3.2b

\ 4

1+ st

\ 4

s-J

Stationary Error

lim(w* — w) =lim <w* -
s—0 s—0

1

1
“Tm §2 45— —
JTms +s +ky. =

(1)* _ (1+STm)'Tload
ke kw _ Tioad

L2

v



Solution 3.2c

Tlaad

1+ s,

V+

HC'

A

\ 4

1+STf

It is now the measured speed () that is controlled and the system
becomes of 3™ order.

IF we assume that the filter time constant (t,) is much longer that the
torque control time constant (t,,,), then the system (including the filter) is
now slower than the system without a filter, implying a need for a lower
gain.

The solution to 3.2a can be applied, but with the torque control time
constant replaced by the filter time constant, thus giving a lower speed
controller gain.

v
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Exercise 3.3 Pump control

A pump is driven at variable speed by an electric

machine with a Pl speed controller. The total inertia
for both pump and electric machine is J=0,11. The
power converter is a current controlled switched
amplifier where the current control has an average
response time of 100 ps, which is considered very
fast if the integration time of the Pl control is not of
the same magnitude.

a)

b)

c)

d)

Draw the speed control system as a block diagram with
the Pl control and your selection of models for torque
source, load torque and inertia.

Dimension the Pl control so that the system has a double
pole along the negative real axis.

If the integration part for some reason is excluded (Ti=oo),
how large is the speed error then?

If the current loop can not be considered as very fast, how
is the it modelled in the block diagram?

There is a standard method for dimensioning the speed
control in d). What is it called?
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Solution 3.3a

Tlaad

\ 4
v

A 4
—_
@,
%)
\

The torque source is modelled as a unity gain, as
the torque response time is very short (100us)
compared to the expected dynamics of the pump
drive.

No measurement filter is modelled for the same
reason.

The Pl-controller is used to eliminate stationary
errors.
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Solution 3.3b

Tlaad
T, Tn o, 1
> 1 > > >
/ s-]
N : 1 1
Opencircuit(The torque source is 100us, very fast) G = K, - 1 + pol 1 ﬁ
; .
1 1
k“"(Hs_ri)'W ko - (sT:+1)
Closedloop=1+G= 1 1 =s]sr + kg (st;+1)
1+kw'(1+s—ri)'w t w t
il ky - (st;+1)
S s2-]-1+s-K, -1+ k,
Characteristic equation: s +s - — + —— = 0 with 2 therootss = ko + sz ko
: Ly e P = _ + -
I I 2-]7J4 % ]
ko> ky, k,2 kg, 4.
Doubl t:s= - =0=>—5= =k, =
ouble root: s 2 T T2 T 0=
4-0.11
Assume t; = 100 ms(as t; >> 1,,,100us),J = 0.11K,, = 01 - 4.4
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Solution 3.3c

Tlaad

A 4
—_
C l
A 4
%)
\
v

T=(w*—w)-kw-<1+i>={Ti—>00}=(w*—w)-kw
ST;

l
T=(w"—w)- kg
Stationary, T = Tjpa4
Tload = ((U* - (1)) : kw
Tload

ke

(w*—w) =
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Solution 3.3d

T

1+ s,

\ 4

O—

v
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Solution 3.3e

With new closed loop system, there will a
another third pole to place. This is more
complicated, but a recommended method is the
Symmetric optimum, see chapter 9.5

1
T, =0a% T, Ty < T;a > 1(eq  9.20)
No complex poles, set a = 3(chapter9.5)

Set all three poles the same at w,
T, =a* 1, =3%-100-107° = 0.9ms

N _a-]  3-011 _ 36701
PoT, 091073 '

Wy = (eq < 9.19)

80



a4

Exercises on MMF distribution
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Exercise 4.1 2- and 6-pole motor

e Draw a cross section of one two pole and
one six pole synchronous machine with
salient poles. Draw also a diameter harness
(Swedish “diameterharva”) which covers all
poles.
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Solution 4.1

2-pole synchrounous machine

6-pole synchrounous machine
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Exercise 4.2 DC machine

e Draw a cross section of a DC
machine with salient poles. Draw
also a diameter harness which
covers all poles.
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Solution 3.2

2-pole DC machine

6-pole DC machine
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Exercise 4.3 mmf

”In electrical engineering, an armature is the power producing
component of an electric machine. The armature can be on
either the rotor (the rotating part) or the stator (stationary part)
of the electric machine”. [Wikipedia].

In the other part the field is produced.

A two pole armature winding in the stator of an alternating
current machine is approximately sinusoidally distributed
according to the figure below.

The current density (current per angle unit) is J=Jmax*sin(a)
[A/radian]. The airgap is constant =8,

Note that the outspread figure is done by spreading the windings
from a=0 and that the machine is seen from the back,that is why
the current directions change.

How large is the magnetomotive force F(a)?
Where will the magnetomotive force be found?

A 2-pole machine

Current depisity | = ] sin(@) pax
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Solution 4.3

The magnetic field in the lower closed loop is clock wise,
while the magnetic field in the upper closed loop has the
opposite direction. However, along the center line, the
direction from both loops has the same direction, and the
contribution from both loops add.

Use amper’s law in one loop. The magnetomotoric force in
the air gap has contribution from both the lower and the
upper loop.

Fre2 f:ﬂs J-da = Jmax f;ﬂso sin(a) -da = 2+ J;ax * (cos(a) — cos(180 + a)) =

=2 Jmax * (cos(a) — cos(180) - cos(a) + sin(180) - sin(a)) = 2+ Jnax * cos(a)



Solution 4.3 cont’d

e Where will the magnetomotive force be found in the magnetic
circuit ?

mmf & equals the total current inside in one loop.

B Br B,
N-1=3€H-ds=HFe-sFe+Hair-5=WZ-sFe :;T-az
—_Fe__y+ Y =Rpe - +Rs - P
> . Al — . 5
Ulg * Ape Uo - As Fe

SFe

Rpe =—,Rs =
& Ul - Ape Ho * As

As the reluctance is proportionel to 1/, the reluctance in the iron
can be neglected compared to the air gap reluctance.

l.e. the magnetomotive force will be concentrated in the two air
gaps

The magnetomotive force in one air gap will be

F=] Cos(a)max



Exercise 4.9 2 wave mmf

o An electrical machine has two waves of magnetomotive
force. One is caused by the current distribution in the
rotor and the other by the current distribution in the
stator, see figure to the right.

The machine has a constant airgap, 6=6,and the iron in
the stator and the rotor has infinite magnetic
conductivity. The peak amplitude of the waves of the
magnetomotive force are for the stator and for the rotor.

Calculate the energy in the airgap.

w
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Solution 4.9

e Both the stator and the rotor are
cylindrical, thus the airgap reluctance R is
the same in all directions

See equ(8.8) 17"5 = 17} + 17"5 =FK+jF
See equ(8.9) F, = F, - cos(y) + E-

See equ(8.9) F, = E, - sin(y)
1 E2 1 F F?-cos®(y)+2-F-E -cos(y) + F? + F? - sin?(y)
8.10) Wygon = = = + = --L = -
Seeequ(8.10) Wnagn =5 +5 2R
2 +2-F - E cos(y) + B
2 2R
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Exercise 4.10 Torque

« Same as 3.9. Assume that no electric
energy can be fed to or from the machine
and that the system is lossless.

« How large is the mechanical torque as a
function of the angle y?
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Solution 4.10

See exercise 3.9
The airgap reluctance R is the same in all directions

No energy supplied to the system W, .. +W, .. =constant

magn

thus dWmagn + dWmec — 0 = dWmec — dWmagn
dy d]m// dy dy
S 811) T = ——<
ee equ( ) Qy
J(E+2 K -FrR- cos(y) + K2
dWinagn 1 Fs - F -sin(y)  Fsy - F
Seeequ(8.13) T = _d—y =-3" & = R -

There is no reluctance torque



Exercise 4.11 Flux

A machine with salient poles in the rotor and cylindrical
stator has its armature winding in the stator. The
effective number of winding turns is N, . and the
magnetized rotor contributes to the air gap flux with @,
The main inductances are L, and L, in the x-and y
directions.

a) How large is the flux contribution from the rotor that is
linked to the armature winding?

b) How large is the resulting flux that is linked with the
armature winding?

c) Draw a figure of how the armature current vector is
positioned in the x-y plane to be perpendicular to the
resulting air gap flux !
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Solution 4.11a

The magnetized rotor contribution to the
airgap flux

®m

The effective number of winding turns in
the stator

Na,eff

The linked flux contribution from the rotor
to the armature winding

Ym = Na,eff' bm
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Solution 4.11b

The stator main inductance in the x-direction L,.
The stator main inductance in the y-direction L,,
The armature winding current in the x-direction iy
The armature winding current in the y-direction Iy
The magnetizing flux in x-direction Y

The resulting flux, linked with the armature winding Yo = (m + Lmx * isx) +J - Lmy - isy
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Solution 4.11c
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Exercise 4.12 Flux vector

Same as 4.11 but L << L.
Draw a stylized picture of a cross
section of the machine and draw
a figure of how the armature
current vector is positioned in
the x-y plane to be perpendicular
to the resulting air gap flux !
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Solution 4.12

Assume

V.=
v, =

ay

1

ax

=0

l//m+me .]ax:{laxzo}zl//m

L

my

q, =1L, <L

W s
Y o

mx 2

L

my

-1

ay

~
~

0}=0
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Exercise 4.13 Armature current vector

Same as 4.12 but now the
armature winding is in the rotor,
which is cylindrical, and the
stator has salient poles. Draw a
stylized picture of a cross
section of the machine and draw
a figure of how the armature
current vector is positioned in
the x-y plane to be perpendicular
to the resulting air gap flux !
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Exercise 4.14 Rotation problem

Suggest two ways of solving tha
rotation problem, i. e. how the angle
of the armature current vector to the
air gap flux vector can be maintained
during rotation for the cases in 4.12
and 4.13!
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Solution 4.14

A,

S
=2

See chapter 8.8 and 10.1. According to chapter 8.8
the armature DC-winding must not be fixed to the

stator.

m

VLS

Alt 1 This can be achieved be means of two or three
phase AC-windings, see figure 8.9.
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Exercise 4.15 Voltage equation

A three phase armature winding with the resistances R,
the leakage inductances L, and the fluxes y,, w,, and y,
that are linked to the respective armature windings.

a) Form the voltage equations first for each
phase and then jointly in vector form!

b) Express all vectors in rotor coordinates
instead of stator coordinates and
separate the equation into real and
imaginary parts.



Solution 4.15a

Equation 8.28

Ua — Ra a+ dl/jl Ra a+ d(‘/jﬁl_i_l’al'l )
dt dt
Ub — Ra lb + sz — Ra . + d(l//é'Z +La/1 .lb)
dt dt
UC — Ra lc+ dl//3 Ra c+ d(l//53+Lal .lc)
dt dt
Equation 8.29
Ua,b’ — aff + dl/;gaﬂ = R 7 ap =+ d(ﬁ;‘ﬁ + La/l .Zvaﬁ )
s a s dt a s dt
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Solution 4.15b

Perform a transformation from the off — frame to xy — frame.

Assume you are "sitting" on the xy — frame, which is rotating in positive direction,

then you will see the aff — frame rotating in negative direction

Equation 8.30

ol _p TP d('ﬁgﬂ + Ly 'l?saﬁ)
s a s dt
Transform by multiply by e’ (negative direction)

u

u” =u? e’ =i =u” e

s

l7xy D 170(,6’ —jot = l aﬁ ej(ut

AT
Fr iy > —jot —af
l//S D l//x e = Ws - l//r

Insert

] j ot

. jwt d(*;cy Jjot +L Txy e]a)t)

axy j!ut_ .7 R _R .TXr

t

y

+L, ) -
jot __ ja)t jmt = Xy - Xy

/ _ / + ‘] ’ ( ’ %. lS )

#”¥ =R -i® L + o-\y?+L
s a s dt ] (l//s al

lxy)
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Solution 4.15b cont’d

U =R .fxy+d(‘/7§y+Lsﬂ"zxy)

S S N dt‘
Separate the equation in a real and in a imaginary part

Equation 8.31
{Lsx = (me + Ls/l)
L, =, +L,)

U,=R, i, + Ay, + (L'g +LM)"'SX)_C,)V (L, + L, )i, =

-7y + L, i)

¢
I Rs ) isx u d(l//m -i;hllsx : isx ) - a)r ) LSy ) is)’

Y

dt

di
- Rs 'isy +L5y . ;;y t o, (l//m +Lsx 'isx)

T L (2 NN
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Solution 4.15b cont’d

Separate  the equation  below in real and imaginary parts , see equation (8.31)

— Xy = oxy
: ; t

vjo-7r L, i)

usx e Ra 'l‘xx + 5_t(l//m + me 'l‘xx + Laﬂ. 'ixx )_ a)r (Lmy .l‘sy + Lal .l‘sy ): Ra .l‘sx + 5_t(l//m + Lsx 'l‘xx )_ a)r 'ny 'l‘xy

e (.

sy a sy d 1

d.
+Lal ol )+ a)r (l//m + me 'ixx +Lal .isx): Ra 'ixy + ny '%4— a)r (l//m + Lxx 'ixx)

sy sy
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Exercise 4.16 DC machine voltage equation

An armature winding is designed as a
commutator winding, positioned in the rotor.

a.

Draw a stylized picture of a cross section
of the machine and show the resulting
current distribution in the armature circuit
that gives maximum torque if L, =0.

Given the position of the commutator as
in a), form an expression of the torque!

Give the voltage equation for the
aramature circuit as it is known via the
sliding contacts positioned as in b)
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Solution 4.16a,b

a) See figure 10.2

b) Torque (Equation 10.1) T =y  -i,
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Solution 4.16c¢c

¢ ) Voltage ~ (Equation  8.31)
See paragraph 10 .2, the x — axis windings  are never used |,
the x — axis current is always zero ,see equation 10 .1
d d : : :
uax - Rs‘.lax +_ l//m +_ me 'lax +Laﬂ 'lax _a)l"‘LS' -l(l = O
o= dt —— dt — 2, ¥
=0 cons tan t =0 =0 =0
5,6_/
: d : : :
u, =u,=R,-i,+—| L i, +L i, |+, |y, +L, i, |=
4 dt %L ——
=0 =0
, i
=R, -i, + L, “~+w, Yy,
dt
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Exercise 4.17 DC machine torque, power and flux

A DC machine has the following
ratings:

U,,=300V
l,,=30A
R,=1Q
L.=5mH
n,=1500 rpm

Determine the rated torque T, ,
the rated power P, and the rated
magnetization g, ..
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Solution 4.17

u,=300V
1,=304
R,= 1 ohm
L,=5mH
n,= 1500 rpm
At the nominal point, all values are constant
U, :Ra-ia+La-czt” +e, = CZ: =0y=R, i, +e, =
SOLUTION
Power P, =e, -i,=[U,-R, -i,]-i, = (300 =30 -1)-30 = 8100 W
Torque T, = Pooir_ _ 15(?0100 =51.6 Nm
@, 2 g
60
Flx — y,, =S Yo Rarle 30 2301y 4
" W w 1500
n n 7.272'
60




Exercise 4.18 DC machine controller

Same data as in 4.17. The machine is fed from a
switched converter with the sampling interval
T, =1ms, and the DC voltage U,, =300V.

Derive a suitable controller for torque control
at constant magnetization. The current is
measured with sensors that give a maximum
signal for i, = I, =30A.

A DC machine has the following ratings:
R,=1Q

L,=5mH

n,=1500 rpm
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Solution 4.18

UazRa-ia+La-dl4+ea
dt
_ia(k+1)+iu(k)+L 'iu(k+1)—iu(k) (K ) i, (k)

u, (k)= R,

e (k)=R, -—L < R (k)+—( (k)-i,(k))+ e, (k)

)= B (01, (0))+ &, z<k>+—( (6)-1, () e, (k) = [—+—] (@O-1,6)+ 73 )= ) e, 6

k-1

0= 5+5)

(" (6)-i, (k)+

:

i

(7 ()=, (n )}ea(k)

ot
u:(k):(%ﬂ} ()i, () T (f(n)ia(n))}ea(k)
2 L) [Ts+LaJ =i
2 R,
0= (5 G || €010 (o.oo?'ooé.oos] 5 ()10 )}ua(k)l-ia(k){zeal,uo-oos,no-oou
2 1

k-1

u' (k)= 5.5-[(1':‘ (k)=i,(k))+0.182 -3 (i" (n)-

n=0

ia(n»}(ua(k)—fa(k»
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Exercise 4.20 PMSM controller

A permanently magnetized synchronous
machine has the following ratings:

lJline-to-line=220V
I,,=13A
n,=3000 rpm
R,=0,5Q

L= L,=7mH

The machine is driven by a switched amplifier
with the DC voltage U , =350V. The frequency of
the modulating triangular wave f,; is 1000 Hz .
The current sensor measures currents up to a
maximum of |, =25A.

Suggest a structure for the control of the torque
of the machine together with a set of relevant
equations.
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Solution 4.20

T’ 1 iq €, yq ej(nt
v, Pl-reg >
Y € . of-frame
0 Ya
> —>
Pl-reg
i, \
di,
Equation (11 .3)(assume Sstationari ty) u, =R i +L, ~ﬂ+ w [ T .l’vdJ =R i, +toy

dt —
=0
=0
Angular  frequency w=2r- 3000 =314 .2
. . . 3
Assume i, =i,.,i, =0 i, = 5~13 =1594
Voltage drop over res & ind Ae, =0.5-15.9=8V
350
Max symmetrize d voltage u =—==247 5V
3 g IL _off \/5

Back — emf voltage e=uy o —Ne, =247 .5V -8V =239 5V =w-y
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Exercise 4.25 Electric car

You are to design an electric car. You have a chassis with space for batteries and an electric motor. The battery weight is 265 kg, the
storing capacity is

32 kWh and can be charged with 5 kW. The battery no load voltage e,ranges from 170V to 200V and its inner resistance is R, =0,14Q.
The motor is a two-pole three phase alternating current motor with the rating 50 kW at the rated speed n,,,,=3000 rpm. The car has
two gears, which give the speed 120 km/h at the rated speed of the motor, corresponding to the net gear 1/2,83. The weight of the
car is 1500 kg including the battery weight. The requirement is to manage a 30% uphill.

Data

Motor, 2-pole, 3 phase AC

Rated power 50 kW

Rated motor speed 3000 rpm

Battery

Voltage 170-200 V

Charge capacity 32 kWh

Max charging power 5 kW

Internal resistance 0.14 ohm

Weight 265 kg

Vehicle

Weight 1500 kg (incl battery)
Vehicle speed at rated motor speed 120 km/h

Gear 1/2.83 at 120 km/h
Rated uphill 30%
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Exercise 4.25 cont’d

a)
b)

c)

d)

f)

What is the rated torque of the motor?
What rated stator voltage would you choose when you order the
motor?

Which is the minimum rated current for the transistors of the main
circuit?
What gearing ratio holds for the low gear?

When driving in 120 km/h, the power consumption is 370 Wh/km. How
far can you drive if the batteries are fully loaded when you start? For a
certain drive cycle in city traffic, the average consumption is 190
Wh/km. How far can the car be driven in the city?

What is the cost/10 km with an energy price of 2 SEK/kWh?
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Solution 4.253,b

a) Angular  speed at rated speed o = 306?)0 2.7 =314
Torque at rated speed T = {Power P =T -@}= £ 5(;01(310 =159 Nm
1)

e, =170 — 200 V

b) P = 50 kW :u-i:(eO—R,.-i)-i={ }:(170 ~0.14 -i)-i=170 -i—0.14 -i’

use 170 V
. 2
R 170 -i N 50000 0= j— 85 + 85 _ 50000 500 4
0.14 0.14 0.14 0.14 0.14
u=170 -—0.14 -500 =100 V,
With symmetrize d 3 — phase ac voltage 1w, =100V, = u, = il/d;__ =71V

O
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Solution 4.25c

c¢) Assume  power  factor = 0.9

P.=~3u, 1,. 0.9 = 50000 =+/3-71-1

] _ 50000
e 37109

I st = 639 4

See figure above ,"1" means

E.g. the top left transistor

thus the full dc — current

=452 4

oF @ @ @ W

-0.9

phase

the tranmsistor  is conducting

is the only
is flowing

Rated  transistor current is 639 A

transistor in upper

, "0" the tranmsistor

position  which

through  this transistor

is not conducting

is conducting
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Solution 4.25d

T/a/

d) The uphill slope is 30 %. arctan (a): 03 = a=17"°
The requested force F =1500 -9.81 -sin (17 0): 4228 N

Assume  wheel radius r = 0.3 m
Torque T =F -r = 4228 -0.3 =1268 Nm
The motor torque at rated power T =159 Nm

motor

Assume  the low gear ., the gear ratio = %: 8.0

159




Solution 4.25 e,f

e) Maximum  battery ch arg e =
Battery  consumptio n at 120 km / h =
32

How far with fully loaded battery  at 120 km |/ h = 037

~
~

Battery  consumptio n in average city traffic =

2
How far in average city traffic = 3 ~

0.19

f) Cost /10 km at 120 km /h=10 -0.37 -2 SEK [ kWh =
Cost /10 km in average  city traffic =10 -0.19 -2 SEK /| kWh

32 kWh
370 Wh | km

86 km

190 Wh /| km

168 km

7.40 SEK
= 3.80 SEK

\®]
\9]



Exercises on PMSM
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Exercise 5.1 Flux and noload voltage

A permanent magnetized synchronous machine is
magnetized with at the most 0,7 Vs linkage flux in
one phase. It is not connected.

a. How large is the flux vector as a function of the rotor
position?

b.  How large is the induced voltage vector as a function
of rotor position and speed?

c. At which speed is the voltage too large for a
frequency converter with a dc voltage of 600V?



Solution 5.1a

Given:
J)phase = 0.7 Vs, No load, open stator

Sought:
% = f(0,)

Solution:
From equation (3.4) it is learned that the magnitude of the
vector equals the “phase-to-phase” RMS-value of the same
quantity:

1 NERR
|l/)m| = =" 1/Jphase = 0.86Vs
V2

The flux vector is oriented along the PMSM rotor magnet
pole



Solution 5.1b,c

b)
From equation (3.5):
.TT

E.elot — 3 = YA
e =e=w-Y, e

The induced voltage is “flux x speed” andg radians ahead.
c)

According to figure 2.24 the voltage vector is \E “Uge-

The longest vectro that can be sustained at any angle is the
radius of a circle inscribed in a hexagon defined by the active

voltage vectors (i.e. not the zero vectors),

5 _ > 2 V3 _Ugc _ Ugc
[tlmax = Omax - Ym = \/; Uge - 7 - vz Wmax T 55 n
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Exercise 5.2 Inductance and torque generation

A permanent magnetized synchronous machine has a cylindrical rotor with L,
= L, =Ly=2 mH. The magnetization is the same as in 5.1, i.e. 0,7 Vs linkage
flux in one phase. The machine is controlled so that the stator current along
the x axle is zero (i, =0).

a) How large torque can the machine develop if the phase current
is limited to 15 A RMS?

b)  Draw the flux linkage from the permanent magnets and from the
stator current in (x, y) coordinates together with induced
voltage and voltage for the frequency 25 Hz and the stator
resistance 0,2Q!

c) How large stator current is required to reduce the flux to zero?

7



Solution 5.2a

Given:
Flux linkage (in vector form), Y,,, = 0.86 Vs

Frequency 25Hz - w,; =2-m-25=50-71 .

Max phase current: iypase RMSmax = 15 A
Inductances: Ly, = Ly = Ly, = 2mH

Sought:
a) Max Torque

Solution:

General torque equation: T = Yy, - isy, + (Lex —

isxzo_)Tzwm'isy
isy,max T Ii)sl = \/E : iphase,RMS,max =264
Cax = Ym - isy,max =0.86:26 =22Nm

rad

Lsy) ) isx ) isy



Solution 5.2b

Given:
Flux linkage (in vector form), Y,,, = 0.86 Vs

rad

Frequency 25Hz - w, =2 -m-25=50" m—
Max phase current: iynase RMSmax = 15 A
Phase resistance = R¢ = 0.2 Q Rq - ig,
Inductances: Lgy = Lgy, = Ly = 2mH

J Wer 1/—;s
Sought:
a) Fluxlinkage and Voltage components in the (x,y) frame

Solution:

Y, = 086Vs

7,[)S=1/Jm+j-LS-iSy=0.86 +j-0.002-26=0.86+;-0.052
ﬁ:Rs'isy+j'wel'l/)s:Rs'isy+j' wel'(lpm+j'Ls'isy):
=R, j-26+ j-50:-w-(086+,-0.052)=j:-52—-8+j-132V
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Solution 5.2c

Given:
Flux linkage (in vector form), Y,,, = 0.86 Vs

rad

Frequency 25Hz - w, =2 -m-25=50" m—
Max phase current: iypase RMSmax = 15 A

Phase resistance = R, = 0.2 ()
Inductances: Ly, = Ly = Ly, = 2mH

Sought:
a) Stator current for zero stator flux linkage

Solution:

W = 0.86 Vs
Ym

¢s=¢m+(Lm'isx+j'Lm'isy):0 _)isx:l-_

SX

= 28 _ 4304
0.002

Lm *lsx

Vm



Exercise 5.3 PMSM Control

The machine in example 5.2 is vector controlled. The voltage is
updated every 100 ps, i. e. the sampling interval is 7,=100 us. The
machine shall make a torque step from 0 to maximum torque
when the rotor is at standstill. The DC voltage is 600V.

a. Determine the voltage that is required to increase the current
I, from zero to a current that corresponds to maximum torque
iIn one sample interval!

b. Is the DC voltage sufficient?



Solution 5.3a

Data

Sampling  time T, =100 wus
Torque ,see execisen 5.2a 22 .3 Nm
Dclink  voltage U, =600V
Start  from s tan dstill w =0

a) ltis a3 — phase load ,see the theory in chapter 3.7, particular ly equ (3.17 )and (3.18)
Since it will be a step in i, (called i, in the equations ) following exp ressions are valid
-1

ux(t)z(Ti+§J 0-0)+ ———ur 2(0—0) ~wo-L, i, =0

) J

- L R ! L R 2107 0.2
t)=| —+ — 26 —0)+ ———— 0-0)|+w- + L, -i —+ — 26 =| ——+ — |26 =522V
R 2

S

2



Solution 5.3b

b) The max imum line — to — line voltage from a dclink voltage is = —2< =424 V

If we are lucky and the step in u:(k )happens to po int in the direction of

one of the six voltage vectors defining the

hexagon we will have the voltage 1[%-U . =490 V| still too low than the requested 522 V.

The step will take more than one sampling int erval



Exercise 5.4 Torque

A two-pole permanently magnetized synchronous machine with the parameters
Lmx=Lmy=Lm=15mH is used in an airplane and is therefore driven with stator
frequencies up to 400 Hz. The stator resistance is negligable. The phase current is
limited to 10A rms. The motor is fed by a converter with the DC voltage 600V.

a. Determine the magnetization from the permanent magnets considering the
case when all voltage is needed and the machine is developing full torque (all
the current along the g-axle) and 200 Hz stator frequency!

b. Determine the torque!

c. Determine the torque at 400 Hz stator frequency provided a part of the
current is needed for demagnetization!



Solution 5.4a,b

Data

PMSM 2 — pole
L.=L, 15 mH
Soax 400 Hz
R, 0Q

1 phase 10 4

Dclink voltage U, = 600V

a) Sought 'y, at max voltage and full torque , and no need for field weakening at this low speed
L,=1L,,

f =200 Hz

Start with equation (11.2)

thus no reluc tan ce torque

i, =R, 1 +:;—t(l//m + L, Z)-ﬂ— jo, -(l//m + L, Z): {RS = 0. Assume stationari ty = j_t: 0} =

=jo, oy, o L i =lil=]jo v, 0L i

2
ﬂ—(2;:-200 10.015 10 -2 |
= @720 -y, Y + (27200 L, i) =y, =12 0 =0.26 Vs
p

Udc

NG

YT =y, i, =0.26 10 /3 = 4.5 Nm
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Solution 5.4c

c) In this case i <> 0sin ce field weakening  is used
Lsx = Lsy >
f =400 Hz

thus no reluc tan ce torque

. . d
Assume  stationari ty = d_ =0
t

|ﬁ|:|RS.iS'+ja)r.Wm +ja))"LS'l.S

= i, +i,0 =104/3

={R =0'=Jlo. L -i. )+ (o - +o L i ) =424V
{5 }\/(r s sy)z ()‘//m r K Sx)

i

s

|I/l|2 :a)rz.LSZ.iSyz—i_a))‘z.l///}‘lz—‘ra))‘z.LSz.iSXz+2.a))‘.l//m.a))'.LS.i.S'X =
2 2 . 2 . 2 2 . 2
= a)r : Ls .(lsx +lsy )+‘//m +2‘//m : Ls 'lsx :424
— —= R ) —— —_—
2513 .3 0.015 2 0.26 0.26 0.015
10 +/3
2
(%?;3] —0.0152-102-+/3" = 0.262
X = - :13714
2.0.26 -0.015

i, =00 V3 -13.7> =10.6 4
T =10.6-0.26 =2.76 Nm
1.e.the torque has dropped to about half of the torque at 200 Hz , which is not a surprise

(a bit more than half sin ce we use 10 .6 A instead of 10 V3 =173 A)
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Exercise 5.5 Drive system

You are designing an electric bicycle with a synchronous machine as a motor, coupled to the
chain by a planetary gear. The power of the motor is 200W and it has 10 poles. The speed of
the motor is 1000rpm at full power. The motor is fed from a three phase converter with batteries
of 20V. The stator resistance and inductance can be neglected.

a. Determine the magnetization expressed as a flux vector at rated operational with full
voltage from the frequency converter!

b. Determine the phase current at full torque!

C. Determine the moment of inertia if the bicycle and its driver weigh 100kg, the gear ratio is
1:10 and the rated speed is 25 km/h!Om cykel med forare vager 100 kg, hur stort
troghetsmoment upplever drivmotorn om utvaxlingen ar 1:10 och markhastigheten ar 25
km/h?

d. How long is the time for accelaration?



Solution 5.5a

Data
PMSM p =10 - pole
Power 200w

Dclink voltage U, = 20V
speed at full power 1000 rpm

b b OmH , no reluct . torque
R, 0Q
a) Magnetizat ion flux vector ‘ws‘at rated ,nom speed . Assume stationari ty, = 7 =0
‘ﬁxy‘ = ‘ja)r ‘.|, seeequ (11.2)
Udc
‘,/7s = V2 = e = 20 =0.027Vs =y, ,as L, =0
a)r,el \/Ea) £ \/527[@&

r,mech 2 60 2



Solution 5.5b,c,d

_Pp Py ;o P 200
b)Torque T .= 5 T, = 5 W oom by = - = 1000 =1.91 Nm
r,mech 20—
60
o = Toecn 101'91 =14.154
Py 210027
NG 2
=28 17 4
V3
1 1 ) 25
c) Inertia Energy —J o, ‘=—mv:=J, =m- Y =100.| —3:6
2 ’ 2 a)r,mech 10
0 -J .
d)Accelerationtime @, .., :J.T’"“h dt = L it =t =l Ty 104.72-0.44
’ o o T 1.91

mech

=24.1s

~

9
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Losses and temperature
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Exercise 6.1 - 1Q converter, losses and temperature

A buck converter supplies a load according to the figure. The semiconductor are
mounted on a heat sink . The converter is modulated with a 5 kHz carrier wave, U, =
400V, e=100V, L=1.5 mH. The current to the load has an average value of 10 A. The
following data is extracted from data-sheets:
IGBT:

e Threshold voltage = 1.0V

e Differential resistance = 5.0 mOhm.

e Turn-on loss Eon = 1.5 mJ assuming a DC link voltage and current of 400 V DC and 50 A

e Turn-off loss Eoff = 0.6 mJ assuming a DC link voltage and current of 400 V DC and 50 A

e  Threshold voltage = 0.8 V
e Differential resistance = 7 mohm.
e Reverse recovery Charge Qf = 1BC @ 400 V DC link & 50 A

Thermal:
e Thermal resistance of the heat sink Ry, , = 2.6 K/W
e Thermal resistance of the IGBT R, ; = 0.6 K/W
e Thermal resistance of the Diode Ry, ;. , = 0.7 K/W
e Ambient temperature = 35 C

e Disregard the thermal resistance case-to-heatsink.
a) Calculate the current ripple.

b) Calculate the losses of the transistor and the diode.
c) Calculate the junction temperatures of the transistor and the diode.

Power Electronics. Exercises with solutions

C Udc Buck

A

L1

JAN

Modulating Wave and Voltage reference

400
300
200
100
9 i i
QOutput Voltage
400
300
200
100
Output Current & Reference
— /-_‘-\_

———

A AABAE

A AARA

A ARAAE A
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Exercise 6.1, datasheets

& Microsemi

Powar Mattars.”

APTGTQI100SK65T1G

https://www.microsemi.com/existing-parts/parts/137150#resources

& Microsemi

Power Mattars.

APTGTQI100SK65T1G

Buck chopper

High speed IGBT 5 Power Module

All ratings @ T;=2

Absolute maximum rafings

Application
AC and DC motar control

Swiitched Mode Power Supplies

Feature:

High :peed IGBT 5
Switching fraquency up to 100 Kz
- Lowleskage curvent

Very low stray inductance
Tnternal thermistor for temperafure monitoring

Benefit:

Outstanding performance at high frequency operation
Direct mounting to heatsink (isolated packzge)

Low nmetion to case thermal resstance

Solderable termimals both for power and signal for sasy
PCB mounting

Low profile

RaHS conplimt

5°C unless otherwise specified

Symbol Porameter Uit
Viers | Collector - Enutter Voltaze b4
L | Contimous Collector Current A
Pulsed Collector Crrent
Gate — Enutter Volage v
Power Dissipation W

K CAUTIGN. Thsa Dav

ars samsitive 1o Elacmosssez Dischargs. Propar Bandling Procediires Shoald Ba Fellowsd

Electrical Characteristics
Symbol Characteristic

Test Conditions

Min  Top  Max Uit

T, | Zero Gate Voltage Collector Crrent

Virquy | Collecter Exsitter Saturation Voltage

Vg, | Gate Threchold Valtage

Toes | Gate — Emtter Leakage Cument

Dynamic Characteristics
Symbol _Characteristic

Co | Ioput Copaat

C Crutpt C: a1

C.. | Reverse Trancfer Capacitance

Qo | Gate chiarze

Ty | Tmon Delay Time
Rise Time

Tuum | Tum-off Delay Time
T, |Fal Time

Ty | Tmon Dely Time
T | RiseTime

Tum | Tam-off Delay Time
T, | Fall Time

E. | TwnonEnegy

E; | TumoffEnsrsy

R | Tnfegvated gate resistor

Raw | Junction to Case Thermul Resstance

Diode ratings and characteristics (Per diods)

Symbol Characeeristic Tese Conditions Min Typ Max  Unit
Voms | Peak Repetitoe Reverse Vologs 0TV
Ty, | Reverse Loskape Coent i T00 | 3k
¥ DC Forward Cuvent 100 A
—
V, | Diode Formard Voltags 11;:5 EETI e
= %
% | Reverse Recovery Time = -
1
Q. | Reverse Recovery Charzs - e
Rasc | Junction to Case Thermal Resistance 07 | *CW

& Microsemi

Powar Mattars.

APTGTQI100SK65T1G

Temperature sensor NTC (s spsicuson sess APTO405 on v microsssscom)
J ol

Min _Tp Max Unit

Reststames (3 235°C E )
H %
BEISK 39: K
[T=lo0C g %
T —
2 £vabe 5T
Thermal and package characteristics
Symbol _Characteristic Min Moy it
iy | RS Eealition Volmee. snv termrl t cae =1 min_ 3060z 3000 ki
Operstine junchon an 0 I
junction & 20 | Towe 25 | o
Storage Tenperanue Range 0 75
Openating Caze E] k]
Mounsing torque [Tobeamk | M4 7 3 o
Package Wesght 30 e
Package outline (dimensions in mrm)
_ s

Jansary, 2

ErSPIP ulas £ s microsem coss

142



& Microsemi

Power -

APTGTQ100SK65T1G

& Microsemi

Power Matters.”

APTGTQ100SK65T1G

Typical performance curve
‘Output Characteristics (Vee=15V)

Output Characteristics

ik
. _
Do A g
s
@ |
. |
Vee (V) Vee(V)
TransfertCharacteristics Energy losses vs Collector Current
200 // 10
e
150 8
~ 3
z o
£
g g,
e s
% , e
’j =g
0 o
35 45 55 65 75 o 50 100 150 200
Ve (V) Ic(A)

Switching EnergyLosses vs Gate Resistance
25

Eon
2
[
B
E 15
w
1 oot
L
—
o0s

12 3 4 5 6 7 8 9
Gate Resistance (ohms)

Transient

1t I GBT

Zoos

=
0.00001 0.0001 01

Rectangular Pulse Duration in Seconds

Power Electronics. Exercises with solutions

Fmax, Operating Fre quency (kHz)

Thermallm pedance (‘C/W)

OperatingFrequency vs Collector Current
250

Diode forward characteristic

25

200
2vs
200 150
150 _
< 100
100 =
50 w1
=
20 4 60 80 100
Ic(A) VeV)
R
+— Single Pulse oy 0,
0001 001 01 1
Rectangular Pulse Durati

BGA Heat Sink - High Performance
maxiFLOW/superGRIP
ATS Partt ATS-X50400G-C1-R0

Description: 40,00 x 40.00 x 12.50 mm BGA Heat Sink - High
Performance maxiFLOW/superGRIP

Heat Sink Type: maxiFLOW
Heat Sink Attachment.  superGRIP
Equivalent Part Number: N/

A 4

“image above is for lusraton purpose only.

Features & Benefits

Designed for 40 x 40 mm components

Requires minimal space around the component's pefimeter; ideal for densely populated PCBS

Allows the heat sink to be detached and reattached without damaging the component or the PCB, an important feature in the event a
PCB may need to be reworked

Strong, uniform attachment force helps achieve maximum performance from phase-changing TIMs

Eliminates the need to drill mounting holes in the PCB

Thermal Performance

ST, @200LFM | @300LFM | @400LFM | @SO0LFM | @S00LFM 00LFM | @B00LFM
10ms 15Mms 20ms 25Ws 3oms asws aoms

Unducted Flow | 26 °CW 2cW 18°CW 16°CW 140w | 13w 12°CW
THERMAL RESISTANCE

Ducted Flow. 2 NA NA NA NA NA

Product Detail

T T T R

40.00mm 40.00 mm 1250 mm 692mm 766 | BLUE-ANODIZED

+ Dimension A and B referto component sze.
+ Dimension C i the hea sink height romthe boltom of the base o the 1op of he fin fek

+ Themmal performance data are provided for reference only. Actual performance may vary by
application.

ATS reserves the right to update or change s products without notice to improve the design o
pertormance.

ATS certies that this heat sink assembly s ROHS-6 and REACH compiant.

‘Contact ATS to leam about custom options avalable

“mage above i for straton purpose on.

For more information, to find a distributor or to place an order, please contact us at ADVANCED
781.769.2800 (North America), sales@gats.com or www.gats.com AT THERMAL
SOLUTIONS, INC.

lanovations in Thermal Management®

©2013 Advanced Thermal Solutions, Inc. | 89-27 Access Road | Norwood MA | 02062 | USA

Rev- 040517
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Solution 6.1 a

a) Ai At =

1.5e73

__Udc—e 400-100

1 1
——2=10
5000 4

Power Electronics. Exercises with solutions

e

Modulating Wave and Voltage reference

/:\

o 8B EE

~nnnn Annnar ~ s A Annne

Output Voltage

SITY

i L "

PYTTY A annnn ~ ~ mAnan

Qutput Current & Reference

=3

e

L
Anans Annnne Annan A Annne
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Solution 6.1 b(1)

The losses of the transistor consists of conduction losses and switching losses
The conduction losses requires both average and RMS-values of the current.

The average current of the transistor for the switch period (not the transistor conducts %’th of
the period) is:

[ 10 254

L = — = 2.

T,ave 4

The RMS current of the transistor is calculated as:

1 (T 1t ir — T mi 2
5 .2 . ,max T,min
i = |z | isdt= |= irmin ¥ | ———— |-t | dt
T,RMS T fo T T fo T,min tp

1t t\ £\ T
?fo LT min * 1_5 +"T,max'g dt:{tp=2}

1 [i%,min + iT,min - iT,max + i%‘,max] - l' (52 + 152 + 5 . 15)

=524

4 3 4 3

The switching losses of the transistor can be calculated from the turn-on and the turn-off
energies, scaled with the difference in voltage (no difference in this case, both 400 V) and
current (50A vs 5 and 15 A respectively for turn on and turn off). Thus, the total transistor
losses are:

5 15
Pr=10-25+ 5¢73.522 + (1.56_3 . %+ 0.6e73- %> -5000 =43 W

Power Electronics. Exercises with solutions

Modulating Wave and Voltage reference

200+ e
200K
200+

n» 4 A A

Output Voltage

400-
200+
200+
1001

k! A A A

Qutput Current & Reference
10 \\//\\

nnnnn

L
Annane

i
AAnsA

"
A AABAE
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Solution 6.1 b(2)

The losses of the diode also consists of conduction losses and switching losses.
The conduction losses requires both average and RMS-values of the current.

The average current of the transistor for the switch period (not the transistor conducts %’th of
the period) is:

. 10-3

ipave = 7 =754

The RMS current of the transistor is calculated as:

1 (T 1 [t i max — i mi 2
: .2 . ,max T,min
i = |z | ifsdt= |= irmin ¥ | —————— -t | dt
T,RMS T —[0 T T fo T,min tp

1/ t\ > T
FL LT min * 1_5 +lT,max'g dt:{tp=Z}

E[i%,min + iT,min : iT,max + i’]z",max] — § . (52 + 152 + 5 M 15)

=9.04

4 3 4 3

The switching losses of the diode can be calculated form the “reverse recovery charge”, see
equation 6.17, scaled with the switching voltage (to become an Energy) and the switching
frequency (to be a power = energy/second). Thus, the total diode losses are:

15
P, =08-75+ 7¢73-9.02 + 400-1e%- =0 5000 =72W

Power Electronics. Exercises with solutions

Modulating Wave and Voltage reference

200+ e
200K
200+
n» 4 A A A
Output Voltage
400-
200+
200+
1001
k! A A A
Qutput Current & Reference
10 \\//\\

nnnnn

L
Annane

i
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"
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Solution 6.1 c

<)

Ty =35+ (43+72) 2.6=649C
Tr = 64.9+4.3-0.6 = 67.5C
Tp =649 +72-0.7 =69.9C

Ambient temperature = 35 C

T, =35+ (43+72)-26=649C

Thermal resistance of
the heat sink

Ruppa = 2.6 K/W

Thermal resistance of the
Diode Ry, ;. p= 0.7 K/W

Tp=649+72-07=699C |
Pp

Thermal resistance of the
IGBT Ry, ;. = 0.6 K/W

| Tr=649+43:06=675C
Pr
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Exercise 6.2

Assume.

Aluminum housing with
cooling channel

For the winding

e 10A/mm"2 in winding

* 60 Cwatertemp

e Copper resistivity: 1.7e-8 Ohm*m

e Fill factor 50 %

e All copper losses in one point in the middle of the winding

e Theslot liner is 1 mm thick

e Theiron path starts at half the tooth height and has tooth width (15+10) mm

e The shrink fit of the core leads to a 0.05 mm airgap between the housing and the cor

Cooling:
e Heat transfer Coefficient h=1000

Thermal conductivity (A):

Winding (Copper): 400
Slot insulation: 1
Stator core (Iron): 80
Air: 0.024

Estimate
— Conductor temperature

40 mm

10 mm

10 mm

10 mm

Stator core made of
Laminated iron

e

S
N

Stator Winding with
slot insulation




6.2 Solution

Aluminum housing with
cooling channel

£
o Calculate the heat losses: § Stator core made of
0.1 2 Laminated iron
Ploss = Pet.cu " m . (1066 -0.01-0.03- kfill) =26W /
o Calculate the thermal resitances:
1 0.005
= gatbtaae K
Rew = Awinaing 0.030-0.1 0.042 [/
1 0.001
S, = 2 B K
Risor Aliner 0.030-0.1 033 [/
£ S
1 0.025 £ o
e T K Q
Riron = 3— 91001 = 31 /Wl S ”
1 0.00005 K Stator Winding with
R =3 Go1s-01~ 4! /w! slot insulation
o Calculate the temperature drops Limm
1 10 mm Conclusion
Twina = Teootant + Pross * | Reu + Risor + Riron + Rpie + — | = i
Z i ( ! fit h-A) 10mm | —— | 10mm Even a small airgap (as between

the core and housing (0.05 mm
assumed), can contribute a lot to
the winding temperature!

= 60+25.5%(0.042+0.33+0.31+1.4+1/1000/0.015/0.1) = 130 C
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7.1 Common mode disturbance

e A symmetric 1-phase voltage source (u=320
V, 50 Hz) has its midpoint connected to a
potential (vmid = 100 V, 1000 Hz) relative to
ground.

e Between the 1-phase voltage source
terminals there is an inductive load (L)
connected, see figure.

* There are parasitic capacitors (C=10 uF) from
some nodes to ground, see figure.

a) Calculate the differential mode current in
the load.

b) Calculate the common mode current in the
middle of the load.

H

cL1

CL2
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7.1 solution

a) The differential model current
>>w = 2*pi*50;
>> [ =1e-3;
>>C=1le-5;
>>udm = 320;
>> jdm = udm/(w*2*L) = 509.2958

b) The common model current flows through
the inductors in parallel

>>w = 2*pi*1000;

>> [ =1e-3;

>>C=1le-5;

>>ucm = 100;

>>jcm = ucm/(j*w*L + 1/j/w/C) = 0.0000 +10.3817i
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7.2 Common model disturbance with a 4Q converter

e A 4Q converter is supplied from a series
connection of 2 batteries at 400 V each.

e Between the 4Q converter output
terminals there is an inductive load
(L=1mH) connected, see figure.

e There are parasitic capacitors (C=10 uF)
from some nodes to ground, see figure.

e The converter is modulated with carrier
wave modulation at 5000 Hz. And voltage
reference to the modulator u* =0 V.

a) Calculate the differential mode current
in the load.

b) Calculate the common mode current in
the middle of the load.
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Exercise Exam 2012-05-21 1a - The four quadrant DC-DC converter

a) Draw a four quadrant DC/DC converter with a three phase diode rectifier connected to the power grid. Between the rectifier and the DC link capacitor is a
BIG inductor connected. This inductor, the dc-link capacitor and protection against too high inrush currents should be included in the drawing. The
transistors are of IGBT-type. (2p.)

b) The three-phase grid, to which the three phase diode rectifier is connected, has the line-to-line voltage 400 V,, at 50 Hz. The bridge output voltage of the
four quadrant DC/DC converter is 430 V.
Calculate the average voltage at the rectifier dc output.

Calculate the duty cycle of the four quadrant dc/dc converter. 2p.)
c) Due to the big inductor between the rectifier and the DC link capacitor the rectifier output DC-current can be regarded as constant, 172 A. The 4Q bridge load can be

regarded as a constant voltage in series with a 5.1 mH inductance.

° The rectifier diode threshold voltage is 1.0 V and its differential resistance is 2.2 mohm.

. The rectifier diode turn-on and turn-off losses can be neglected

. The IGBT transistor threshold voltage is 1.4 V and its differential resistance is 12 mohm.

3 The turn-on loss of the IGBT transistor is 65 mJ and its turn-off loss is 82 mJ.

° The IGBT diode threshold voltage is 1.1 V and its differential resistance is 9.5 mohm.

. The IGBT diode turn-off losses is 25 mJ, while the turn-on loss can be neglected

° Both the IGBT transistor and the IGBT diode turn-on and turn-off losses are nominal values at 900 V DC link voltage and 180 A turn-on and turn-off current.

o The switching frequency is 2 kHz.

Make a diagram of the 4Q load current
Calculate the rectifier diode losses.
Calculate the IGBT transistor losses of each IGBT in the four quadrant converter.

Calculate the IGBT diode losses of each IGBT in the four quadrant converter. (4p.)
d) Which is the junction temperature of the IGBT transistor and of the IGBT diode, and which is the junction temperature of the rectifier diodes?

. The thermal resistance of the heatsink equals 0.025 K/W?

3 The thermal resistance of the IGBT transistor equals 0.043 K/W?

3 The thermal resistance of the IGBT diode equals 0.078 K/W?

3 The thermal resistance of the rectifier diode equals 0.12 K/W?

. The ambient temperature is 42 °C.

. The rectifier diodes and the four quadrant converter IGBTs share the heatsink. (2p.)
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Solution Exam 2012-05-21 1a

Q00

l load
T lyg ————
L Y Y Y




Solution Exam 2012-05-21 1b

3

Average DC voltage Uy we =—400-+/2 7' =540 ¥
(Since the rectifier is loaded with a BIG inductor and in stationary a
state, the DC link voltage must be equal to the average of the rectified
grid voltage)
40 average bridge voltage Ugeape =430V
(This is given in the question)
430
40 output voltage duty cycle D = 20 0.8
(The 4Q output voltage is modulated to 430 V from 540 V DC))
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Solution Exam 2012-05-211c_1

Rectifier diode current 172 A

Rectifier diode threshold voltage 1.0V

Rectifier diode diff resistance 2.2 mohm

Rectifer diode on state voltage 1+172%0.0022=1.38 V

Rectifier diode power loss 1.38%172%*0.33=78 W (conducting 33% of time)
Rectifer diode thermal resistance 0,12 K/'W

Continous rectifier output current 172 A

The continous 4Q load current 172/0.8=215 A (to maintain the power)
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Solution Exam 2012-05-21 1c_2

40 load current Liseave=2154
40 load inductance 5.1 mH

Only the upper left and lower right transistors have losses and the lower
left and upper right diodes have losses. The other semiconductors do not
conduct since the 4Q output current is strictly positive.

The load current ripple can be calculated as:

u—e _540—430 1

L A= 0051 8*2%2000 - +34

Ai =

The “duty cycle” of the upper left, and lower right, transistor current is:

D
Dy=1-5=09

The average transistor current is
IT qve = Dtr * Ipulse’avg =194 A
The rms value of the transistor currents is:

Ai?
irrrms = |Der* (iF + Al % iy + T) =204 A

A\

Upper left transistor (Red) & Diode (Blue)

=

Modulating wave and potential references

Output current

0 2 4 6 8 10
%10

. Qutput potentials .
o 1 I i I i I I
0 2 4 6 8 10
=107

Output voltage '
W v U
0 2 4 6 8 10
%107

N\ N\ —\

0

Offset=0.3

2

4

6

8

10
%10

Upper right transistor (Red) & Diode (Blue)

200
150!
100!

50

pEP e [y S

0

Lower left transistor (Red) & Diode (Blue)

0 0.2

0.4

0.6

Lower right transistor (Red) & Diode (Blue)

08 1
«107?

L]
1
1
]
100"
1]
]
1
]

Offset=0

0.2

0.4

06



Solution Exam 2012-05-21 1c_3

The “duty cycle” of the upper left, and lower right, diode current is:

D D 0.1
d 2 - "
The average diode current is
iD,ave = Dt?" * ]pulse,avg = 215 A
The rms value of the transistor currents is:
i2

iprms = Dd*(i12+Ai*i1+T) =684

Modulating wave and potential references

==
0 2 4 6 8 10
%107
Qutput potentials
20 [ . . ¥ 1]
i1
0 2 4 6 8 10
=107
Output voltage .
. o 1
0 2 4 6 8 10
x107
Qutpui curlrent

N\ N\ —\

10

0 2 4 6 8
-4
Offset=0.3 *10
Upper left transistor (Red) & Diode (Blue)  Upper right transistor (Red) & Diode (Blue)
200 200 - 3
1 1
@ 150 150 . ; 1 ;
D H [ (I
£ 100 100 it =
1
< 5 50 b - T
frpd SESEEER SRR S K [ R SR 0 joi [
0 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 0.8 1
%1072 <107

Lower left transistor (Red) & Diode (Blue)

Lower right transistor (Red) & Diode (Blue)

~iq

200 2 ] 200
] 1 1 1
15014 L | 150!
] [ ] 1
100" 1 + 100
] [ | 1
] LI |
50(} = : 50
] [ | 1
0 ofp----td-ecmme L
0 02 04 06 08 1 0 0.2 04 0.6 0.8 1
x10°3 %107

Offset=0



Solution Exam 2012-05-21 1c_4

40QC transistor rms-current 2044

40C transistor avg-current 1944

40C transistor threshold voltage 1.4V

40C transistor diff resistance 12 mohm

40C transistor turn-on loss 65 mJ

40C transistor turn-off loss 82 mJ

40C transistor thermal resistance 0,043 K/W

P, =14-194+204-0.012=771W

P .. =2000- 0.065 'M-i— 0.082 - 219.3 - >40 =211W
180 180 900

P . =771+211=982 W

total
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Solution Exam 2012-05-21 1c_5

40C diode threshold voltage 1.1V
40C diode diff resistance 9.5 mohm
40C diode turn-off losses 25mJ
40C diode thermal resistance 078 W/K

I =21934
I =210.74

2 2
- \/0.1-(219'3 +219.33210.7+210.7

j:6&OA

=21.54

| :0.1.(219.3+210.7j

P =11-21.5+68-0.0095=67.6/
P, =2000-0.025.- 2207 390 _ 354y
| 180 900
P, =67.6+351=103W

total
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Solution Exam 2012-05-21 1c_6

Upper left IGBT transistor loss
Upper right IGBT transistor loss
Lower right IGBT transistor loss
Lower left IGBT transistor loss
Upper right IGBT diode loss
Upper left IGBT diode loss
Lower left IGBT diode loss
Lower right IGBT diode loss

982 W
ow
982 W
ow
103 W
ow
103 W
ow
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Solution Exam 2012-05-21 1d

Rectifier diode (6)
Loss each 78 W
Rth diode 0.12 K/W

Temp diff 9.4 °C

IGBT diode (2) IGBT transistor (2)
Loss each 103 W Loss each 982W
Rth diode 0.078K/W Rth trans 0.043 K/W
Temp diff 8.0°C Temp diff 42.2 °C

Heatsink

Heatsink thermal resistance
Ambient temperature

Total loss to heatsink
Heatsink sink temperature

Junction temperature
Rectifier diode
IGBT diode

IGBT transistor

Contribution fron 6 rectifier diodes and from two IGBT.

0.025 K/'W

42°C
6*78+2*103+2*%982=2638 W
42+2656%0.025=108 °C

108+9.4=117 °C
108+8=116 °C
108+42.2=150°C
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Exam 20120521 2 - Snubbers, DC/DC converter, semiconductor

a. Draw an IGBT equipped step down chopper (buck converter)
with an RCD snubber. The dclink voltage on the supply side is 250V and the load voltage is 175 V.
Give a detailed description of how the RCD charge-discharge snubber should operate. Explain why the snubbers are
needed (2p.)

b. Calculate the snubber capacitor for the commutation time
0.012 ms.
The load currentis 12 A, assumed constant during the commutation.
Calculate the snubber resistor so the discharge time (3 time constants)
of the snubber capacitor is less than the IGBT on state time.
The switch frequency is 1.5 kHz 4p.)
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Exam 20120521 2 - Shubbers, DC/DC converter, semiconductor

Ci Draw the main circuit of a forward DC/DC converter.
The circuit should include DM-filter (differential mode) ,
CM (common mode)
filter, rectifier, dc link capacitors, switch transistor
and a simple output filter.
The circuit should also include snubbers. (2p.)

d. Draw the diffusion structure of a MOSFET. In the figure the different doping areas
must be found. Draw where in the structure the unwanted
stray transistor effect can be found. What is done to avoid
this effect.
Also draw where in the structure
the anti-parallel diode effect can be found. (2p.)
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Solution Exam 2012-05-21 2a

Y.

|
I+
\‘cﬁ
|

[+

FO/\ T

At turn off of transistor 7, the current i commtutates over to the capacitor C via diode D. The capacitor C
charges until the potential of the transistor emitter reduces till the diode FD becomes forward biased and
thereafter the load current i), flows through diode D and the current i=0.

A turn on of the transistor 7, the capacitor C is discharged via the the transistor 7'and resistor R. The diode
FD becomes reverse biased and the current i commutates to the transistor 7.
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Solution Exam 2012-05-21 2b

»
|

/

D R Load current 12 4
T @ Supply voltage 250V
—= - C T , Load voltage 175V
200 V Jm""m':'ji Commutation time 0.012 ms
£D Z‘X T_ 150 V' Switching frequency 1.5 kHz

At turn off of transistor 7, the capacitor C charges until the potential of the transistor emitter reduces till the diode F D
becomes forward biased and thereafter the load current commutates to the freewheeling diode.

du

-5 = C =

dt

i-dt 12 .12 .10 °°
du 250

= 0.58 uF

A turn on of the transistor 7the current i commutates to the transistor 7, and the capacitor C is discharged via the the
transistor 7 and resistor R. As the load voltage is 175V the duty cycle is 70%. The switching frequency is 1.5 kHz and

t=C-R = R-=

the on state time is 0.47 ms, and thus the time constant =0.16 ms

-6
T _ 156107 L g
C  0.58 10
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Solution Exam 2012-05-21 2c¢

Forward converter with snubbers
and common mode (CM) and differential mode (DM) filter

_____________________________________

i

i VANEEVAN -~
[ e T




Solution Exam 2012-05-21 2d

Diffusion structure of a MOSFET

The npn-transistor structure is formed of the n™, the p
(body) and the n~ (drift region), which cannot be
turned off.

The gate metallisation short circuits the n+ and the p
(body) to avoid turning on this unwanted transistor

Source

n* \ bt )
bogly bod
n- drift region

Drain



Exercise Exam 20120521 3_1 - The buck converter as battery charger

A battery charger is supplied from a symmetrical single phase system.
A dc voltage is created by a two pulse diode bridge and a 2-quadrant dc-converter is used for the
charge current control.

A\ 4

Ubatt

Data: U, the phase-voltage rms value = 220 V, 50 Hz.
The switching frequency is f = 4 kHz.
L =4 mH and R=0 Ohms.
U,.; = 100 V and is approximated to be independent of the charge current.
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Exam 20120521 3_2 - The buck converter as battery charger

a)

b)

What dc link voltage Ud will you get |) when the
charging current is zero and Il) when the charging
current is non-zero with a perfectly smooth rectified
current ?

Start with the electrical equation for the load and
derive a suitable current control algorithm, giving
all approximations you use.

Draw a current step from 0 A till 10 A in the load
current. The modulating wave (um), the voltage
reference (u*), the output voltage (u) and current
(ibatt) must be shown. Indicate the sampling
frequency you use in relation to the switching
frequency.

(2p)

(4p)

(4p)
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Solution Exam 2012-05-21 3a

Average dc voltage with average dc
current

Max dc voltage with zero dc current

U

dc _ave

U

2

dc _max

=2.220-2 V=198 V
T

=220-42V =311V



Solution Exam 20120521 3b_1

Current controller with fast computer

i R L }%
— ] -
. J N

u=R-i+L-d—l+e

dt
(k+1)T, (k+1)T, (k+1)T, di (k+1)T,
ju-dt R - Ii-dt+L- j < oar + je-dt
kT, kT, kT, dt kT,
TS - TS
(k1) -

i(k,k+1)=R-i(k,k+1)+L {K) | ek k+ 1

T

N
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Solution Exam 20120521 3b_2

ak,k+\)=u*k) (a)

ik +1)=i *(k) (b)
i *(k)+ i(k)

[(k,k+1)= (c)
e(k,k +1)=e(k) (d)
n=k—1
iky= > (i*n)—in)) (e
n=0

u*(k)y={R=0}= L-i*(k)T_ (k) +e(k) = T£-(i*(k)—i(k)))+ e(k)

—

~—
Pr oportional Feed
forward

u*(k)=1{R =o}=L-i*(k)T_i(k)+e(k)=T£- Ai + e(k)

= e
s  Proportional Feed

forward
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Solution Exam 20120521 3c

Constant 0 4 Modulation

Rectifier dc-voltage 220*1.414=311V 311V

Voltage ref with const 0 A =100V

Duty cycle 100/311=0.32 198V A Uy

On pulse 0.25 *0.32=0.080 ms

Current ripple =(311-100)/0.004*0.00008=4.24A LoV S R T I/\' ./\ ./\ U,

Load current 0to 10 A l v v \/ \/

Rectifier de-voltage 2/3.14%220*1.414=198 V oy b\ LV

Inductive voltage drop at current step =98 V Time to reach 10 A Pha:se cmljrrd!nt | :

t=10*.004/98=0.408 ms [ R I

More than one sample time, set duty cycle =1 Je,a:; —_ -i- - i— ——i——i 3.00A
| | |

Constant 10 4 : i : i :

Rectifier dc-voltage 2/3.14%220*1.414=198 V Lo

Duty cycle with 10 A = 100/198=0.505 AN AN A N,

On pulse 0.25 *0.505=0.126 ms T yedeos I Duty cycle 0505

Voltage ref at const 10 A=100V 0.408 ms

Inductive voltage drop at current step =98 V'
Current ripple=(198-100)/.004*.000126=3.09 A
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Exam 20120521 4 - 4Q Converter & 3 Phase

In a 4Q DC/DC converter using PWM bipolar voltage
switching, the bridge load consist of a constant voltage

E (e.g. the back emf of a dc-motor) and an inductor L,,

the inductor resistance can be neglected.

The switching frequency is f,, and the DC link voltage is V.

a. Calculate the maximum peak-to-peak load current
ripple, expressed in Vg, L, and f,. (5p.)
b. Draw the circuit of a current control block for a

generic three phase RLE load.

The drawing shall include three phase inverter,

reference and load current measurement.

It must be clear in which blocks the different

frame transformations occur. (5p.)
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Solution Exam 2012-05-21 4a

Control ratio

On — pulse duration

Phase voltages

Voltage over motor
At current rise, switch 1

and 4 are turned - on

Voltage over inductor

Current ripple via equation

it's derivative

it's sec ond derivative

Phase voltages at max

Max current ripple

X .

At:x.Txﬁper_%

Vliavg :x'Vd

Vi g =(=2)V, =V, ~xV,

e:Vliavg_Vliavg:x'Vd_Vd-‘rx-Vd:Z.Vd.x_Vd N
Vi=V,

V,=0

VL:Vl_e_VZ:Vd_e:Vd_z'Vd'x""Vd:Z'Vd'(l—x)
. B . .

po i VA 2V (ex) w2V,
dt L La f; f;La

B(Az): 2Vd (1—2)6)3 M:O when x =0.5

Ox fv.La ox

2 .

d (Azl)=— 47y <0 = max at x=0.5

0x fi L,

Vliavg :O'S'Vd:O.S'Vd

VZfavg = (I_OS)Vd = OSVd

d
A 22V (1-05) 05,
max La f; 2f‘SLa

178



Solution Exam 20120521 4b

—_—

d,q current ref
—_—

PIE
vector
controller

dg ap ab.c Switch
voltage voltage potential sianals
ref ref ref g
] —— 2-phase [—— -
dq/a to Voltage Source
q/ap —»] Modulator f—— 9
converter 3-phase Converter
> —1 converter [ —
Flux vector anglef
Current sensor signals
l@«——] 3-phase |=
af /dq ap t to <
converter | ¢ | 2-phase
[<¢——] converter }=
Flux vector anglef
Voltage sensor signals
1! | ——
ap 3-phase
f'ﬁ’ﬁ Integrator | \otage| Voltage |
< | l«—— sensor | g

TN

Generic
3-phase
load
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Exam 201205215

A permanently magnetized synchronous machine with L, >L, is used as a traction motor in
an electric vehicle.

a. Draw the torque expression in rotor coordinates, and
describe your interpretation of the terms in the expression,
and how they relate to the rotor geometry and magnetization. (4p)

b. Explain, in a qualitative sense, what is the best locus for the
stator current vector to minimize the amount of current
needed for torque production. (3p)

c. Explain the restrictions to the stator current loci that are
imposed when the need for stator voltage is higher than
the maximum available voltage. (3p)



Solution Exam 20120521 5a_1

T=y,xi,=y,xi, +(L,. L, )i, i, (11.5)
v, is the permanent magetizati on along the positive x — axes
i 1S the current along the permanent magetizati on

X

i, IS the current perpendicu lar to the permanent magetizati on,
7 /2in positive direction
L _istheinduct anceinthe x — direction

L, is the induct ance in the x — direction

The moreiron and the smaller the airgap in the
x—or y —direction , the higher is the induct ance is that dircction

The permanent magetizati on material has noimpact on the induct ance
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Solution Exam 20120521 5a_2

See the torque equation, the first part of the torque is achieved when the permanent flux y,, is
multiplied with the current i,.

The second part of the torque is the so called reluctance torque. E.g. At high speed the drive
system is in field weakening, and the permanent magnetisation must be reduced, which is done
with a negative i_,.

IfL,,<L,, the difference L, -L,,, is negative. When this difference is multiplied with the
negative i, and the positive i, the result is a positive torque, called the reluctance torque.



Solution Exam 20120521 5b

T = V/s‘xls - melsy + (me _Lmy )'lsx 'lsy

The first torque and the reluctance torque are added to the total torque, which can be achieved with

different combinations of i, and i, .
The combination which gives the lowest

absolute  sum of i and i, = \[i = +1i

sx sy

is the optimal combination of iy, and i, for a certain torque.



Solution Exam 20120521 5c¢

We want to increase the voltage, more than the available voltlage.

This can be achieved by weaken the field further, by increasing the negative current i_,.
However, this results in an increased total current, beyond the max current loci.

So, we have to reduce the i, to fullfill the the maximum current loci.

See chapter 11.5
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Exam 20140530 1a

The four quadrant DC-DC converter

Draw a four quadrant DC DC converter with a three phase diode rectifier connected to
the power grid. The Dc link capacitor and protection against too high inrush currents
should be included in the drawing. The transistors are of IGBT-type. (2p.)
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Solution Exam 2014-05-30 1a




Exercise Exam 20140530 1b

The three-phase grid, to which the three phase diode rectifier is connected, has the line-to-line voltage
400 V,,¢ at 50 Hz. Calculate the dc output voltage and the maximum dc link voltage from the rectifier.

(1p.)
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Solution Exam 2014-05-30 1b

Maximum dc voltage U =400 /2 V =566 V

dc max

3

Average dc voltage U, . =-2.400 -~/2 V =540 V
B T
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Exam 20140530 1c

Calculate the rms-current and the average current through one rectifying diode
(see figure 1). Calculate the rectifier diode losses. The diode threshold voltage

is 1.1 V and the differential resistance is 2.0 mohm.

Phase current

\e—> '\
/

/

63ms_1.70ms. \
\ /
\

\
\ /
\ /

/

-200
-300 \/

\/

(o] 0,002 0,004 0,006 0,008 0,01
time [s]

0,012 0,014 0,016 0,018

0,02
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Solution Exam 2014-05-30 1c

Phase current
500 Rectifier diode
% FAN N\ Threshold voltage 1.1V
I\ [\ . . .

g % S . - — Differential resistance 2.0 mohm
0 ™ 63mis | A I 114.2 4
300 \\// \\/I rms :

20 | | | | | | | | | Average current 41,5 4
(0] 0,002 0,004 0,006 0,008 0,01 0,012 0,014 0,016 0,018 0,02
time [s]
2
2-0.00163 400
e : =114 .24
iode  rms 0.02 ﬁ
j sin( x)dx
. = { Average of sin us = 2 _ (cos (0)-cos (7)) _ 2 37 L 2 2:0.00163  con o0 — 41 54
diode  ave T T T 002

Rectifier diode power loss

Ay + Ry 120 =1.1-41.5+0.002 -114 22 =71.7 W

rectifier  diode threshold ave rms
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Exam 20140530 1d

Calculate the IGBT component losses of each IGBT in the four quadrant converter.
The duty cycle of the converter is 70%.

The switching frequency is 2.5 kHz.

The threshold voltage of the IGBT transistor equals 1.6 V

and its differential resistance equals 1.0 mohm.

The turn-on loss of the IGBT transistor equals 65 mJ and

its turn-off loss equals 82 mJ.

These turn-on and turn-off losses are nominal values

at 900 V dclink voltage and 180 A turn-on and turn-off current.

The threshold voltage of the IGBT diode equals 1.0 V and

the differential resistance of this diode equals 10 mohm.

The IGBT diode turn-on can be neglected and its

turn-off losses equals 25 mJ, at 900 V dclink voltage and 180 A. (3 p.)
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Solution Exam 2014-05-30 1d

A A A N AN A N

{a m"' \l ’i \‘m _— \X '/ A ~ | Dc current to the de link ‘« = ’0'0(())1.%32 0697 =124 64
Duty cycle 70%
IGBT and diode on state current 124.6/0.7= 178 A
Conduction percentage of IGBT transistor (incl freewheeling) 70+30/2=85%
Conduction percentage of IGBT diode (when freewheeling) 30/2=15%

Switching frequency 2,5 kHz
IGBT transistor

Threshold voltage 1.6V
Differential resistance 1.0 mohm

On state voltage at 178 A 1.78V

Turn on energy at 900 V and 180 A 65 mJ

Turn off energy at 900 V and 180 A 82 mJ
IGBT diode

Threshold voltage 1.0V
Differential resistance 10. mohm

On state voltage at 178 A 2.78V

Turn on energy at 900 V and 180 A 0mJ

Turn off energy at 900 V and 180 A 25mJ
Power loss -3

Poos s =1.78 178 -0.85 + 2500 - (65 +82):10 ° 540 178 _ 400

- 900 -180
-3
Puoie 1 =2.78 <178 -0.15 + 2500 - 25 lgoo .51‘;(()) 78 _ 1 o3w 193




Exam 20140530 1e

Which is the junction temperature of the IGBT transistor and of the IGBT diode,
and which is the junction temperature of the rectifying diodes?

The thermal resistance of the heatsink equals 0.024 K/W?

The thermal resistance of the IGBT transistor equals 0.07 K/W?

The thermal resistance of the IGBT diode equals 0.16 K/W?

The thermal resistance of the rectifier diode equals 0.14 K/W?

The ambient temperature is 35 °C.

The rectifier diodes and the four quadrant converter IGBTs share the heatsink. (2 p.)
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Solution Exam 2014-05-30 1e

Rectifier diode (6) IGBT diode (2) IGBT transistor (2)
Loss each 71.7W Loss each 111.3 W Loss each 487 W
Rth diode 0.14 C/W Rth diode 0.16 C/W Rth trans  0.07C/W
Temp diff 10.0°C Temp diff  17.8°C Temp diff  34.1°C
Heatsink

Contribution fron 6 rectifier diodes and from two IGBT.

Ambient temperature 35°C

Total loss to heatsink 0*71.7+2*%487+2*111.3=1627 W

Rth heatsink 0.024 C/W

Temperature heatsink 1627 *0.024+35=74°C

Junction temperature

Rectifier diode 74 +10.0 = 84 °C

IGBT diode 74 +17.8 =92°C

IGBT transistor 74 +34.1 = 108 °C
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Exam 20140530 2a

Snubbers

Draw an IGBTequipped step down chopper

(buck converter) with an RCD snubber.

The dclink voltage on the supply side is 200V and

the load voltage is 150 V.

Give a detailed description of how the RCD

charge-discharge snubber should operate.

Explain why the snubbers are needed (2p.)
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Solution Exam 2014-05-30 2a

I+

The buck converter with RCD snubber

At turn off of transistor T, the current i commtutates over to the capacitor C via diode D. The capacitor C
charges until the potential of the transistor emitter reduces till the diode FD becomes forward biased and
thereafter the load current i, flows through diode FD and the current i=0.

A turn on of the transistor T, the capacitor C is discharged via

the transistor T and resistor R. The diode FD becomes reverse

biased and the current i commutates to the transistor T.
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Exercise Exam 20140530 2b

Snubbers

Calculate the snubber capacitor for the commutation

time 0.01 ms.

The load current is 12 A, assumed constant during

the commutation.

Calculate the snubber resistor so the discharge time

(3 time constants)

of the snubber capacitor is less than the IGBT

on state time.

The switch frequency is 1.5 kHz 4 p.)
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Solution Exam _2014-05-30 2b

/

] D R Load current 124
T @ Supply voltage 200V
i  C T fiond Load voltage 150V
200 V m,_:,1 Commutation time 0.01 ms
— Switching frequency 1.5 kHz
FD T " 150v

At turn off of transistor T, the capacitor C charges until the potential of the transistor emitter reduces till

the diode FD becomes forward biased and thereafter the load current commutates to the freewheeling
diode.

du i-dt 12 -10 -10 ~°
— = C = =
dt du 200

i=C

=0.6 uF

A turn on of the transistor the current i commutates to the transistor T, and the capacitor C is discharged via
the the transistor T and resistor R. As the load voltage is 150V the duty cycle is 75%. The switching frequency
is 1.5 kHz and the on state time is 0.5 ms, and thus the time constant =0.17 ms

r 170 10 ~°

t=C-R > R=—=——"—"F=283 Q
C 0.6-10
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Exam 20140530 2c

Snubbers

Draw the main circuit of a flyback converter. The circuit should include DM-filter (differential
mode) ,CM (common mode) filter, rectifier, dc link capacitors,

alternative connection for voltage doubling connection, switch transformer

(one primary and one secondary winding is enough), switch transistor, flyback

diode and a simple output filter, The circuit should also include snubbers. (2p.)
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Solution Exam 2014-05-30 2c

_____________________________________

= | A = -
; B L | ~-+dottble -
DJ_ RO | | voltage | !
| V] Y —] ! i —

T =z =
DM-fiter’ | CM-filter

_____________________________________



Exam 20140530 2d

Snubbers

Describe, in detail, the operation of the flyback converter snubbers you have used.
Describe in detail how the current is flowing in the snubber and the voltages n the
snubber (2p.)

202



Solution Exam 2014-05-30 2d

Fly-back converter withSnubber operation

|
+

L
YN\

-

For the description of the snubber operation the stray inductance L; between the switch
transistor and the supply/dclink, and the transformer leakage inductance, L, on primary side
and L; on secondary side are added as discrete component in the circuit drawing above.



Exam 2014-05-30 3_1

The buck converter as battery charger
A battery charger is supplied from a symmetrical single phase system.
A dc voltage is created by a two pulse diode bridge and a 2-quadrant dc-converter is used for the charge

current control.
. VaVaW)

\AVAYAYS) >
L A =
Ubatt
Data: U,,ns= the phase-voltage rms value = 220 V, 50 Hz.

The switching frequency is f= 4 kHz.
L =4 mH and R=0 Ohms.
U,.4+ = 100 V and is approximated to be independent of the charge current.



Exam 2014-05-30 3_2

The buck converter as battery charger

a)

b)

What dc link voltage Ud will you get 1) when the

charging current is zero and Il) when the charging

current is non-zero with a perfectly smooth rectified

current ? (2p)

Start with the electrical equation for the load and
derive a suitable current control algorithm, giving
all approximations you use. (4p)

Draw a current step from 0 A till 10 A in the load

current. The modulating wave (um), the voltage

reference (u*), the output voltage (u) and current

(ibatt) must be shown. Indicate the sampling

frequency you use in relation to the switching

frequency. (4p)
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Solution Exam 2014-05-30 3a

2
Average dc voltage with average dc current U, ,. =—:220 -2V =198 V
- T
Max dc voltage with zero dc current U mx =220 -2V =3117F
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Solution Exam 2014-05-30 3b_1

Current controller with fast computer

i R L }%
;—V—: y O

u=R-i+L-d—l+e

dt
(k+1)T, (k+1)T, (k+1)T, di (k+1)T,
ju-dt R - Ii-dt+L- j < oar + je-dt
kT, kT, kT, dt kT,
TS - TS
(k1) -

i(k,k+1)=R-i(k,k+1)+L {K) | ek k+ 1

T

N
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Solution Exam 2014-05-30 3b_2

u(k,k +1)=u*(k) (a)

ik + 1) =i*(k)  (b)
Tk +1)=" (k)2+’(k) (¢)
e—(k,_kk:n = e(k) (d)
i(k) = i *(n)—i(n));«g)y _
u*(k)néogR =0)= L-’*E)‘) ) | oky = £ G * (k)—i(k))+ e(k)
TS TS — Pr opo;;i_onal ’ fofvifz‘;{d
u*(k):{R:0}:L-i*(k)_i(k)+e(k)=i- Ai + e(k)
s s Pr oportional Tw’d—J

forward
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Solution Exam 2014-05-30 3c

Assuming that the DC link voltage is 198 V, the
Inductance L=4 mH and the switching frequency is 4
kHz,

Ts = 125 microseconds

The positive step voltage reference should be u* =
4e-3/125e-6*(10-0) + 100 = 320 +100 V. The voltage
margin of 98 V has to be repeated 3 times, i.e. the
voltage reference 198 V three times and then
100+26 V the last time. Even here, the example not
correctly illustrated. It should look like this:

200
150

100 ——

50

200

150

100

15

10

Output Voltage
T

Cutput Current & Reference
T T T

AN N N IS N NN

VOV OV NV VNV
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Exercise Exam 2014-05-30 4a

Three phase system and 4QC

A symmetric three phase voltage:

e, =€ cos(a) t)
2
1€, =€e-cos | w-t———
3
47
e. =e-Ccos | w-t———
| 3

Show that these voltages form a rotating
vector with constant length and constant
speed in the complex (a,B) frame. 5p.)



€y

Il
Q>

Il
Q»

]
Q>

]
Q>

Solution Exam 2014-05-30 4a

6-COS (o -t)

¢-cos (w-t—zTﬂ)

é-cos (w-p“T”)

0, R s . |2
T Catene? tee =& y[3 | cos (wt)+ cos | 0t — ==

1 A3 1 B

4 4

4
% [cos (wt)+ j-sin (wt)]=é- \/z jor

e
2

Alternativ e solution

o

= e~
o
_+_
o
>
o

,J‘“
_+_
o
o

w‘:

Jom e b by L ein o[-

o o

s om0 2

|| i {cos (1)-cos 2T”j + sin (1)-sin (2” j} .[_ L,

\/ij
\/g s (wt)+{cos ()~ %)+ s (m).[g]}. LA
\/7
e

N

el omen{- ) -+

2
Pferdflef lmen(3)rmen ()

27 L ¥ -
j e’ + cos (a)tf%j-el»‘ }:{cos( x):%

1 2 4 8z
? ? e/'m+e—jmt+ejmr+efjm_elT+ej1ut+e—jm.e/T =6-

j T3J + {cos (@1)- cos (47”) +sin (@1)-sin [47”)}

.[_;__,
ﬁﬂ

).

=)

ore 2 25
3 3

4z 4z
—jor+ j 2T

3

4/r] jote 2, 27
3 4 ot _jor S
iS5 N 2 e’ +e’” e 3 3 t+e
- e = e - —_— +
3 2
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Exam 2014-05-30 4b

In a4QC dc-dc converter using PWM bipolar voltage switching, the the bridge
load consist of a constant voltage E (e.g. the back emf of a dc-motor) and an
inductor L, the inductor resistance can be neglected. The switching frequency
is f, and the dc-link voltage is V

Calculate the maximum peak-to-peak load current ripple, .expressed in V, L,
and f,,. (5p.)



Solution Exam 2014-05-30 4b

1. Assume a load with inductance L, no resistance
and a back emfe IQ
2. Assume phase potential references v,* and v, * where

N
i

Uy =-v,* = u*/2 (symmetric modulation) ==
3. Assume stationarity . . Udc/2
4. Calculate the current ripple as a function of the

back emf

Di/dt = (Udc-e)/L

Delta_i = (Udc-e)/L*Delta_t = current ripple

Delta_t = e/Udc*1/fsw/2 (time duration of a positive pulse)
Delta_i = (Udc-e)/L*(e/Udc/fsw/2) = (Udc*e-e”2)/Udc/fsw/2;

d(Delta_i)/d(e) = (Udc-2*e)/L/Udc/fsw/2 = 0 - > e = Udc/2;

\9]

W



Solution Exam 2014-05-30 4b

Control ratio

On — pulse duration

Phase voltages

Voltage over motor

At current rise, switch 1

and 4 are turned — on

Voltage over inductor

Current ripple via equation

it's derivative

it's sec ond derivative

Phase voltages at max

Max current ripple

X
VLI
At:x.Tr per_i
- I
Vliavg =X -Vd
VZﬁuvg = (1_X)Vd :Vd _X.Vd
e=V, m,g—V2 avg=x-Vd—Vd+x-Vd=2-Vd-x—Vd
- - 0
Vo=V,
V,=0

V,=V,—e-V,=V,—e=V,-2-V,-x+V,=2-V,-(1-x)

poop i VA no2Val=x) & _2.¥,(x-%7)
dt L, I, f.-L,
M=ﬂ-(l—2x):>LAi)=0when x=0.5
Ox f.-L, ox
2 .
0 (Azl) _4V <0 = max at x=0.5
0x f.-L,
| m,g=05 V,=05-V,
Vy we =(1-0.5)7,=05-7,
0
€= Vliavg _Vziavg = OS(Vd _Vd)= 0 = V_

d
A 2V (1-05) 05 _ ¥,
" La fY 2fTLa




Exam 2014-05-30 5

Permanent magnetized motor
A 50 kW motor drive is to be designed. The motor will run from a Power Electronic Converter with 500
V DC link. The bases speed must be 4000 rpm and the maximum speed 12000 rpm. The motor has 18

poles.

a) Whatis the highest output voltage

(Uphase-to-phase_rms) that you would use? (2p)
b) What will be the phase current in this case? (2p)
c) Whatis the lowest sampling frequency that the controller must use to run this motor? (2p)
d) Whatis the lowest switching frequency that the modulation can use? (2p)

e) What will be the motor torque at base speed and maximum speed?
(2p)
All your answers must be accompanied with your calculations and motivations!
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500

5a) Phase — to — phasevoltagermsUyys jine to line = ﬁ = 354V
5b) 50000 = { $=09}=+3-354-1-09=1 50000 90.74
= {assumecos¢p = 0.9} = V3 - -1-0. =———=90.
V3-354-0.9
12000
5c) Mechfreq = 0 = 200Hz

Elec.freq = {18poles,9polepairs} =9 - 200Hz = 1800Hz
Samplingfreq, seesolution5d.

5d) Atleastswitchingfreq = 6 - Elec. freq = 10800Hz
Twosampleperswitch. fregperiod = samplingfreq = 21600Hz

P 50000

5e) Torquespoorpm ={P =T w} =—= —4000 — 119Nm
© 2. 60
P 50000
Torqueizo00rpm = - = 12000 39.8Nm
2m - 60
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Exam 2017-05-30, 1a-c

The DC-DC buck converter

a)

Draw a 1QC buck converter connected to the dc side of a
three phase diode rectifier, which is connected to the power
grid. The dclink capacitor and protection against too high
inrush currents should be included in the drawing. The
transistor is of IGBT-type. (1p.)
The three-phase grid, to which the three phase diode rectifier
is connected, has the

line-to-line voltage 400 V,,,. and the frequency 50 Hz.
Calculate the dc output voltage

and the maximum dc link voltage from the rectifier. (1p.)
Calculate the rms-current and the average current through
one rectifying diode

(see figure 1). Calculate the rectifier diode losses. The diode
threshold voltage

is 0,9 V and the differential resistance is 2.0 mohm. (2 p.)

Sbelg_spuss

Phase current

0,002 000 0006 0QO08 001 0012 0014 00% 0018 0@

fime [4

i i

1.67ms
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Exam 2017-05-30, 1d

The DC-DC buck converter

d)

Calculate the losses of the IGBT transistor and of the free wheeling diode in the buck converter. The buck
converter phase inductor is 1 mH, and its resistance can be neglected.

Draw a time diagram with the buck converter phase current versus time during one period of the switching
frequency.

The load on the low voltage side of the buck converter is a battery with the voltage 400 V..

The switching frequency is 2 kHz.

The threshold voltage of the IGBT transistor equals 1.1 V and its differential resistance

equals 1.0 mohm. The turn-on loss of the IGBT transistor equals 60 mJ and its

turn-off loss equals 80 mJ. These turn-on and turn-off losses are nominal values

at 900 V dclink voltage and 180 A turn-on and turn-off current.

The threshold voltage of the free wheeling diode equals 1.3 V and the

differential resistance of this diode equals 2 mohm. The free wheeling diode

turn-on losses can be neglected and its turn-off losses equals 25 mJ, at 900 V dclink

voltage and 180 A turn off current. (4p.)
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Exam 2017-05-30, 1e

The DC-DC buck converter

e) Which is the junction temperature of the IGBT transistor and of the free wheeling diode,
and which is the junction temperature of the rectifying diodes?
The thermal resistance of the heatsink equals 0.065 K/W?
The thermal resistance of the IGBT transistor equals 0.078 K/W?
The thermal resistance of the free wheeling diode equals 0.19 K/W?
The thermal resistance of the rectifier diode equals 0.21 K/W?
The ambient temperature is 35 °C.
The rectifier diodes and the buck converter transistor and diode share the heatsink. (2p.)
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Maximum dc voltage U, =400 -~/2 V =566 V
3
Average dc voltage U, we =—-400 -2 V =540 V
B T
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Solution Exam 2017-05-30 1c

Data
Rectifier diode Threshold voltage 0.9V
Differential resistance 2.0 mohm

400

Idiode rms _one half sin us = (T] A =282 .8 A4

Seae U5 \/2'0'00163 1282 .82 =114 .24
lode rms 0.02

irfsin(x)dx

= | Average of sin us = 2 _ (eos(0)—cos(m)) _ 2 o370 2:0.00163 o0 th0— 4154
/4 /4 V4 0.02

diode ave

Rectifier diode power loss

P wie = Vit Lo * Ry -1 =0.9-41.5+0.002 114 .27 = 63 .4 W

[\
W



Solution Exam 2017-05-30 1d_1

LN
A
SN
T\
\

L1

]\ /
i — 6-0.00163 - 400
1 \ 1

I, = .0.637 =124 .64

The current to the dc link

Duty cycle
Average transistor current

Switching frequency period time

Duration of transistor on

Current ripple, equ U=L*di/dt, Ai=U*At/L=
Low voltage side max phase current

Low voltage side max phase current

i(t) phase

250 250

200 200
150 /_//—/_’-\ g

1040 1400

50 S

o - " . " [1]
L1} O.0001 00002 o.0003 00004 00005 o

0.02

400/540=74%

124.6/0.74=168.2 A

1/2000=0.0005 s
0.74/0.0005=0.00037 s
A1=(540-400)*0.00037/0.001=51.8 A
Imax=168.2+51.8/2=194.1 A
Imin=168.2-51.8/2=142.3A

i(t)_transistor i(t)_diode
250
oo -
150
100 S 1

L] 5
¢,0001 00002 0000 00004 0, 0005 L1] 00001 0.000F 00003 oooes 0 0005




Solution Exam 2017-05-30 1d_2

Find a general expression for RMS from a time domain trapezoid shaped current

Equation  for the straight line i(t): (B;—A)-t + A4

C((B-4 ’

I[( r )'HAJ a (B>+ 4> —24B)-T° AT (B—4)-1°
Irnn: g = > + +2-4 - — —
‘ T 3T°-T T 2T -T
B B?+ A?—2A4B +3A4° +34B -347 ) _ A*+ B’ + 4B

3 3

1. =142 .34
.. =194 .14

general trapetzoid

0
0

I i = \/(142 324194 .1;+142 3194 .1].0'74 145 34 Los v = [%)0'74 —124 54
I we = \/[142 374194 .1;+142 3194 .1}0.26 %6 14 Lo e - [142 —'3;194 'lj-0,26 —43.7 4
threshold volrage[V] Rdifffmohm] Turn-on[mJ] Turn offfmJ] Switch losses at voltage[V] and at current[A]
Transistor 1.1 1.0 60 80 900 180
Diode 1.3 2.0 0 25 900 180
P, .. =1.5-124 .5+ 0,001 -145 .3% + 2000 (0.060 -142 .3+ 0.080 -194 .1)-540 _ 368 W
S 900 -180
Pivie 1 =1.0-43.7 +0,002 -86 .17 + 2000 (0025 142 3340 _ o) Hp

900 -180
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Rectifier diode (6)
Loss each 63.4W
Rth diode 0.25 C/W
Temp diff 15.8 °C

IGBT diode
Losseach 822 W
Rth diode 0.4 C/W
Temp diff 32.9 °C

IGBT transistor
Loss each 368 W
Rth trans 0.2C/W
Temp diff 73.6 °C

Heatsink

Ambient temperature
Total loss to heatsink

Rth heatsink
Temperature heatsink

Junction temperature
Rectifier diode
IGBT diode

IGBT transistor

Contribution fron 6 rectifier diodes and from one IGBT and one diode.

35°C
6%63.4+368+82.2=831 W
0.07 C/W

831 *0.07+35=93 °C

93 +15.8 =109 °C
93 +32.9 =126 °C
93 +73.6 = 167 °C




Exam 2017-05-30, 2

Snubbers and semiconductor

a)

b)

c)

d)

e)

Draw an IGBTequipped step down chopper (buck converter) with an RCD
snubber. Give a detailed description of how the RCD charge-discharge snubber
operates at turn on and at turn-off. Explain why the snubbers are needed

The DC link voltage on the supply side is 250V and the load voltage is 200 V.
Calculate the snubber capacitor for the commutation time 0.015ms.

The load currentis 17 A, assumed constant during the commutation.
Calculate the snubber resistor so the discharge time (3 time constants)

of the snubber capacitor is less than the IGBT on state time.

The switch frequency is 2 kHz

Draw a figure with the diffusion layers in a (n-channel) MOSFET

Where in the (n-channel) MOSFET diffusion layers structure can an unwanted
NPN-transistor be found, and where can the anti-parallel diode be found?
What in the MOSFET layout reduces the risk that this unwanted transistor is
turned on?

Which layer is always present in a power semiconductor? How is it doped?

(2p.)

(3p.)

(2p.)

(2p.)

(1p.)
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Solution Exam 2017-05-30, 2a

V—.

N Livad

1+

The buck converter with RCD snubber

At turn off of transistor T, the current i commtutates over to the capacitor C via diode D. The
capacitor C charges until the potential of the transistor emitter reduces till the diode FD becomes
forward biased and thereafter the load current i, 4 flows through diode FD and the current i=0.
A turn on of the transistor T, the capacitor C is discharged via

the transistor T and resistor R. The diode FD becomes reverse

biased and the current i commutates to the transistor T.



Exam 2017-05-30 2b, 1

The DC link voltage on the supply side is 250V and the load voltage is 200 V.

Calculate the snubber capacitor for the commutation time 0.015ms.
The load currentis 17 A, assumed constant during the commutation.

Calculate the snubber resistor so the discharge time (3 time constants) of the snubber capacitor is
less than the IGBT on state time.

The switching frequency is 2 kHz
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Solution Exam 2017-05-30 2b, 2

o

D R Load current 17 A
T @ Supply voltage 250V
. N c= Load voltage 200 V
250 V Commutation time 0.015ms
= Switching frequency 2 kH
— witchi uency z
FD %X 1" 200v

At turn off of transistor T, the capacitor C charges until the potential of the transistor emitter
reduces till the diode FD becomes forward biased and thereafter the load current commutates
to the freewheeling diode.

. -6
i:C-dL ~ C - i-dt _ 17 -15 -10

dt du 250

A turn on of the transistor the current i commutates to the transistor T, and the capacitor C is
discharged via the the transistor T and resistor R. As the load voltage is 200V the duty cycle is
80%. The switching frequency is 2 kHz and the on state time is 0.5*0.8=0.4 ms, and thus the time
constant =0.133 ms

=1.0uF

-6
+—C.R — R- £ _120-107

C 110 ¢ =120 Q
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The MOSFET

Source jo
Gate

\_ n* /P P\_n* ) Os
body body
n driftregion

! Drain
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Solution Exam 20170530 2d

The metallisation
short circuits the
emitter and the
base of the
unwanted
transistor to
reduce the risk for
its turning on

Source

The transistor

body

drift region

Drain

The diode




Solution Exam 20170530 2e

Depletion region n

e Thedepletion region, is an insulating region within a conductive, doped semiconductor material where
the mobile charge carriers have been diffused away, or have been forced away by an electric field.

o Theonly elements left in the depletion region are ionized donor or acceptor impurities.
e [Thedepletion region is so named because it is formed from a conducting region by removal of all free

charge carriers, leaving none to carry a current.

\S)
(O8]
W



Exam 2017-05-30 3a

Three phase system
a) A symmetric three phase voltage:

e, =¢é-cos (w-t)

o
[o
Il
o
o
2
/N
S
-
|
N
B
N

b) Show that these voltages form a rotating vector with constant length and
constant speed in the complex (a,) frame. 5p.)
c) Draw the circuit of a current control block for a generic three phase RLE load.
The drawing shall include three phase converter, reference and load current
measurement. It must be clear in which blocks the different frame
transformations occur. 5p.)



Solution Exam 2017-05-30 3a

e, =¢-COS (w-t)

e, = é:COS (w-t—zTﬁ)

e, = ¢-COS (w-p“T”)

- g( ] g{ (01)+ cos @g)[; Jg] [m%ﬂj.[;_j%
| o) {cos (01)-cos [%’fj + sin (1) sin (2” j} .[_ 1, ,@J N {cos (1) cos (4%) + sin (w¢)-sin [ 4
o mor( B (- 45

2
[orfiod-rEo ks Eessn (s 2o E 2] fE e (2esmen 3]

v[cos (cot)+ j - sin (a)z)]: .

Alternativ e solution

/N

| cos (@t)+ {cos (ot)-

]
Q>

o e .

]
Q>

)
~
ST
®

2 4 2 4 . o
e = 4 e, +e ~e/T”+e -ejT” =é- 2. cos (wt)+ cos a)tfz—” -ejT”Jrcos a)tf—4” -e/T” = ¢ cos( x)——e,X+e “ Lo
= 3 % b c - 3 3 3 B - 2 B
j(mle) q(mﬁi) ,'[mf“i] 7,'[1017“*”] ot 2T AR s 2R 2E i AmL AT A4
> D) e"”’+e Jjot N e 3 +e 3 ,.ZTfr+ e 3 +e 3 JATH R 2 e/zot+e—/zot . e 3 3 4e 3 3 . e 3 ERI 3 3
E e — e e =é- /_.
3 2 2 2 3 2 2 2

7 ELA S 7 _ _ 5
:é_l_. 2 emz+e—/mz+ejm+e—jm_e’3 +e,m+e—,m.ef3 :é.l__ l 3ol 4 o IO, 171_+\/§771_7\/§ — 6. i.e/zur
% 3 2 3 2 2 2 2 2

235



Solution Exam 20170530 3b

dq a.f a,b,c

i rertial Switch
voltage voltage potentia signals
ref ref ref
—_— PIE — —— 2-phase [—— -
dq/a to Voltage Source
d,q current ref vector q/ap —»] Modulator f—— 9
controller converter 3-phase Converter
—_— > —1 converter [ —
Flux vector anglef

Current sensor signals

l@«——] 3-phase |=

of /dg ap t to <
converter | “"*™ | 2-phase
[<¢—] converter |
Flux vector anglef
Voltage sensor signals
-— |
af 3-phase
f'ﬁﬁ Integrator V0|t’age voltage [*
+— l—— SEensor | g

TN

Generic
3-phase
load
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Exam 2017-05-30 4

The buck converter as battery charger

a)

b)

A DC/DC Converter has a DC link voltage of 100 V and can be either a 2Q or a 4Q converter supplying a load
consisting of a 625 mH inductance in series with a 20 V back emf. The converter is carrier wave modulated with a
4 kHz modulation frequency and equipped with a current controller. A current step from 0 to 12 A is made and
then back to 0 A again after 4 modulation periods.

Calculate the voltage reference for a few modulation periods before the positive step, for the positive step, for
the time in between the steps, for the negative step and for a few modulation periods after the negative step in

the 2Q case. (3p)
Draw the current to the load in the 2Q case, from two modulation periods before the positive current step to two
modulation periods after the negative step. (2p)

Calculate the voltage reference for a few modulation periods before the positive step, for the positive step, for
the time in between the steps, for the negative step and for a few modulation periods after the negative step in

the 4Q case. (3p)
Draw the current to the load in the 4Q case, from two modulation periods before the positive current step to two
modulation periods after the negative step. (2p)

In both b) and d) the current ripple must be correctly calculated.
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> Data: fow =4 kHz.
L =0.625Mh
SAEA R=0
” U,=100V
Y Y —
Uy / ! ; - e=20V
e
di
Equation U =L T e
Before the pos. current step i=0 A, constant, di/dt=0 U,.~e=20 V
At the positive current step, use max voltage U,.~Uy=100 V
At the constant current 12 A, di/dt=0, and R=0 U,.~e=20 V
At the negative current step, use zero voltage U,.~0V

After the neg. Current step i=0 A, constant, di/dt=0 U,.~e=20 V



Solution Exam 2017-05-30 4b

The sampling period is 1/4000/2 = 125 microseconds
The positive step voltage reference should be u* = 625e-6/125e-6*(12-
0) + 20 = 80 V. Since there is a 100 V DC link one sampling period
should be enough. | see that the solution is not correctly drawn. The
voltage reference step should not exceed the carrier but reach 80 V
only.
Modulatirg Wave and Voltage reference
A \ f\ /I\ A | if ' /

\ \. ,f / “‘. / [\ / \\ [\ f;’ / \\ \ /
\\ // L\\ ’Jf" \‘\ ;f ' \ ;ff \\ ,"/ \,\ f,"J '\\ / ' \\ /'f \.\ ff/ \-.\ Ja’/ \ a

v V VIV ¥

\ / \/
Vv V '_\u vV | V

Output Voltage
- m [ [ [ |

100

A

e
A ,,
\/\ﬂ\/‘
Vl

o]

%

x
\
f
\f

I

¥

50—

OQutput Current & Reference

\I\l\l\/\
NONON




Solution Exam 2017-05-30 4c¢

Data: fon =4 kHz.
L =0.625Mh
R=0
Uy, =100V
e=20V
di
' U=L -—+

Equation ” e

Before the pos. current step i=0 A, constant, di/dt=0 U,.~e=20 V

At the positive current step, use max voltage U,e~Uy=100 V

At the constant current 12 A, di/dt=0, and R=0 U,.~e=20 V

At the negative current step, use minimum voltage U,~-100 V

After the neg. current step i=0 A, constant, di/dt=0 U.~e=20V



At

N )

D=——=0.2
100
-—+ezL-ﬂ+e =
dt At
. Time for current

di
See figure

Duty cycle
b

Solution Examzo2017-05-30 4d
U

L
rise = Duty cycle * half the switching

period

frequency

0.1

(100 - 20)

}:

At = 0.5-D

|

A

Modulation

Duty cycle
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Exam 2017-05-30 5_1

Permanently magnetized synchronous machine

A 120 kW motor drive is to be designed. The motor will run from a Power Electronic Converter with
800 V DC link. The bases speed must be 5000 rpm and the maximum speed 12000 rpm.

a) Whatis the rated torque of the machine (2p)
b) Whatis the RMS Phase-to-phase voltage at rated power? (2p)
c) Whatis the rated phase current of the machine? (2p)

All your answers must be accompanied with your calculations and motivations!



Exam 2017-05-30 5_2

Permanent magnetized motor

d) The electric frequency of the machine at base
speed is 250 Hz.
What is the lowest sampling frequency that
you would choose to control the machine?

e) Whatis a suitable switching frequency for
the converter?

All your answers must be accompanied with your calculations and motivations!
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Sa) Torque of the machine T = £ = _120000 =229 Nm
w 5000
A, P
60
800
5b) Phase —to — phase voltage rms U, L, =—==566V
2
5¢) 120000 = {assume cos ¢ =0.95}=~/3-566-1-0.95= I = 120000 _ 59 4
/3566 -0.95
5d ) The base speed is where the top power is achieved . At this speed the electric frequency
of the motor equals 250 Hz,and itsthe mechanical frequency = % =83.33 Hz
. . . 250
The relation between the electric and the mechanical frequency = Wd =

gives the result that the motor has 6 — poles .

At the top motor speed 12000 rpm the electric frequency =3 126% =600 Hz.

Switching freq = {at least one switching period per hexagon side }= 6-600 =3600 Hz
Sampling freq = {2 samples per switching frequency period }: 2-3600 Hz = 7200 Hz
Se) See 5d.Switching freq = 3600 Hz
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Formulas:
I_ j._2 7
3

s=K-|s, +sp -e + 85,

L

Power invariant
Three phase — two phase conversion

S(X. = 3—. Sa

2

Sg = 1/1_2_ (sb - sc)

Power invariant
Two phase —> three phase conversion

ST g_'sa

o 1 1

Sp = - —=—=—Sg Tt —= 8

* Y6 * vz P

sc=-1—sa-1—-sB
V6 V2



