Lecture 4 — 4Q converter and modulation
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Modulation of a 4Q converter

e 1 output voltage, 2 phase potentials
->infinite number of combinations of
v,*och v,*gives u =v,- v,

e 2 clear alternatives:

u' =y, — v,

di (u—e)
* . * Ud * * . * Ud * - =
altl:v,; = sign(u )~Tcz>vb = v, —ux*=sign(u )~Tc—u dt L
* u*
‘Ua:7
alt2:vy = —vy v, — v, =21, = "
vb=—7



4-quadrant DC converters — alt 1

<) Scope
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4-quadrant DC converters — alt 2

<} Scope
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Modulation of a 4Q converter

e 1 output voltage, 2 potentials -

Y 2w/

>infinite number of combinations of * G‘I - 2§
v,*och v, *gives u =v,- v, L 5
e 2 clear alternatives:
U*= v, — U
di (u—e)
* . * Ud * * . * Ud * - =
altl:va=51gn(u)~Tcz>vb=va—u*=51gn(u)~76—u dt L

u *
v;=—2
alt2:vy = —vy 2 v, — v, =21, = U %

*_
V=T
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Modulation of a 4Q DC converter DC voltaqe

Example:
Udc = 600 [V]
Ra=0.1 [Ohm]
ea =200 [V]
L= 2 [mH]

Switchfrequency: 6.67
[kHz]

Assume 100 A (20 kW)
u*=ea+ Ra*100

e First two milliseconds:

Maodulating wave and potential references

Output potentials
1

Output voltage

Output current




Modulation of a 4Q DC converter: DC voltaqe

o Example:
— Udc =600[V]
— Ra=0.1 [Ohm]
— ea=200][V]
- L=2[mH]
— Switchfrequency: 6.67 [kHz]
— Assume 100 A (20 kW)
- u*=ea+Ra*100
e First two milliseconds:
o Notice:
— DC-side: PWM current
— AC side: PWM voltage

— DC side: instantaneous
power, but average (almost)
zero, due to mainly reactive
load.

— DC side current negative if
load current is negative

Modula llng Wave and potential references
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Exercise: Modulation of a 4Q converter

Given:

Udc = 600 V

e=200 V

i(t=0)=0

Voltage reference given

Parameters:

- L=2[mH]

— Switchfrekvens: 6.67 [kHz]
Draw:

— Potentials v, and v,

— Load voltage u
Calculate

— Positive current derivative

— Negative current derivative
Draw

— Load current i
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Exercise: Modulation of a 4Q converter

e Given:
— Udc =600V
- e=200V
— i(t=0)=0

— Voltage reference given

e Parameters:
— L=2[mH]

— Switchfrekvens: 6.67 [kHz]

e Draw:
— Potentials v, and v,
— Load voltage u

e Calculate

— Positive current derivative

— Negative current derivative

e Draw

— Load current i
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Modulation of a 4Q DC converter AC voltaqe

e Example:
— Udc =600 [V]
— ea=0]/Vv]
— La=2[mH]
— Ra=0.1[Ohm]

— Switchfrekvens: 6.67
[kHZz]

— Uref=400 [V]; 500 [Hz]
e First 5 milliseconds:

Modulatlng wave and potential references

Output potentials
T

Cutput voltage
T




Modulation of a 4Q DC converter AC voltaqe

Modulating Wave and potential references

e Example: - . [ ' f f [ [ []
— Udc =600 [V] - | | | | | | | il
— ea=0]Vv]
_ La=2[mH] o
— Ra=0.1[Ohm] i | | . | | | . | . |

— Switchfrekvens: 6.67 [kHz] . . . . S i e : . . .
— Uref=400 [V]; 500 [Hz] ' ' ' ' '
e First 5 milliseconds:
e Notice:
— DC-side: PWM current

I AC Side.' PWM VO/tage DC link current

— DC side: instantaneous 5 L . | . . . . | | |
power, but average
(almost) zero, due to maily
reactive load. s0H - | | | | | | | |
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Modulation of a 4Q DC converter AC voltaqe

Medulatmg wave and potential references

L4 Example: H i ll \', | ] k! W= at |
= UdC = 600 [V] Output potentlals
~ ea=0/[V] 1
— La=2[mH] ol
— Ra = 2*pi*500*La <200 |-
[Ohm] Output voltage
— Switchfrekvens: 6.67 | ] ! | | | l | .
[kHz] HHHH |
— Uref=400 [V]: 500 [Hz] o | | II |
e First 5 milliseconds: =L i | | | | | |
Output current




Modulation of a 4Q DC converter AC voltaqe

Example:
Udc = 600 [V]
ea=0][V]
La =2 [mH]
Ra = 2*pi*500*La [Ohm]
Switchfrekvens: 6.67 [kHz]
Uref=400 [V]; 500 [Hz]
First 5 milliseconds:

Notice:
DC-side: PWM current
AC side: PWM voltage

DC side: Average power
positive due to high Ra. p/4
phase shift due to R,=al,

600
400
200

=200
-400
500

MOULHE[IHQ Wavwve and potential references

Load Current

DC link current

1.5

358 4 45



To Simulink
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Thermal circuit

AIN)
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Heatsink

Semikron p 82-83

Chip temperature 3j
Heat sink temperature 9,
Power losses P

Thermal resistance Ry,
Thermal capacitance Cy,

[ | K
Rth(j—s) = thh(layers) Rth = E[W}

Material Heat conductivity » He_at _storage charac- :::;T:i‘on coefficient
Wim*K)] teristic s [kJ/(m**K)] a [10°K]
Silicon 148 1650 a1 C — Z C C = mc |:ij|
Copper 394 3400 17.5 th(j—s) th(layers) th K
Aluminium 230 2480 225
Silver 407 2450 19
Molybdenum 145 2575 5
Solders ~70 1670 15-30 1
AlLLO,-DBC 24 3025 8.3 R e
AINDBC, AN-AMB [ 180 2435 57 cony
AISIC (75% SiC) 180 2223 7 A h
e cool
"gj })j (Rth + Rconv ) + lgamb
17



6.2 p 233-237

Thermal circuit

 Heat flow

— Heat sources: losses in diodes and
transistors

— Heat sink: natural or forced convection

— Thermal resistance: components ant
thermal connections between them

* Thermal nodes
— Junction
— Case
— Heat sink
— Ambient
» Solutions
— Steady state
— Transient

'91,end = (Rth ' P + l9amb) . (1 - e_;) + '91,start : e_T

Lund University / LTH / IEA / Avo Reinap / 18
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Simple converter loss model

e Switching waveforms, looking at
turn-on, on-state and turn-off energy
losses over switching sequence

e Considering temperature
dependence

e Recalculate datasheet values to
actual working point

e Pay attention if losses can be
separated by components or they
are provided as per integrated switch

Lund University / LTH / IEA / Avo Reinap /
EIEN25 / 2020-01-29

A

Uge
] 0
u

6.1 p 225-233

s, onstate g

P4

19




Switching and conducting losses

Energy losses:  E5(T,,)= [ps(r)dr=Eg 5, (To)+Es cond (Te) +Es o (Tiyy)
TE\!-‘

t
Es on(Tow)= [ ps(D)dt=Vpc-I %
I{JJ‘J

ES,cond (Tsw): _{pS(T)dT:VS(Dn)'IO “Teond Note VS(on):VSO+RS 'IO

Teond

f
Eg o (To)= [ps(D)dT=Vpc Iy %
Tofr
| A - i —M—P T, P, T 75 T
Power losses: S( .m')— T = S,on{ 5w)+ S,corm‘( .S‘IV}+ S,oﬁ"( m’)

sw

Tey)

Eg ; Ve Lot
PS,O?J (Tm'):M:ES,on (Tm')'fnv:%‘fm'

W

¢
:VS(on) do- ;imd

W s
Eg o (Tsy) Vpclot
M:ES,OJ?'(TW*)'fmt’:fw'fm’

sW =

Es cond L)
PS,cana‘ (Tmr)ZM

:VS(on)'IO Dy

PS,oﬁr (Tew)=

PS,.rw(Trw):PS,on (Tnv)+PS,oﬁ" L)
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Reverse recovery losses

If specified, use:

E
E. (T .)=$-V o
S.on\*sw VDC‘_» : 10” DE+0

2]
E T el
s.off Tsw) T

For the freewheeling diode:

Ppcond (Tm'}=VD(on) do-Dp I!D(on) =Vpo+Rp-Ip

Dp=1-Dg

1 ;
Fpp=Vpe O fow O~ S_-o-'Q”' where S=

If specified, use:

E
PD,oﬂ' :‘EDﬂﬁ'(T:\r)'f:\r > ED,OﬁF(TS\I'):ﬁIVDC‘IO Qf: T,
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