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Course Logistics

HW2 due Monday 10/9
_ab groups have been formed

_ab1 signed off this week
_ab2 out

EE155/255 Lecture 4 - Power Circuits



Course at a Glance

No Date Topic HW out HW in Labout Labck Lab
1 9/25/17 Intro (basic converters) 1 1 Intro to ST32F3
2 9/27/17 Embedded Prog/Power Elect.
37 10/2/17 Power Electronics - 1 (switches) 2 1 2 1  ACEnergy Meter
4 10/4/17 Power Electronics - 2 (circuits)
5 d 10/9/17 Photovoltaics 3 2 3 2 PV MPPT
6 10/11/17 Feedback Control
77 10/16/17 Electric Motors 4 3 4 3  Motor control - Lab/
8 10/18/17 lIsolated Converters
9 d 10/23/17 Solar Day 5/PP 4 5 4 PS
10 10/25/17 Magnetics
117 10/30/17 Soft Switching 6 5/PP 6 5 Magnetics
12 11/1/17 Project Discussions
137 11/6/17 Inverters, Grid, PF, and Batteries 6 P 6 Project
14 11/8/17 Thermal & EMI
157 11/13/17 Quiz Review c1
16  11/15/17 Grounding, and Debugging
Q  11/15/17 Quiz - in the evening
11/20/17 Thanksgiving Break C2
11/22/17 Thanksgiving Break
177 11/27/17 Wrapup
18 11/29/17 Guest Lecture C3
197 12/4/17 Guest Lecture
20 12/6/17 No Class
TBD Project presentations P

12/15/17 Project webpage due
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Course to Date

We need sustainable energy systems
At the core they are voltage converters

ntel
ntel
Rea

Periodic steady-state analysis, buck and boost

igent control + power path
igent control done with event-driven embedded software
devices have switching and conduction loss — and parasitics

EE155/255 Lecture 4 - Power Circuits



Last Time

DC and AC characteristics of MOSFETSs, Diodes, and IGBTs
Switches in pairs

One switch does the work

Turn on transient

Diode reverse recovery

Parasitics

Gate drive and Miller capacitance

EE155/255 Lecture 4 - Power Circuits



Turn-On and Turn-Off Loss
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Turn-On Loss
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Turn-Off
Buck with Diode

Excess current charges drain
X---l1 node.

Integrate to get switching
energy

1 1
E = VDDtr (gll‘ +gll)
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Turn-Off
Buck with Diode

If current ramps faster than
voltage nearly ZVS
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Parasitic Losses
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Gate Drive
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Gate Driver
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Effect of Miller Cap on Rise Time
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Effect of Miller Cap on Rise Time

A g
dt  Cp,,
Co
- _ AVDCDG

Example: i = 0.5A, C = 100pF, AV =400V
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Bootstrap Supply

inH |
High-Side | G2 | }
Co=— Gate Drive E/IZ

inL
Low-Side | G1 | *
Gate Drive E/H

GND
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Dead Time
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Too Little Dead Time (11.6kW loss)

ix(1:h: 1) *(v(d)-v(m1)) ix(1:ED*v(mI)
T10KW

100KW

90KW
4md 3.7/mJ
TOKW "
60KW
3.4mJ 3 4
:
4mJ
30KW
20KW
10KW

OKW

LKW
J0KA Ix(1:h:l) Ix(1:1:3)

25KA
2500A
15KA
1LOKA
0.5KA

0.0KA

0.5KA
-LOKA
-L5KA
-2.0KA
2.5KA

3.0KA
16V

14v
12v
10v
sV
ov

Vipll) V(plh)-v(ml) V(l:gl) V(1:gh)-v(ml)

V(ml)
50V

asv
a0v
35V

30V

20V
15V

10v

Léus 17us 1.8us 1.9us 2.0p8 2.lps 22us 23us 24ps 2.5us 26us 27us 28us 29us 3.0n8 3.ps 32p¢
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The “Real” Gate Signa

I I I 15

1 1 I I I
1 1 1 | |
1 1.2 1.4 1.6 1.8
I I I I I
1 1 1 1 1
1 1.2 1.4 1.6 1.8
| | | | |
1 1 1 1
1 1.2 1.4 1.6 1.8
t(us)
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Too Much Dead-Time (340W loss)

—. (Still pretty good)

o 0.27mJ

Ix(2:h:1) Ix(2:1:3)
S00A

740A

V(p2h)-v(m2) V(2:gl) V(2:gh)-v(m2)

e

700mV diode drop
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Just Right (310W loss

KW IX(@1:1)*v(md) ix(@:h: 1) (v(d)-v(m1))

24KW
2IKW

LKW

- 3uJ
0.19mJ

0.3KW

0.0KW

szKo“\ Ixcanit) Ix(41:3)
350A
280A
210A
140A
T0A

o — X

T0A

-140A

210A

280A

350A

v(pah)-v(m4) v(4:gh)-v(md) V(d:gl)
16V (p4] gh)-v( ¢l

14v

Slower gate rise

2v

V(md)

asv
a0v
35V
30V
25v

20V

o Short duration diode drop

Léus 17us 1.8us 1.9us 2.0p8 21ps 22us 23us 24ps 2.5us 26us 27us 28us 29us 3.0n8 3.ps 32p¢

Conduction loss isdfBes 5054 HoaercealV



Too much dead time Is better than too little
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Snubbers
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Dampen Ringing Nodes

J Lp and C, resonate
II when M is on
40A

4@ P Parallel Rs dampens
D tank

L R Series Cg limits
D S dissipation
G—[M ==cqg 50V
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Inductance on Drain

B0V

Vix)

B0V
0%

30—
20—
10%=
0=
-10v=
-2 0=
-3 0=
-{0y=
-H0W

M

1.8KW

ix[1:1)*v(d)

1.5KW=
1.2KW=
0.9KW=
0.6KW=
0.3KW=

AN

0.0KW
-0.3KW=
-0.6 KW=
-0.9KW=
-1.2KWW=
-1.5KW

8ud turn-on

42ud turn-off

V(d]

Ix[1:1)

7 0V
63IV=
56Y=
49y=
42v=
35—
28—
21v=
14v=

7V

0V

i

hbA
= d84
= 404
= 324
= 244
= 16A

=164
244

2. 1=

L] ]
2.21s 2.3ps

]
2.4s

EETE57255 Legture 4 5 Power Cirguits
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With Snubber (1nF, 5Q)

ilrs]*iviz)-vix)

2 40\

200w ‘
160W ‘
120W ‘

-

LA

W

2ud in snubber

hbV

Vi

12—

/\f"

-32W
2. 1KW-

ix(1:1)*[d)

0.1KW=

8ud turn-on
7\

-1.8KW

42ud turn-off

BBV

Vid]

Ix(1:1)

hbA

33V

0V

=124

32A

2.07ps

oitus 2ot 2o EE19RI255 Lecture 4 FPower Girguits
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2.88ps

1
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Design Procedure

JII Pick Rg ~ 1/oC;
40A Pick Cg so
4@ ’DI o T>= 1/
E. = CgV4/2
Lp Rs
c—[M == Cq 50V
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Example Cycle
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IGBT Half Bridge

s CH
YN
Cx
Ceon =— |
| Q. A Dy
GD Rx
X
CeoL =—— |
€ AD
GD
SL
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One Switching Cycle

t (us)
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I ——————
|
- I/
/
O B E I
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
T T T T T T T T T
! ! ! ! ! ! ! ! !
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
T T T T T T T T )
! ! ! ! ! ! ! |
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2



High-Side Turn On

_ £ 60ns X22kW

400} PN 120 = 660[1]
2 200V //// S ] i 2
< I _ - =110 T
> " E =773
O=—"— \ I ! e 10
60 80 100 120 140 160 180
410 dl
b
5 400 L_
dt
390

60 80 100 120 140 160 180

Veen (V)




High-Side Turn Off

40

W
o
T

i, (A)
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(V)
N
o
o
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1.6

1.6

1.65
t (us)

1.7

1.75



Lab Half-Bridge Module
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The Half-Bridge Module

V12

+ >
o >
> @)
O O
“|||| |||||||||||||||||||||||||||||||||||||||||| 0
| 3VW “
m a TS m
! |
m “
I
! L |
3 38 “
. O !
r= _22 |
| pos !
S s~ | |
— N
> >
L
O =
e : |
by ||
WPl _
I
o 1|
“Dn o L !
| Zua “
I Cl I
= !
“p |
_w. !
I
=) Dl “
> |
B H H__ M~ (o) LN
2] (7s) Q
> 2 $ 9 E
< @)
0
i
i
~ >
e
- c g = a
I - () >
— o < ™
()]
= c pd
T i O

EE155/255 Lecture 4 - Power Circuits



Bootstrap Supply
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Bootstrap Supply

ViX

60V
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Drain Voltage Filter
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Drain Voltage Filter
300nH Input Inductance

I(L1)
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-15A+
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I(L2)
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SPICE
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SPICE Example — A Voltage Doubler
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A Voltage Doubler

* Simple voltage "doubler"

.include "gel.lib"

.param td=100n tr=100n t£f=100n tw=2.5u tcy=5u ncy=2
.param 11=22uH cl1l=10uF rl=10

* call half-bridge subcircuit
xhb vd mid g g 0 vl12 gel_hb

-

Vd

mrd

o Vin
* circuit
11 vin mid {11} —1
cl vd 0 {cl} (|

rl vd 0 {rl} \/;{\

* supplies
vli2 v12 0 12
vin vin 0 24

* stimulus
VG g 0 PULSE(O0 5 {td} {tr} {tf} {tw} {tcy} {ncy})

.ic i(11)=9.2
.ic v(vd)=42.8

.tran {ncy*tcy}

-
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Turn-On Transient

1 IR ul {ULUL . . ;
e e whe  B8455/285 Leoture HwPower Ciretits  soe soo




Steady State

48V
44V
40V -
36V—-
32V¥—-
28V -
24V~ -
20V -
16V—-
12V -

8-

4V

oV

84A
LOA:

8.5A

7.2A

Ix(hb:fh:1)
117 E B . . . . .
1004
80A
60A
404+
204
0A-
-204

130A
1104+
90A—
70A+
50A—
30A
10A+
-10A

43.56V

43.07V+

10ps



Close up of Drain Current

Ix{hb:fh:1)

Ix{hb:fl:1)

Ix{hb:fh:1)

Ix{hb:fl:1)

Femmm———

Fmm===—-

280.42)1s

280.41ps

280.40ps

280.39)s

280.38)1s
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With PID Control

V(c)

R e e s B e P

B T e a7 N ik e e e el P

oottt Sl el Tl il

B

0.0Vt ------mmmm-

1.6MYet - - - - - -~

0. QMY - - - - -
1.2Mt - oo
2.0MV
1.5mv

0.1mV

b0V

30ps 40us 50us 60ps 70pus g0ps 90ps 100ps

20ps



A Warning

SPICE (or any simulator) is a Verification tool, not a Design tool

Design your circuit first
— Use Excel, Matlab, a calculator etc... to calculate component values

Then simulate your circuit to check operation and fine-tune parameters
Don’t try to design your circuit using SPICE

Simulation is not a substitute for thinking
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Summary of Power Circuits

Real switches have limitations
— Conduction losses (R for FETs, V¢ for IGBTSs, Diode drop)

— Switching losses (finite t,,, t, t.)
With current source load, current ramps, then voltage falls
And voltage rises before current falls
May be dominated by reverse recovery time
Complicated by inductance

— ParasiticL and C
Power MOSFETSs
— Switch quickly, have linear |-V, integral diode
IGBTs
— Diode-like 1-V, slower switching
Diodes
— Have reverse recovery time
Switches operate in pairs
— For one-way converters, one switch may be a diode
— Synchronous rectification — make both switches FETs to reduce loss
— Need “dead time” to avoid “shoot through” current

Gate-drive circuits control rise and fall times
—  Supply Miller capacitance

Bootstrap supply needed for high-side driver
Snubbers dampen voltage and current transients

Use SPICE as a verification tool, not a design tool
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Course at a Glance

No Date Topic HW out HW in Labout Labck Lab HW
1 9/25/17 Intro (basic converters) 1 1 Intro to ST32F3 Periodic Steady State
2 9/27/17 Embedded Prog/Power Elect.
37 10/2/17 Power Electronics - 1 (switches) 2 1 2 1 ACEnergy Meter Power Devices
4 10/4/17 Power Electronics - 2 (circuits)
57 10/9/17 Photovoltaics 3 2 3 2 PV MPPT Motor control Matlab
6 10/11/17 Feedback Control
77 10/16/17 Electric Motors 4 3 4 3  Motor control - Lab/ Feedback
8 10/18/17 lIsolated Converters
9”7 10/23/17 Solar Day 5/PP 4 5 4 PS Isolated Converters
10 10/25/17 Magnetics
117 10/30/17 Soft Switching 6 5/PP 6 5 Magnetics Magnetics and Inverters
12 11/1/17 Project Discussions
137 11/6/17 Inverters, Grid, PF, and Batteries 6 P 6 Project
14 11/8/17 Thermal & EMI
157 11/13/17 Quiz Review c1
16  11/15/17 Grounding, and Debugging
Q  11/15/17 Quiz - in the evening

11/20/17 Thanksgiving Break C2
11/22/17 Thanksgiving Break
177 11/27/17 Wrapup
18 11/29/17 Guest Lecture C3
197 12/4/17 Guest Lecture
20 12/6/17 No Class
TBD Project presentations P

12/15/17 Project webpage due o
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