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Circuit Simulation

* LTSpice
— Other tools accepted, but not supported

* Choose model type (switching, averaged,
dynamic)

* Supplement analytical work rather than
repeating it

* Show results which clearly demonstrate what
matches and what does not with respect to
experiments (i.e. ringing, slopes, etc.)

* Example files added to course materials page
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Custom Transistor Model

.model myD D(n=.001)
.model mySw SW(Ron=10m Roff=1G Vt=0 Von=1 Voff = .5)

c1
[100p
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VDMOS Model

Name Description Units | Default Example
Vto Threshold voltage v 0 1.0
Rp Transconductance 2t 1. .5
parameter
Phi surface inversion v 0.6 0.65
potential
Lambda Channel-length /v 0. 0.02
modulation
mtriode Conductance - 1. 2.
multiplier in triods N M-‘ S
zegion (allows .model VDMOS(nchan Rg=3 Rd=14m Rs=10m Vto=-.8 Kp=32
independent fit of Cgdmax=.5n Cgdmin=.07n Cgs=.9n Cjo=.26n Is=26p Rb=17m)

triode and

saturation regions tran 50u

subthres Current (per volt a/v 0. in
vds) to switch from
square law to
exponential
subthreshold
conduction

BY Vds breakdown v Infin. 40
voltage

PULSE(0 120 {n 1n 5u 10u)

1BV Current at Vds=BV a 100pa lu ~7

NBV Vds breakdown - 1. 10
emission coefficient

Rd Drain ohmic 2 0. 1.
resistance

Rs Source ohmic Q 0. 1.
resistance

Rg Gate ohmic Q 0. 2.
resistance

Rds Drain-source shunt Q Infin. 1l0Meg
resistance

Rb Body diode ohmic Q 0. .5
resistance

Cio Zero-bias bodv diode F 0 in

http://Itwiki.org/LTspiceHelp/LTspiceHelp/M_MOSFET.ht TERNEESEE
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Manufacturer Device Model

* Text-only netlist model of device including
additional parasitics and temperature effects

* May slow or stop simulation if timestep and
accuracy are not adjusted appropriately

Full Switching Simulation

.model myMOS VDMOS(Rg=1 Vto=4.5 Rd=14m Rs=10m Rb=17m Kp=30 Cgdmax=.5p Cgdmin=.05n Cgs=.2n Cjo=.03n Is=88p)

.tran 1
out
.ic V(out)=0 ib switch.lib I
Jic I(L1)=0 M2
R7
myMOS
L1
TR - 10 c1 §R2
L =
V1 5 I—T c R
M1
Y R8 ==y
v 2 — myMOS
“‘ 10




Full Switching Simulation

.model myMOS VDMOS(Rg=1 Vto=4.5 Rd=14m Rs=10m Rb=17m Kp=30 Cgdmax=.5p Cgdmin=.05n Cgs=.2n Cjo=.03n Is=88p)

.tran 1
- out
.ic V(out)=0 lib switch.lib —J
.ic l{L1)=0 M2
R7
L1
ULU [V [ Open Symbol| E:\Program Files [«86)5LTCALT spicelvMlibhsymbCustom'G ateDn
Al
)
ot This is the fourth attribute to appear on the netlist line.
v m
o
Attributs Value Vis,
5 Prefiz ®
InstM ame: u1 b
SpiceModel GateDriver_dt_phase
Value
Walue2
Spiceline?
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Home

Materials

%— Available on Exp 3 Webpage

v rwmt |
=

Experiment Procedure

¢+ Prelab Assignment
+ Expeniment 3 Procedure

Experiment 3 Components
+ Contents of the Experiment 3 Pasts Kit
« Contents of the Magnetics Library
+ Breakout Boasd Schematics and Layout
Reference Materials
+ Power Convester Lavout
+ Reduction of Rineing in Power Converters (Tl App. Note)
« RMS Values of Commonly Observed Waveforms
LTSpice Example Files

« Examples of power semiconductor modeling using custom or manufacturer models
+ Example Switching and Averaged Boost LTSpice Models

+ Additional materials on averaged-circuit modeling 1 SPICE it e S "
THE UNIVERSITY OF
+ Example averaged. nenlinear boost converter model (Spring 2014 TENNESSEE

KNOXVILLE

+ Magnetics Design
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Switching Model Simulation Results

e Simulation Time = 15 minutes

Full Switching Model

 Gives valuable insight into circuit operation
— Understand expected waveforms

— Identify discrepancies between predicted and
experimental operation

* Slow to simulate; significant high frequency
content

* Cannot perform AC analysis

THE UNIVERSITY OF
TENNESSEE oy
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Averaged Switch Modeling: Motivation

* Alarge-signal, nonlinear model of converter is
difficult for hand analysis, but well suited to

simulation across a wide range of operating
points

* Want an averaged model to speed up
simulation speed

* Also allows linearization (AC analysis) for
control design

Averaged, Nonlinear, Large-Signal Equations
ECE 481 Review:

L

i)+ Y - f( +
Vg(t) _IE c RS W
Ny T 1
=0 ®  w
(S > Ligy - SNV iy = 4D g
‘s\‘.".f( l \to\urf;f{’ l | ,
PR e
' " . 6"\) NS A v
Aes L'% : xlbsbﬁa Va KC: eJ7 sd4,~Td -2
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Nonlinear, Averaged Circuit

iL: L 1

g
O
|

Implementation in LTSpice

L

(f(’J‘):g (r‘lfr,ﬁ)=ij + l N
(gl (7) d() (vl [_] [:ld’m Gy, | G, C RS ),

Averaged switch model

B1 B2 23> .
V=(1-V(d))*V(2,3) “ I=(1-V(d)*((B1)) <V1(f)>rs d'(7) (VZ(I‘)>TS
<i2(t)>r, =d() <f1(1)>rs

3 s & '

o =l
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Averaged Switch Model

L2
{L}

V3 FD‘—
V4

.op
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Averaged Model With Losses
e

P V()

{RL} {Ron}

T

<

7 BoostLSraw e 0op _
Vivout IRTJHINTV[n001)) .param Rout =10

.step param Rout 10 100 10

'976m-]

'968m-]

What known error(s) will be
present in loss predictions with
this model?

'960m-{

'952m-{

944m-]

936m-]

'928m-{

'920m-{

912m-] % —~
THE UNIVERSITY OF
2 40w S0W  BOW 100w 120w 140w 160W 180W 200W 220W 240W 26 TE EE I
1{R1V{Vout) KNOXVILLE




Experiment 4
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Experiment 4: Closed-Loop Boost

Experiment 3: Open Loop g
R,
_,WE{' 0. KD, i

PWM
Mojov3  L——s!{ Gate Driver
¢

LM

Experiment 4: Closed Loop

e
86 1 T

= N L= vce BST  SW

DS L0
DG HO
GSN GOMP
csp FB
VIN RES

uvLo S5

WA—y
SLOPE MODE
SYNCINRT PGND
AGND
LM5121

THE UNIVERSITY OF

TENNESSEE |8 §

KNOXVILLE

2/16/2016

10



T
V0 = w1 < R
Measure
switch
current
,-l’( Current Controller:
Regulate i;(#) = control input
Co:;t;zi Current-pragrammed controller
‘ompensator W)
Vref
Conventional output voltage controller
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Current Programmed Control (CPM)

Buck converter

Vrf

Comventional output voltage controller

i L i .
, T — The peak transistor current
T % J_ replaces the duty cycle as the
(1) c (1) H
R g -|- SR converter control input.
Measure <‘I
switch fx(r)
curvent
R Clock Control signal
S - 1 i(0)
0T
iR, s a
b 1 Switch
current
— > i
Anal
iR, comparator Lateh
—>
Colr;qui Cuyrent-programmed coniroller 0 , dT; T 4
Transistor | | |
status: | on off
Clock Iw'ns Comparator turns
‘ompensator v transistor on transistor off
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Current Programmed Control

* Covered in Ch. 12 of Fundamentals of Power Electronics

* Advantages of current programmed control:
— Simpler dynamics —inductor pole is moved to high frequency

Simple robust output voltage control, with large phase margin,
can be obtained without use of compensator lead networks

It is always necessary to sense the transistor current, to protect
against overcurrent failures. We may as well use the information
during normal operation, to obtain better control

Transistor failures due to excessive current can be prevented

simply by limiting i (t)

Transformer saturation problems in bridge or push-pull

converters can be mitigated

* A disadvantage: susceptibility to noise
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A Simple First-Order

Switching converter

R S v

! 1 det) Converter
voltages an
‘ Current currents
programmed
‘ controller
() Compensator

V(1)
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The First-Order Approximation

(i(0)), = i)
=

» Neglects switching ripple
* Yields physical insight and simple first-order model

» Accurate when converter operates well into CCM (so that
switching ripple is small

 Accurate when artificial ramp (discussed later) small

* Resulting small-signal relation:

A A
17(8) = i9)
>—————

Averaged Modeling

0 L i i(t)
- Ll .
LT

0) 0

‘fow oot et Switch networ k
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B (g Gy 0k e DA

ax

" $ A
N - —
A‘,*"; Te > PS 2 P 2
trevl ¥ wodel :
AC_epe S T
v % L, 1 )
[ o\

'.o y - 2% 4 -b- p‘ v
¢ Tm@ w T . ' v
e - ol NJ ron\i '

%

Large-Signal Nonlinear Model

1)y L
__.;f'mj'zs'\

(ve(thy, C_)

J V) :
¢ Py, T

\ G0y, (,) - - C == RS M)y

=

S

Averaged switch network
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Implementation in LTSpice

THE UN]\'ER’S‘F’[‘Y OF
TENNESSEE
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Perturb and Linearize

2/16/2016

15



Boost CCM CPM Small-Signal Model
i L
; Lok e DR e kg
I ‘ L
wer E| v (- 3) Gl Rle)
Yoo 2/,

(- 5 Tesl

il v 2 2 gamt ewe *\.n)

_ ok (-5 frown Dot |

G ° —]m‘%{ g,,\e)\e Yole .

Sl Ly BW b v ‘i“; (‘b‘, ab\mss'.u\

CPM Transfer Functions
40dB m
ol | 2o drodrd |G
20dB ¥
Gl
0dB
—20dB
—40 dB
= £LGy 10
—60 dB
—90°
¢ ; 180°
10Hz 100 Hz 1kHz 10 kHz 100 kHz
A
Fig 8 Comparison of CPM control with duty-eycle control, for the control-to-output frequency response of
thg PLonverter example.
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Voltage Control ... not ;e ’

L

CPM Oscillations for D>0.5

« The current programmed controller is inherently
unstable for D > 0.5, regardless of the converter
topology

» Controller can be stabilized by addition of an
artificial ramp

——
[n———_

2/16/2016
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Inductor Current Waveform in CCM

Inductor current slopes m,
and -m,
(1
1) buck converter
. V,—V
= e __v
. ’g m==7 —my=—
70 ke e i(T) boost converter
v, Vo=V
m; = f —m,= I
buck-boost converter
. v,
0 dT, T, t m = IK —m,= %
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Volt-Second Balancing

First interval: t: ir(1)
)

i(dT)) =1.=1,(0) +mdT, 7 _ .
“Tv 0

Solve for d- i,(0) my mmy T i(T)
d= lr;’L(O)
m 1; Ts

Second interval:
if(T) =i (dT)—mdT, 0 dr, . '
=i,(0)+m,dT,— md'T,
T 2R 5. ohesdy ohute
In steady state: ~T,
0=M,DT,— M,D'T, L=t
e —————

M, _D
M, D

————
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Introducing a Perturbation

iL (t) A . ‘\p«.‘hf.'\
| o /[
i 1\

(&

m (1) Steady-state

waveform
I + _

b7 "1
/6 (- ) Perturbed
_‘”,‘.\v‘.v e ol dr, P‘Avvj:" d}/vaveform

ve
oH»gz‘}

magnified e

view
teady-state
-
- ' waveform
~
" H i A
t P} S myp . i - m, ecturbed
X vo_- i.—.dT‘ | wavefor# Lﬁ(“‘

. I\

1,(0)=—mdT,

fL(Ts) = m2dATs

m,

W) =i 1)

Srable only
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Final Value of Inductor Current

i) = 1,0) (— g)

Wer)=im) (- B =i~ B}

i/(nT)=1,((n— DT ( g') = i1(0) ( %)n

|77 | -

oo  when

For stability: D <0.5

i(t) s
ic’
X %\ 225,01
Lo f Z1I5T(0) 4 > b
L wV/' —3.3751,(0)|~
Ny
0 T, 27, 3T

2/16/2016
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Example: Stable operation for D=1/3

a—D(— 1/3)—0.5

D' 2/3
IL('T) A
iC
v
1,(0)
1 : r 1 =
I : = 17(0) - 2 110)
Sl R ) ¢ T L 1o
2 8 ;
0 T 2T 37T AT ¢
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Stabilization Through Artificial Ramp

Buck converter
i) L i (1) 1,0
EEEN +
9
velt) A D C= vl SR m,
- 0 T, 27, '
Measure (1) I <1,|
switch
current ook Now, transistor switches off
L(URy m, when
R, LT E . ) .
gy _
S Artificial ramp sa la(de) + lL(de) — 1.
R or,
Anal . . .
iR, comparator Lareh i(dT)=i.—i(dT,)
Co;zz:’ Current-programmed controller

THE UNIVERSITY OF
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Final Value of Inductor Current

First subinterval:

o 1(0)=—dT, (m, +M

Second subinterval:
i(T.) =—dT, (m, - m,)

Net change over one switching period:
iAL)=i0) |~ e

After n switching periods:

R s My—m,\ _ -« my—m,\" _ -+ "
) = DT [ e | = 0| e = oo

when|0t,|<1

when|0c|>1

THE UNIVERSITY OF
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Artificial Ramp: Additional Notes
| - 2a
* For stability, require |a|<1 _ 7,
e Common choices: L4 _«
D m,
-m,=0.5m,
- ma - m2
* Artificial ramp de v noise
iy <
Pernwbed
R waveform
‘,( """"
£ _+____-———
ar, ot i
0 DT, (D+dT, T, /

THE UNIVERSITY O
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More Accurate Models

* The simple models of the previous section yield insight
into the low- frequency behavior of CPM converters
* Unfortunately, they do not always predict everything
that we need to know:
— Line-to-output transfer function of the buck converter
— Dynamics at frequencies approaching f,
* More accurate model accounts for nonideal operation
of current mode controller built-in feedback loop

* Converter duty-cycle-controlled model, plus block
diagram that accurately models equations of current
mode controller

e See Section 12.3 for additional info

—_—

Application to Experiment 4

i

VGG BST  SW
DS Lo

DG HO
csN comp
csP F8
VIN RES

Lo S
MODE

N | SLOPE
SYNCINRT PGND
% LM5121 "5

J

i
-

o)

* Complex switching controller
* Read the datasheet first

2/16/2016
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Ruv1

RsLope

Gircuit Breaker
Comparator

6x10°
Revoee *Faw

K
Level Shift
Diode Emulation

%

Adaptive
PWM Timer

Ccomp Rcomp

Skip Cycle

Comparator

tysteresis

LM5121 Restart

Timer

piode  C-X | Clock Generator

Emuiaon ¥ ISYNC Detector

Diode

Emulation SYNCINIRT ’L AGND PGND

Comparator
RT |
L'\/\./\,—| |
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Internal Functional Model in LTSpice

* Accuracy/functionality
not guarantee
* Used for insight only

(,Jaf\"" oy "

fpreed yo

N Qiode

2o fow = {5%o) REY Velpmax = {600/ Rsiopel fsw} ¥
- No

MJ\Q"O'
S
B mods

b

(00D
- - vdd_skip -5 1.2
V=IH(V(vsd)>2,0,5)
ok B4 F(V(vsd)>2,0,5)
<~ F] V=IF(V(MODE)<1.2,(vdd),0)
ref—} demu

NNESSEE

KNOXVILLE

24



2/16/2016

In-Circuit Simulation

.model mysw sw(Von=3 Voff=2 Ron=.1 Roff = 1Meg)

.model myMOS VDMOS(Rg=1 Vto=4.5 Rd=14m Rs=10m Rb=17m Kp=30 Cgdmax=.5p Cgdmin=.05n Cgs=.2n Cjo=.03p Is=88p)

.tra‘;\ 1 I.II)C . ut
«ic V(out)=
LicI(L1)=0 @ 2 RS
«ic V(ss) =0 g R3 = myMOS
3 — myl 1
E 10 c3 §RZ s1 va
[500 10

PULSE(0 5 250m 1p 0 1)

§R5
97.6k

R6
2.4k
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I(CL) T(DZ)

Sim Results a5n

35A-1 Output Short

V(out)

T T T T
20ms 40ms 60ms 80ms 100m:

THE UNIVERSITY OF
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A Tip: Debug Internal of Subcircuit

[ 7 control Panet i 1 =)

ot Operation | 9 Hacks! | % intemet
Netiist Options | ¥ Wavefoms

(& Compression | # Save Defauts |5 SPICE | ‘T Drafting Options

These defautts are used when there is no explicit " save" command

Save Device Cuments[]
Save Subcircuit Node Voltages :
Save Subcircuit Device Cuments|

Dont save b, l{. Is{. Il or be{]

i Save Intemal Device Voltages

[] Setting bered between program invocation:

Reset to Default Values

[ ook J[ come [ he

= 4
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