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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 arv? 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 triode
region(allows .medel A06407 VDMOS(nchan Rg=3 Rd=14m Rs=10m Vto=-.8 Kp=32
independent Eit of Cadmax=.5n Cadmin=.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 TENNE! S SEE

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

e 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:

: > N
i(t) l
20 —|E c T Re VO




Nonlinear, Averaged Circuit

/
|

Voat C,

Implementation in LTSpice

L

(f(’J‘):g (r‘lfr,ﬁ)=ij + l N
(vl (7) d(0) vyt [_] [] AW Gy | ),  C R 2 i)y,

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

V4

.op

TENNESSEE oy

Averaged Model With Losses

L1 R3 R4

{RL}

{Ron}

<

V2

QD}

I BoostiSrow

(=3 EoH )

Vivout IRTJHINTV[n001))

'976m-]

'968m-]

'960m-{

'952m-{

944m-]

936m-]

'928m-{

'920m-{

912m-{

AW 60w 8OW  100W 120w 140w 160W  180W 200w 220W 240W 26

1{R1V{Vout)

.op
.param Rout =10
.step param Rout 10 100 10

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

[} W ——
|| [t

GSN GOMP
csp FB

——w—
RES
\le\’;LO SS frm—

W SLOPE MODE |
SYNCINIRT PGND l I =
% LM5121  *°%° -

Vour
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Current Control

Buuck converter

i L i

1T LTEH -
_r [

z D, c== v

Measure
switch pS(r )
current

Current Controller:
Regulate i;(#) = control input

Control
o,';pzt Current-pragrammed controller

R

‘ompensator W)

Vet

Conventional output voltage controller
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Current Programmed Control (CPM)

Buck converter

it L iw
1T I -
_r 0,
y Wl c _|_ v S R
Measure <‘|
switch )i (1)
current §°
Clock
(] R
T
iR, s o
:.:[ > ——R
. Analog Latch
L(URy comparator
Co,’,’qui Current-programmed coniroller
‘ompensator v

Vrf

Comventional output voltage controller

The peak transistor current
replaces the duty cycle as the
converter control input.

Control signal
(1)
/A'"l/ Switch
current
ift)
dr, T, t
Transistor | | |
status: | on | off

Clock fturns Comparator turns
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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V(1) C) R S v

A Simple First-Order Model

Switching converter

1 det) Converter
voltages and
Current currents
programmed
controller
7y
() Compensator v(t)
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The First-Order Approximation

(1)), = il0)

* 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:

i1(s) = 1.(s)

Averaged Modeling

0 L i i(t)
— 31 »
V() v I— v C == RS v

Switch networ k

2/15/2016
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Large-Signal Nonlinear Model

(i (1) .
L 1

(P.(f»rs

O @) awon, )7 T [3] c=m rgomy

Averaged switch network

14



Perturb and Linearize

Boost CCM CPM Small-Signal Model

i L

2/15/2016
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CPM Transfer Functions

40dB
(K< LG
20dB ¢
0dB
-20dB
—40 dB
+0°
—60 dB
72 Gvc +-90
180°
10 Hz 100 Hz 1 kHz 10 kHz 100 kHz

s

Fig. 12.28 Comparison of CPM control with duty-cycle control, for the control-to-output frequency response of
the buck converter example.
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Voltage Control

i L

Y
)
—_——
~
|
g,
=
Elmﬂ)
I —>I
a
|1
11
=
N
b
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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

Inductor Current Waveform in CCM

Inductor current slopes m,
and —m,
iyt
1) buck converter
Y,.—V
= & R
m=—7 —my=-7

boost converter

i,(0) m, —m, (T,
L%y

L

=Y
L
buck-boost converter

m,

— 1,

: v
0 dr, 1, ' my =k T

=

2/15/2016
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Volt-Second Balancing

First interval:

i(dT) =i, =i, 0)+mdT,

Solve for d:
g = ie=ir(0)
mlTs

Second interval:
if(T)=i(dT,)—m,dT,

=i,(0)+mdT,—myd'T,

In steady state:
0=M,DT,— M,D'T,

i D
M, D

i)

i

e

i(0)

my —m,

THE UNIVERSITY OF

TENNESSEE [g g

KNOXVILLE

Introducing a Perturbation

i)y
1o |
¢ [m, 1(T) Steady-state
- . waveform
Lo+ ir(0) - 2
1
I /
L0
A - mzbq Perturbed
dr, waveform
0 (p+d)1, DI, T, r
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Change in Inductor Current Over T,

magnified
view

Steady-state
waveform

m Jr - my  Perturbed
fe—— % waveform
1,(0)=—mdI,

i(T)=m,dT, i(T,) = i,(0) (— %)

(1) = i(0) ( Z)

1

Final Value of Inductor Current

PA(T) = ,(0) ( 3)

Len)=im)(- )=o) 3)2

(nT) = (01~ DT (— D) ~ 10 (_ g)

Dl
0 when —Q,‘<1
. D
|zl(nT,)|—> D
so  when _F‘>1

For stability: D <0.5

2/15/2016
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Example: Unstable operation for D=0.6

D \"04
IL(I) A
iC
1O 2257,(0)}
_ : Iy N A
ot L0y —3.3757,(0)
N
0 T, 27, 3T, AT, t

i (1)

L0

Example: Stable operation for D=1/3

“TT D ( 2/3) 0.3
A
7,00
Tu( ) O ‘( Y10 - L= 72(0)
-5 12(0)4 -3 10 !
0 7 27, 3T, T,

2/15/2016

20



Stabilization Through Artificial Ramp

Bflfk converter
(1) L i) W)
14T T
1)
velt) A D, C == v s R g
- 0 I, 21, t
e it [ <]
switch
aurrent Clock Now, transistor switches off
iR, m, when
R LT 0 L . . .
irificial ramp sa i(dT) +i(dT)=1i,

Anal . . .
ic(r)Rf c;’;:,;ﬁafor Latch IL(dTA-) = lc - la(de)

Current-programmed contioller
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Final Value of Inductor Current

First subinterval:
i,(0)==dT, (m, +m,)
Second subinterval:
fL(Ts) :73Ts [ma 7m2)
Net change over one switching period:
» _ m,—m,
UT)=i0) |- ]
After »n switching periods:
. . m,—my\ _ - my,—m,\" _ - 0
) = i =0T [~ e | = 0 < e = oo

Characteristic value:
0  when | Ocl <]

When|0t|>1
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Artificial Ramp: Additional Notes

m(}'
* For stability, require |a|<1 _ I - ,
: D . m,

° . oA
Common choices: INRE

-m,=0.5m,
—m, =,

* Artificial ramp decreases sensitivity to noise

i (1)

Pernwbed
waveform

Steadyv-state
waveform

dr,

0 DI, (D+dT, T, ]

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

* See Section 12.3 for additional info

2/15/2016
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Application to Experiment 4

Vout

W

i
I

Ds Lo
DG HO
GSN comP
csP FB
VIN RES

Lo SS

SLOPE MODE

SYNCINRT PGND
: AGND

LM5121

fiEuy .
|
Wt

i

= -
i
i

e Complex switching controller
* Read the datasheet first
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Ryva
g —
uvLo
Ruv1 LRV KN
= SLOPE
RsLope

SLOPE

Infush Curres
Limiter

1.6V11Y

WL = T
L Generator| MI Vanoren 8210

Revoss *Few

Skip Cycle
Comparater

Diede

Diode
Emulation
Comparator

a0mv
iysteresis

Emulation

Circuit Bre:

44— VIN

nt

B

ZCD threshold

LM5121

CLK
-

Clock Generator
ISYNC Detector

SYNCINIRT ’L

Level Shift
Diode Emulation

%

Adaptive
Timer

Restart
Timer

VIN I Voo I vce
Regulator
ﬁ BST Charge Pump
aker

Viavet Comparator -

ViN
0 1 W o 19T i é
D
- Lin
Cin — — H
l VIN  CSP CSN DG | DS
10pa Y

DG Charge Pump

Cvce
DesT $

ICRES N

T
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Vout
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[Fione>

3 v_dk

param Rt = lope = 6k
Param fsw = {969 R} Vslpmax = {6e9/Rslope/ fsw):

100k R}

vdd_skip
B4

g B
va I 86

-5
V=IKV(vsd)>2,0,5)

V=IF(V(MODE)<1.2,V(vdd),0)

vz

12

D
ST

Internal Functional Model in LTSpice

* Accuracy/functionality
not guaranteed
* Used for insight only
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«tran 1 uic

.ic V(out)=0
\icl L1}=0

.ic V(ss) =0

myMOS

10

In-Circuit Simulation

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

ut

—

C3

[500

§R5
97.6k

R6
2.4k

.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)

_4©%Jh

V3

PULSE(0 5 250m 1p 0 1)

KNOXVILLE
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T(CI) T(DZJ

Sim Results 2on]

35A- Output Short

V(out)

T T T T
20ms 40ms 60ms 80ms 100m:
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A Tip: Debug Internal of Subcircuit

[ 7 control Panel N I =5

olh Opetion | 5§ Hacksl | ¥ intemet
i;‘: Waveforms

il it Ootons | |
| & Compression | # Save Defauts | SPICE | F Drafting Options

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

Save Device Curent;
i Save Subcircuit Node Voltage:
i Save Subcircuit Device Curerts[*] 7] £

Dont save b0, lefh Is). ladl or ke[ (]

i Save Intemal Device Voltages
Ll
[] Setting bered between program invocation: il
L
L
H
U
Reset to Default Values
[ ok ][ Cancsl ][ Heb
=
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