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The SPICE Engine B

SPICE is a linear solver in essence: any nonlinear behavior must be linearized
SPICE samples at a variable timestep: it adjusts its course based on signals shapes
Flat type of waveform: large timesteps are taken

Change occurs: timestep reduction until enough precision is obtained

ﬁ Reduction o Timestep control algorithm is an essential
in steps 4 part of the engine:
h v" It controls the number of iterations to find a
solution
v" It checks that timestep reduction brings a
precise solution — jump to next point or fail!

Large steps T— @ | %
Reduction -

in steps

o
F

Highly time-consuming process!



A Piece-Wise Linear Approach — Diode Example

A diode is a nonlinear device affected by a variable dynamic resistance r;

SPICE will have to linearize the component at every change in operating point
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A Switching Converter is a Nonlinear System

A switching converter is exhibiting linear characteristics during #,, and ¢,

Vo Vou
— VWV 000 NV —ON AN\
. rDS(on) L r . L ry
I/in () T §Rload () I/in g}’d C T § Rload
on time — off time —

The toggling event between the two networks introduces a discontinuity

linear Singularity The PWM switch
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The Need for an Averaged Model

An averaged model excludes the switching component by construction
The simulation time is flashing and some models operate in ac and transient analyses

What if | don’t have an averaged model for my particular converter?

L1 rL
100uH 10m gut = 55v
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417mV
wd — gCO
i PWM switch VM |P m
( * Vin ?I?L LoL X1 ;?3
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* Vstim “ T 47uF
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- E1 Vref
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47mv _ , )
7 out v’ Targetis5V:V,,=5V
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An Accurate Bode Plot oo

When the simulation is fine-tuned, matching with laboratory experiments is excellent

One of the keys for success is to precisely extract parasitics such as capacitors ESRs

Mag [B/A] (dB) | e Peaking mismatch Phase [B-A] (deg)
30.000 . — ———————— 130.000 =
__,—_ﬁ—:'f""‘)\\ ,\ \;k:m‘-::__ —- .-;‘_;:_'—_"_” —
24.000 |~ A —— e 144,000
18.000 |h’ (£) N 108.000
SPIC il S
12.000 \\ 72.000
6.000 ) 36.000
H(f)
0.000 e . 0.000
Tsmel 3
-6.000 ~ = -36.000
-12.000 LH(T) : : -72.000
-18.000 i ZH ( f. ) T — ]l -108.000
-24.000 SPICE L -144.000
-30.000 -180.000 s
10 100 1k 10k 100 k

Once the model is validated, you can explore stability margins on the computer

ESR: equivalent series resistance



A Frequency Response Analyzer with SPICE
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Some SPICE packages such as LTspice offer a means to measure the loop

The circuit is switching and a signal is injected for ac-modulating the converter

The source must be of sufficiently-low amplitude to avoid saturation

-+ - .measure Are avg (V(a)-Aavg)'cos(360*time*Freq) - - -

.measure Aim avg -(V(a)-Aavg)

*sin(360*time*Freq)

.measure Bre avg (V(b)-Bavg)*cos(360*time*Freq)
meaarealmavg (V(b)-Bavg)*sin(360*time *Freq)

measure GainMag param 20*log10(hypot (Are,Alm) / hypot(Bre,Bim))
measu'e GainPhi param mod(atan2(Aim, Are) - atan2(Bim, Bre)+180,360)-180

V1 C5
6 pi*
Vil EXTVec INTVee
FCB Boost [—4ANoS18 | ol
Ul |,..o S
16 | 1si4410DY
c3 |5
G—————Russs 220 DR e I ) R4
.001p L7 SW A
il s 1. 006
R17:5ICL: o e
|—{1th BG SHA4100Y. | nsg18
10K - 330p LTC1735
Sense:
. (e e
(i—“—cos(
4% i Lo
SHD PAD SINE(O 10m {Frea}).
.measure Aavg avg V(a) i '.param fneq-zlll iteratelo Dcngulnormeme.stepmu(mnbelow
:measure Bavg avg V(b) i ;.slapuctpa-unFreqlSK:Il(d &

C i V(out)=
: .save\l(a) V(b) L)
parn Phase Margin: 66°
\tran 0_{r0+10/|'-‘req} {10} 10n

Loop crossover frequency: 21KHz

v Works ok for a narrow analysis
band around crossover — starts
at 15 kHz up to 30 kHz in this
example

v’ Simulation time can be long,
especially if one wants to
reveal sharp resonances

v How to simulate PFC stages
with sweep starting below 1
Hz and a 10-Hz crossover?
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A Time-Domain Simulator

= SIMPLIS is a time-domain simulator and operates with switching components
= Ac analysis is carried over a switching converter: no need for an averaged model

* Frequency response is revealed the same way as if it were carried in the laboratory
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e " R I S
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R.D. Middlebrook, Measurement of Loop Gain in Feedback Systems, Int. J. Electronics, 1975, vol. 38, No. 4, 485-512



Two Segments are Enough for a Diode

= SIMPLIS uses a PWL approach where a component is modeled through segments

» Any change in operating point is modeled as a transition to another segment

» At any instant in simulation time, the system is always linear!
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Piece-Wise Linear Modeling of all Components e

= Components can be modeled with accuracy to reflect real operating waveforms

= By selecting different levels, it is possible to gradually improve precision

o
w
Vout
J Extract MOSFET Parameters ? X Py 10m % .
]
IL °
Description + R1 L1 C1
220u
The SIMPLIS MOSFET model can be extracted from an installed IC=1 ;530m
SPICE model, or can be manually entered by dicking on the User-defined button. — 12 [/’ R9
—— V2 R2

Model type V1 20m

Model extraction test conditions
(®) Extracted
Ot SPICE Model Select... .

Drain to source voltage : v =

Gotedrivevoltage |15 & v Part models

Drain current : A + o1 INT&

Model temperature e IRF530 om  47u Vout

IL
Mocelleve @

Limit maximum off r
Maximum off '&Smi@¢ Q

Show extracted PWL waveforms

— 12
V2

]

220u
R3
= D1 500m
R2
20m




Passive Elements include Parasitics e

Typical elements such as capacitors can embark parasitics such as ESR or ESL

Select the model level between O (the simplest) and 3 (the most comprehensive)

P P

VG R P BE R E AV G E Bimt§ § ogrmed i P P
y S |
Muiti-Level Capacitor w/ Levels 0-3 (Version 8.0+) ;
Model level Parameters  Monte Carlo Parameters
...... O Levelo Paramaters [Jusetc?
- ) O Level 1 ‘ = — e C 1 R1 C2 R2 C3 R5 C4
wier - - - - RO Capacitance fon = F — == {CAP} D {RLK} {CAP} D {RLK} {CAP} D {RLK} {CAP}
: -/T\:QT_L}I@HJeg‘ : QO Level 3 Lea.k.ager.esistance TJMEQ : = [[J use Quantity?
ESR=3m Series resistance (ESR) 1;’m Iw @ - Ho Ho
- R3
— I {RESR}
N N L1 3
_____ {ESL}
E S i Level 0 Levell " {ESL—SHUNT}
Level 2

Avoid over-populating your schematic with hidden properties
You can also model bias-dependent capacitors



Voltage- or Current-Dependent Passive Elements

FUTURE

ELECTRONICS

You can model any sort of behavior with a PWL element: resistor, capacitor or inductor

A PWL resistor models a diode with a specific threshold and a dynamic resistance r,

A saturating inductor showing the effects of too high a peak current

Use realistic numbers for slopes, e.g. 10-100 mQ not 1 pQ2!

XY Probe

4 Define VPWL Resistor: R1

Voltage Current
1 F51TTT -100m
|25 -100n
{30 0
14 01 Tu
ls 02 100m
I3

L _02-01 _
< 100m —1u

Reverse bias

V=100 mV

X

Entry mode Initial segment
® arbitrary

O symmetric

Initial segment [}

Press the insert key to insert a row or rows.

Press the delete key to delete the selected rows.

|I| Paste Cancel

Help

XY Probe / mA

100
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40
20

0

-20

-40

-60

-80

-100

f \A 1
Ty
Avalanchelat 5V
1 AN A VA
AN/
6 -4 =2 0 6
4/v 2V/div



A Saturating Inductor is Easy to Model

It is important to visualize the effects of core saturation in a simple way
SPICE models featuring hysteresis effects like Jiles-Atherton are complicated to handle

A few PWL lines and you have the shape of a saturating inductor

(A) (V.s)
Current Flux Linkages
o
L4 o040 1.6m
045 1.65m
1 1.705m
—10
|
200

= S2 —L vz

VA1

L/mA

800

700

600

500

400

300

200

100

0

_ 0.00165V-s — 0.0016V-s
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L = = 1mH —
mag 0.45A — 04A
L .
sat| 0.001705V-s — 0.00165V-s
4 Leay= — = 100pH
1A - 045A _
sat T~

1.0

time/mSecs

14

) (t)

200uSecs/div

1. .0
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Constant-Power Current Source e

A constant-power source is useful to determine the ripple current in a bulk capacitor

Using Excel, it is possible to determine the absorbed current based on the on-going bias

Yo constant
mur851)(1) N murgag i Ibulk i E‘E m;;}%
._@_. ?210u <:> l@ ) (t) })out
2 Viouik (t )
mur8|2é)3 r murzig _a
- - variable

You can assess the rms current in the capacitor in worst-case situations

Check the valley voltage corresponding to the minimum rectified dc input voltage
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Peak and Valley Voltages

The valley voltage at the lowest input mains (85 V rms) is 64 V dc

‘ \ N 7N\
T\ \ \ \ \ i i \ ()] Rippl t
AR \ \ \ \ \ \ \ (SARAR nipple current -
\ \ \ \ \ \ \ \ \ \ in the capacitor:
L[ NLTTINL ML L VLT INL LTI L VL Ioims=1.6 A
i F,=90W Constant power
- : absorbed by the
If dc-dc converter
n’ / / ‘@/ P / Peal;leOVdc / / o
" < . N, < N N < Rectified ripple
e Valley =64 v () voltage
l Voul \*)

Design the converter for operating down to 64 V (~ 55 V with margins)

» Failure to do so: output ripple, loss of regulation, protection latch



Ereoromcs

Transient Time and Steady-State Operations

= A converter needs time to reach its steady-state regulated output
» Depending on compensation, the op-amp rails up and takes time to recover

» There can be a large overshoot which may need hundred of millisecond to damp

@ W L (1)
1u Vout 40 A
10m (A) 30 \
Is IL R1 L1 o1 :E | |
220u | R3 .
—— 1 P IC=1 D 250m fl:ansmnt period mmmm) Steady state
— V2 " RO R2 i / ~—] 5
V1 20m
(V) Z 7 T
1 / ouf\ }
* /
—T— 0 50 100 150 200 250 300 350 400

time/uSecs S0uSecs/div

= Analysis should take place once the transient period is over: how long can it take?




FUTURE

Periodic Operating Point or POP "

SIMPLIS uses a unique algorithm to meet the steady-state point in a record time
The POP determines with the highest precision when the circuit is stabilized:

Average voltage across inductors is 0 V and average current in capacitors is 0 A

4 Edit Device Parameters X

Ref. Voltage m R
Output Low Voltage U—:
Output High Voltage |5 ,:
C I k Hysteresis 2m _‘:
O C E Delay |0 \:
[] pivide By Two
Initial Condition of Output (used in Divide by Two) 0 v
Place the pop trigger Input Trigger Condition (Used in Divide by Two)  |'0_TO_1' 7
on the schematic ok Cancel

The POP trigger will synchronize the engine with the start of each periodic cycle

A typical output can be a clock or a driver output for instance



Find Steady-State Operation in a few Seconds

= When launched, the process finds the operating point very rapidly

* Once at steady-state, small-signal analysis can be initiated

X1

Clock = I

2
1
. (A) °
POP Trigger :;

)yout 0
& IL R (A) I

R3
250m

N
[=EN)
3

|
| S

4.66

4.64
(V) 462
Vi 4.60
I 4.58

time/uSecs

A A A A A
/N FALN JAAN / N\ /N

F AR N\ / N\ F AN X\
i [- N\ |/ AN
/ /i AN/ AN
y y v N

AN 7\ LA T2 VAN 7\

7\ 7 ANAN FARANZ /) 7\

7 7 N7 N
7 / N1/ N
/ \J/ \

A A Ay (AN A
/ N\ / N\ J Nout \"JJ N FALN

[ |\ N\ AN JAERN AN
/ / N[/ AN
/ / \|/ X
y y N4 N
0 4 6 10

2uSecs/div

" The process is extremely precise with a convergence precision down to 1 pA and 1 pV



The Process of Finding the Right Point

= Select maximum switching period and instruct the engine when it starts its POP process

» The clock here is 100 kHz, then choose 15 us and go for 5 switching cycles
|—|53§;t5. Done!

Periodic Operating Point ; 30 o t—
‘eriodic ating Poin AC Transient Selert analyss :f_ e —= =
POP Trigger source POP Q 10 =
"
[7] Yse "POP Trigger” schematic device [JAc 0 ]
(Commonly Used Parts->POP Trigger)
[] Transient e ——
Custom POP Trigger gate POP Trigger Schematic Device 35 e
<
Save options 25 - — ——
Trigger condition : 15 T
© F o _ N O - E=
Rising edge (logic low to logic high) O Voltages Only L~
O '{ Falling edge (logic high to logic low) @ Probes Only 5 5
™ 4
Timing g
& 3
Maximum period - 2
o
Cydes before launching POP |5 : Cydes 8 1
[] No Forced Output Data } - - - - -
Advanced. .. ore 4.5
[ Force New Analysis > 35
Z 3
I T T 3 23
2 15
. . 0.5 =i
You can select various analyses from this panel 0 2 4 6 8 10 12 14



Topology Changes
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SIMPLIS while performing POP calculation explores so-called topologies

A topology represents a unique state which is solved and recorded

As simulation progresses, known topologies are retrieved and reused to proceed

J*

One topology

§

Another topology

s1'np115 \.ERSION 8. SO, RELEASE Re1 21. 50 2 Aug 09, 20.1
Checking syntax of ' D:/christophe/ Smp'l'ls ‘Future/seminar/SIMPLIS_Data/simple buck.deck'

New topology #1
New topology #2

A starting operating point located.
Elapsed time : 0ohr Omin 1 sec
CPU time : 0 hr 0 min 0.04 sec
Simulation time: 0.000000000000e+00 sec

PERIODIC OPERATING-POINT ANALYSIS

New topojlogy #3
New topology #4
15t pass unsuccessful New topology #5
New topology #6
New topology #7
PASS  1: 1.637373e+01 %
PASS 2! 9.162850e-14 %

nd Elapsed time : 0hr O0min 1 sec
n CPU time : 0 hr O0min 0.00 sec
pass successful Simulation time: 0.000000000000e+00 sec

Writing pertinent data files ...
Leaving SIMPLIS.
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Running Small-Signal Analysis

As long as a POP analysis is successful, small-signal analysis can be obtained
Obtain frequency response like control-to-output, or loop gain/phase in seconds

Work with all switching converters and those without an averaged model (LLC)

X1 10m u_ out Vout
N o
POP Trigger % IL R1 L1 o1
Gate G—% el Verr vl 41‘ 220u
T 1 + + R3
L, v Gate IE IC=1 R2 H 250m
Verr ouT ——V2 _ T RO 20m
o IN [outl 5 L
=0OUT/IN —__—V4 Saw
V1 IC
.
Ve[ N [\]out| e : -
=QUT/IN =

A pulse-width modulator (PWM) is added to the sketch for duty ratio modulation

Set source V; to 1 and SIMPLIS automatically controls its amplitude



(A)-

(A)

(V)

(V)

2
0

-2

24
22
20

1.6
1.2
0.8
0.4
0.0

5.54
5.50

5.46

" You can immediately verify that variables are within the expected range

Curve label Name

v Measurements are available such as rms, average or peak values

The Steady-State Waveforms are First Obtained

IC

Value

RMS/cycle 1.6176011A

P
= AR S 7 S N
e N P i Sl NN sl N e ™~
P N\ ) < 1.7 N pd s ) pd Ny
7 N ~ | ~ c ) ~ | 7 ~ | 7 N
L~ ~ ~7 ~ ~ ~N
7 N N N 7 N\ 7z N\
1 ™ 71 ™ prad ™ Pl ™~ Pl ™
z N, ~ LN N z ~, e N
e N N <~ 1.110) N pd N rd N
I ~ ~. rd LX) ~. e ~, P ~.
|~ N N7 N N N
o - ) — —
// // // // //
// // // // //
// /{‘ { £\ // .?/ //
/! chnrl\’ll /1 /1 //
o
7 N 7z N AN 7 N N
7 ~— 7 ~— 7 ~ . N~ Vs N~
jrd ~ N AN AN jrd ~ jrd Y
prd N Ng. o Vour \Y] Ny prd| Mg 7 | N

0

time/uSecs

10

2uSecs/div



Power Stage Response is the First Step

* The Bode plot for the power stage is obtained in a fraction of seconds
= Same for the PWM section which shows the effects of the propagation delay

v The 100-ns pure delay makes the converter a non-minimum phase system

40 40

»0 [He=15.2. dB N D(f)
0 }/ (. £\ 0 Vprr (f)] - 6 dB
(dB) ° [t U (dB) :
-20 2N -20
40 Verr (j) \
- -40
180 180
135 F— (f) 135 P
90 (£ 90 |4 V) ffects of
45 /4 (Jf) 45 1z () 1 ~d
(o) 0 err | (0) : Verr \J ) 0° pHase [rop.aeray
-45 ——\\\ s x
-90
———-‘\ -90
-135 S s
18016720 4060 100 200 400 1k 2k 4ko6k 10k 20k 40k 100K200k400k 1M -180

10 20 4060 100 200 400 1k 2k 4k 6k 10k 20k 40k 100k 200k 400k 1M
freqvertz Control-to-output transfer function 1ookertz/div wregrez  PUISE-width modulator ac response  jgoertz/div

H,= ZOlog(ﬁLJ
Vp R, +r,



Stepping Components Values

It is interesting to assess the effects of varying a component value
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Multi-stepping provides a means to sweep a component value in transient or ac analyses

— 12
—— V2

N
%]
AC 1 U1
Vrr
O E
V3 _
Saw

— 1
V4
I_ \Al

10m

1u

ouT

220u

20m

1
L

%

Vout

R3
{RL}

See the effects of varying the load from 100 mQto 1 Q

Check the impact of the equivalent series resistance

Simulator menu — Multi Step setup

J Define SIMPLIS Multi-Step Analysis

Parameter name

Enter the parameter name in the box below. For example, to sweep

a resistor with parameter value {Rload}, enter Rload in the box below.

Parameter name [R.L|

Step parameters Step type

Start value 100m Group digital
- O Decade i
Stop value 1 ‘

= (@) Linear

Number of steps 10 - O List Define List...

Multi-core

A D Show console

Number of cores [1 for each process

Number of physical cores: 4 Number of cores allowed by license: 1
Options
If checked, the simulator state will be saved for each

[ save state step allowing snapshots and initial conditions to be
applied to subsequent multi-step runs

Run E Cancel Help

X




Simulation Results are Quickly Obtained

" You can immediately see the impact of parasitics on the transfer function

» Adopt the right compensation strategy to neutralize these variations

40

20
(dB) o

=20

-40
180

135

() 45
0

-45

-90
-135
-180

R =1Q
mron AN
V:)ut (f \\
Lan (vf1 ‘~\\‘~\\\
{ 0
R, - 10013’\? -
VOM[ {Jf\ \
L+ N
Verr k])
10 50100 500 1k 5k 10k 100k iM
freq/Hertz Sweeping the load 100kHertz/div

100 mQto1Q

40

20

(dB) o

-20

-40
180

135

-45 N

(A
-90 " ou
pRaica

-135 f
-180 Verr (j
10 50 100

b 7. =100 mQ
| 3

)
A
) 7. =10 mQ

Sk 10k

500 1k 50k100k 500k IM

freq/Hertz Sweeping the ESR 100kHertz/div

10 mQ to 100 mQ
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Closed-Loop Simulations

uT

S2 109uV|c=o IL VOUT VO
#L L L1 ? R1 T
1u 50m
F1
— = {Ri} I1?3
—— {Vin} D1
Vin Ideal_Diode +| c13
T 680u IC=0 ‘
l/Lerv
X1
us
DRV .
s Q —t—
R £
5 g 9N~ Slope
/LFB

u2

rii

comp.

velook (1) (1) maxoe
clock ( ( ) max
Y LY

1K cs{c1
+ - LT R2'
l R4 -—El—“—-
N 100p IC=0 R6 (o1
T c2
» |37 /
— \r
. 330m 2;5 L eer OPSIMP
] ke ui
+
>

A buck converter operated in CM

IN [\ Jout]_ VoUT
=OUT/IN

PN [N [ ]ouT] FB
| =OUT/N |

{c2}Ic=0

OUT/IN |

IN [\]out

Fi

V4
AC10
©

e

OPIN

B R8
IC=0 Rupper}

Vi— D(sﬂcjwer}

(Vref1} ——
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In the laboratory, it is difficult
to physically open the loop
especially in high-gain systems

Perturbing the system while
operating in closed-loop is the
way to go

The ac source is of fixed
amplitude and does not need
adjustment

The same circuit can be used
for ac or transient tests



Current Mode and Subharmonic Oscillations

“ If the current loop is not properly compensated, instability at /', /2 can happen

= By reducing the gain of the inner current loop, oscillations can be tamed

Control-to-output transfer function - Control-to-output transfer function
40
Peaking at|F, /2 - Vous | f)
20
(dB) (dB) | Vol f)
0 . ' *\
20 Vous (f) \'\ I‘J‘\ ’I -20
W () NN s el N
180 180
135 135 7 I/u d (\ f)
90 90 7Tt
s 4 = )
o oy 0 f—
( )_42 e —t— | p— m = 1+§ ( ) 45 K—A—_
-90 Vnut ( f ) \_ \\ ¢ _90 \
135 [—F— (f) -135 \
"180;5 50 100 500 1K 5k 10k 50} 100k External ~180,5 50 100 500 1k sk 10k 50k 100k
_ ramp
fr . 20k div . :
e No slope compensation B freq/Hertz 50% slope compensation 20kHertz/div

m,=1 m.=1.5



Automatic Compensation is Possible

" |t is possible to write macros automating components values calculations

» Read the power stage magnitude and phase at the selected crossover frequency

*

VAR Vin=12 . - .

VAR Vout=5 . Enter the Values for Vout and Bridge Bias Current

. L=1

VAR L=100u VAR Ibias=1m

VAR Ri=160m .
VAR Ts=10u * please update clock and ramp generators * VAR Vrefl=2.5 . :
« VAR Rlower={Vref1/Ibias} ol

*

Rupper = {Rupper}

VAR Rupper={(Vout-Vref1)/lbias}
* Rlower = {Rlower}

VAR Gfc=-20 * magnitude at crossover *
VAR PS=-40 * phase lag at crossover *

|

X * Do not edit the below lines * *'1R2 ={R2}
. . VAR boost=PM-PS-30 *11C2={C2}

* *

: Enter Design Goals Information Here VAR G=107(-Gfc/20) C1={C1}

VAR fc=10k * targetted crossover * VAR fp=(tan(boost*pi/180)+sqgrt({tan{boost*pi/180))*2+1))*fc '*'} Boost = {boost}

. - —frA Tk! =

VAR PM=60 * choose phase margin at crossover * VAR fz=fc"2/fp 1 F2={Fz)

. VAR a=sqrt((fcr2/fpr2)+1) Fp = {Fp}

_ _ VAR b=sqrt((fz*2/fcr2)+1) *'}Sn = {Sn}

VAR Sn={({Vin-Vout)/L)*Ri

VAR Srargéh{l/Ts} T VAR R2=((a/b)*G*Rupper*fp)/(fp-fz) *'} Se = {Se}

: VAR C1=1/{2*pi*R2*fz) bk = {kr}

VAR mc=1.5 * set this value for ramp comp *

VAR Se={{mc-1)*Sn}
VAR kr={Se/Sramp}

*
Determine the amount of compensation

VAR C2=Cl/(C1*R2*2*pi *fp-1)
*
Pole-zero calculation

e et e e et et e et et et e et R
*
e e e e e e e e e e e

*

Display values
In the netlist



Gain / d&

Phase / degrees

80
60
40
20

-20
-40
-60
-80
180

135
90
45

-45
-90

-135
-180

Meeting the Right Crossover in a few Seconds
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= SIMPLIS calculates the compensation values based on the adopted strategy

" |t is then easy to explore other approaches with different crossover, margins etc.

r'(f) e~
\\
\ |
\ —
f \ o
T \
]
D, \\
| Gain Gain Crossover Frequency 8.9337335kHz \
Gain Gain Margin 15.172829dB \
[ Phase  Phase Margin 58.734917degrees
]
10 20 40 60 80100 200 400 600800 1k 2k 4k 6k 8k1ok 20k 40k 60k 100k 200l
freq/Hertz Compensated loop gain 7(f) 20kHertz/div

Simulator menu

Edit Netlist (before preprocess)
Edit Netlist (after preprocess)

Open/Close Command (F11) Window F11

R

* Rupper = 2500

* Rlower = 2500

* R2 = 84484.6310392954

* (C2=5.34187416193801e-10
* C1=2.24506484641772e-10
* Boost =10

* Fz =8390.9963117728
*Fp=11917.5359259421
*Sn=11200

* Se = 5600

* kr=0.056

*



SIMPLIS is a Time-Domain Simulator

= With a clock source, cheat SIMPLIS and obtain ac-response of non-switching circuits

= A typical application is an automated compensator

=OUT/IN

X1

U]
=
i
+
Velock \ 1

err

LAV/:}

H‘VB

T
c2
2 ey
R2 c1
OPSIMP

4—
U2

va—L—

{Vrefl} —/———

VA 12 V Vreg
VFB
! " Lol
1k
[1R1 R3
Rupper} LH{R3}
c3 LcoL
(C3} 1k
100
¢
ET 29
R4 ¢ — "
IiI{Rlower) @AC t T

Clock generator — Nyquist

criterion applies

Automatic bias point calculation

.VAR Gfc=-10 * magnitude at crossover *
.VAR PS=-150 * phase lag at crossover *

*

* Enter Design Goals Information Here *

*

.VAR fc=1k * targeted crossover *

.VAR PM=70 * choose phase margin at crossover *
*

* Enter the Values for Vout and Bridge Bias Current *
*

.VAR Vout=12

.VAR lbias=2m

.VAR Vref1=2.5

.VAR Rlower=Vref1/Ibias

VAR Rupper=(Vout-Vref1)/Ibias

*

* Do not edit the below lines *

.VAR boost=PM-PS-90

VAR Kf=(tan((boost/4+45)*pi/180))"2
VAR fz1=fc/sqrt(Kf)

VAR fz2=fc/sqrt(Kf)

VAR fpl=fc*sqrt(Kf)

VAR fp2=Ffc*sqrt(Kf)

*

VAR G=10/(-Gfc/20)

VAR a=sqrt((fcr2/fp12)+1)

VAR b=sqrt((fcr2/fp212)+1)

VAR c=sqrt((fz122/fcA2)+1)

VAR d=sqrt((fcr2/fz2/2)+1)

\VAR R2=((a*b/(c*d))/(fp1-fz1))*Rupper*G*fpl
\VAR C1=1/(2*pi*fz1*R2)

VAR C2=C1/(C1*R2*2*pi*fp1-1)

VAR C3=(fp2-fz2)/(2*pi*Rupper*fp2*fz2)

VAR R3=Rupper*{z2/(fp2-fz2)

VAR GO=((R2*C1)/(Rupper*(C1+C2)))*c*d/(a*b) * Gain at fc sanity check *
*



2.64
2.63
(V) 262
2.61

2.60

12.08
12.04
(V) 12.00
11.96
11.92
11.88

Confirming Bias Point and Frequency Response

* The simulation confirms the applied voltage for regulation is 12 V

" Frequency response shows the wanted 10-dB gain at 1 kHz

L
IP
v' Dp-amp olitput withjin its linedr range
I I
v 1as npplmd atthe o -amp divider
0 100 200 300 400 500
time/nSecs 100nSecs/div

Dc value confirming the 12-V target

40

20

(dB)

180
(0) 135
90

45
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—
\\
err (f) \%dB i
Vs (f) 1 kHz Sl
=
V
err / )_ boost
Vis () 130°
1 2 4 6810 20 4060 100 200 400 1k 2k 4koek 10k 20k 40k 100k 200k 400k 1M
freq/Hertz 100kHertz/div

Compensator response



Explore Complicated Converters

= Any converter can be simulated to determine the control-to-output transfer function
= Start with a simple circuit for which the POP is easily obtained

v" Then add more comprehensive models to see 2"9- and 37-order effects

214.0
213.4
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212.8 -
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212.2 S
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Charge-controlled LLC with NCP4390



Magnitude / d&

Phase / degrees

Obtain the Transfer Function Instantly

= Any converter can be simulated to determine the control-to-output transfer function

= Start with a simple circuit for which the POP is easily obtained

v" Then add more comprehensive models to see 2"9- and 37-order effects

20

-20
180
135
90
45

-45
-90
-135
-180

(/) \\
~7
ZHH{7)
|
—
10 50 100 500 1k Sk 10k

Power stage small-signal response

50k IODH

Phase / degrees

Gain / dB&
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i

7 ( £\
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J

[
Gain Gain Crossover Frequency 10,482084kHz )
Gain Gain Margin 16.494438dB
Phase Phase Margin 70.76263 1degrees
| 1
10 50 100 500 1k 5k 10k 50k 100K

Compensated loop gain (10 kHz £,)
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Power Factor Correction

Power factor correction simulation places a heavy burden on computers
High-frequency events spread across several tens of mains cycles imply simulation power

SPICE users simulate only a small portion of the operations

rect

—<s
5

! \ n
parameter /’ }\ /\ f\ [
. Simplified Borderline Conduction Mode ICoil J R10 ratio=1 - kmum“ / \f IR \}
B1 Power Factor Correction circuit 100m Fline=50*ratio . i time 100M
Voltage
abs(V(line)) 3 Vin=230 4 :
- B2 Vout=48 Tran ran
v Curent Vaux D2bm20200 » L=700u Vout
I(Lp)*V(line)/V(rect) RATIO = -266 "“\l © Pout=100 - 5
line 5 : ’ } i
A P . R6 = b _L 'gsz LA 0 time 100M
O (Sxo<in  q13Mes T0c S o5 31[8 3 5P 3§ xFmr 28IM[ N
Slle s iy j ¢ RATIO = -266m 7 mn Tran Vi =
= = ' = j— — VSENSE VERR L\ /J\/\,\
~
4 Varaln WEYVY b b bt - L
Tran Gen . i 0 time 100M
b o<1 R2 R11
! 182k 250m
- - ., c3 - :
Vdrv 10p 2 Rload ran 1
5 e —— {Vout*Vout/Pout} VDRAIN
3 |[Frecrun £ En an -
X1 X2 time 100M
FreeRunDT PSW1
toffmin = 1u RO , Fsw 45
1k ’ Tran I
Vsense R3 20y vout
N
R4 i 10k ——{3.3m/ratio}
250m B3 IC=47 -41.1M ]
Voltage 0 time 100M
c2 f (Viny2/({Ly2* Pout))) (1-V(recty{Vout)) L T \ fi
{0.68ulratio} i
IC =0.330 VYRECT \‘;
| |
-16.3 ! ‘

48-V/100-W single-stage QR flyback converter 0 ume  100M



FUTURE

Averaged Model Alternative e

Averaged models are an alternative for transient and ac analyses
The switching component has disappeared and they simulates fast

Convergence issues are likely to appear depending on model robustness

x2
PWMBCMCM QR
Vrect L=L
o . g Ri=Ri PWM
5

ox switch
XFMR
RATIO = -266m

R1 J

.
1.3Meg E <

slle

Vout

| I |
i

Rload
{Vout*Vout/Pout}

R4
182k

Verr 5 - 5 |:: :
parameter —L @

D1 02
Vrms=230 N N=001 LNNZo01

= rRs | c2
Pout=100 s e 16 T 068u < . R3
Vout=48 + + 10u va
Ri=0.25 v3 V5 25 10k
L2700 10 10m
=700u
=

Averaged model of the single-stage QR flyback converter



FUTURE

Cycle-by-Cycle Simulations with SIMPLIS e
SIMPLIS lets you examine the frequency response using a fixed dc bias
This dc level equals the rms value of the input voltage, e.g. 230 V dc for a 230-V,_input

You can test the operating point and obtain the small-signal response in a few seconds

ﬂm
s IN ] ourT] Eve
L. 230vdcfora v Works for operating point
230-V rms input N loutt—ay, . .
e determination
IN []ouT| Hrp . .
L -ouT ) v' Can give the small-signal
I = W A response of the control-
D . to-output transfer
$—I QR engine . e " . P
4 . ‘ function
L r@_ T v Simulates in 1 s!
Le == 2y DRV + s1 Ic=1 . R1
) DJ_ NE 2 e £ [\;;'\'fgpc»o [ X []m
R = - = L EJ Compensator e
" FB ve s Dzsom
77\/2 l, 275 )7
—— 100m ur | l _)_Ct cR Aétﬂca 1. RREZ m+
T N @ I

Constant on-time VM boos;c converter



Operating Point and Ac Response

" The operating point lets you check that the converter regulates properly
* The POP process works fine with the dc input but would fail with a sinewave input

» Use multi-tone ac analysis instead Compensated loop gain, V, = 230V

350 80
e 7 7 7 7 7
Z o // // // = X._
ul = 74 4 7 7 40
- — 7. — 7 7 71T 7( £) T ——
4 = = z — 4 == 20 N —i\L
= : 0 [ —
Z . -20 P
2
2 -40
12 7 7 7 7 -60
s B ;gg
04
£ ~F A 7 / T( f‘ )
380.15 \\ \\ \\ \\ \\ 135
g :::-;: N ~ = N L 90 \
9 K AN AN N N ~ L —
g 379.95 N N N, “\; p——
379.90 \¥ \L AN . S 45 w
354.707 Y Y AY \ 0 T
= BRI Y Y 7. . i Y
@ Y X 7 X 7 X Z \\ -45
L, LY 5 X, X, . :
—Z AN i A — 7 AN Z Loop Gain  Gain Crossover Frequency 42.253868Hz
354609 =90 Loop Gain Gain Margin ***ERROR™*
= w010 AN — AN AN 135 } Loop Phase Phase Margin 70.66517degrees | 11
B e < e i i S 5
= 37995 -18? I l
79.90 00m 200m 400m 1 2 4 6 810 20 40 60 100
10 12 14 16

POP of the CrM boost converter freq/Hertz 10Hertz/div



Transient Simulations

= With a sinusoidal input you can run simulations in the long range

v" Check input current distortion and transient response in different conditions

5m Vrect

c4
R13 10 1C=0 my

30m

R14
30m

Ac source

5i
It

o

b=
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]

lin _ _ " mr756
—n A
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. o7 o5 -8 100m
Vi 1000 470n =
E =
® }_‘ =
1

22p1C=1

ic=1 J_cm
R3

EMI filter = Rectification 5
R2 mr756 o VOUT
= 4

DRV Duty Cycl
= I alcis
p= 200u IC=0

Frequency
" v IN_| Frequency
5
DRV DRV + s1 Ic=1 [N M
b q s a o1 s | I
+ I R 47p1C=0 T

N e

u3 A_ SET iom —

DRVE--- RST —
1" B VB
—L_v2 275u
———100m Ut 1c=1 1c=1 RS
1 Ct R9 R10 R2}
- V6
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Dynamic Performance

" The transient response can be quickly assessed at low- and high-line input voltages

* The available granularity allows you to zoom-in and precisely look at switching events
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Explore Distortion and Harmonics

= SIMPLIS lets you interpolate data and choose different apodization windows

" You can also easily evaluate the input current distortion

Fourier DefineCurve
Method Plot
® FFT (® Magnitude
®) Continuous O ds
Fourier (O Phase
Signal info
[ know fundamental frequency
Frequency |50 l:

The spectrum will be calculated using
an exact number of cydes of the
fundamental frequency

Data span

@® Use all data
O specify
Start | 300m
End

800m

Estimated

calculation time: 0.000737

Axis Scales Axis Labels

Frequency display

Default resolution

ResolutionHz 2 —
Start freq. Hz |2 :
Stop freq./Hz lzk !:
[ Log x-Axis
FFT interpolation
Num. points 4096 =
Order |2 =
Window
O Rectangular
@® Hanning
v O Hamming
— (O Blackman

1
500m

100m
50m

10m
Sm

(A)
500u

100u
S50u

10u
Su

1u
500n

100n
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Impedance Association

A converter fed by an EMI filter will see its transfer functions affected:
The control-to-output transfer function can have degraded margins
The output impedance of the converter can be significantly changed

Always confirm stability is not at stake when the filter is installed

i (5) )

out

er<)
-
;. &IE




FUTURE

A Negative Resistance e

The incremental or small-signal resistance of a closed-loop converter is negative
When associated with an EMI filter, a mechanism for oscillations exists

Considering a 100%-efficient converter, we have: P, =P, — [V, =1 .

%

out

In closed-loop operations, P

out

Infinite rejection

: P t
Iin (Vzn ) = I;u
in
1 Calculate d[PO”t j
slope
' B - 2
I,,(A) o6
2
0.4 The incremental input _ Vm
resistance is negative in p
02 out
10 15 20 25 30
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A Simple Example

Losses in the EMI filter are illustrated by a damping ratio { or a quality factor QO
If losses are exactly compensated by a negative resistance, you built an oscillator

H(S) - H 1+S/a)z _L If ohmic losses are gone, the
el () Q - > . - . e
S S A damping ratio is zero, Q is infinite.
—+ —Q +1
a, ()
0 0
(V)
/\/\/\/ YY) o 150 <+—— Input voltage
I/' 130
+ c Output yoltage
C) I l@ (V) Sustained
n 1o oscillations
C:: 90.0
.
—_ P (constant) . . 700
- [=—2 5 Negative resistance

10.9m 18.2m 25.5m 32.7m

Infinite bandwidth 3.64m
out



Conditions for Stability

The front-end filter and the downstream converter can be modeled with a minor loop

This loop reflects the action of an impedance divider

Vi (s)

mn

+ Zth (S)

4 () O Zyls)

gain

In this particular arrangement, the Nyquist criterion applies for stability assessment

Z, (S)
1 —_1 o
L (8)=V,(s) Z, (s) Conditions for
h 1+ Zu(s) :> oscillations
Zin (S) Zth (S) =1andLZth (S) :_1800
Zi’l (S) Zin (S)

R. D. Middlebrook, Input Filter Considerations in Design and Application of Switching Regulators, IEEE Proceedings, 1976



= Once the EMI filter has been determined, you must plot its output impedance

Simulating an Output Impedance

v" Check the presence of peaks in the transfer function

v Calculate the necessary damping in case of too high a peaking

ouT IN
=0OUT/IN
POP Trigger
= I
i —
| 100u
10m
1 Y\
| S| o R2
R1 L1 150m
¥ —L w1
T 4.7u

100 Q
40
. Z,,(f) 10 Q A
(dBQ) o // \\
N ":"’,,——-
-40
180
(°) 135 ~4:22nn ( f)
a0
45 =
0 —]
-45
-90 ————
-135
1804, 100m  500m 1 5 10 50100 500 1k 5k 10K 100
Frequency/Hertz Output impedance 10kHertz/div

magnitude and phase



Simulate the Closed-Loop Input Impedance

FUTURE
ELECTRONICS

You must now check the input impedance of the converter once stabilized

Identify the overlap areas and check if sufficient margins exist

If margins are too thin or if overlaps exist, filter damping is mandatory

louT[=] IN
=0UT/IN

Input impedance
measurement

(¥1)

B\

40

If overlap exists, e l
check argument|of /'

20 Lout/éin / \
0 7

/zom,max =42 dBQ
-20 7 12662
Zout (f)
_‘mlﬂm 100m 500m 1 5 10 50 100 500 1k 5k 10k 50k 10C
freq/Hertz target 10kHertz/div

=) Z,, .. =20dBQ =100



Check Input Voltage in Load Step

= Once the filter is installed, check the transient response to see the effects

= With current-mode control, oscillations may be observed on the input rail

Transient response without EMI filter

4.8 4.8
\ Py Vs \
a2 ) a2 i {1
J A our\ J A
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3.0 3.0

s | sl | - | | !
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300 | ] 300 L | | | ¥ | =
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123 | IFEn I "in \ "
e : v
- 119 m .
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17 | { i E % }
118.8
L L 1 1 == 1 L | ]

:3?: ! 19.20 | | ] ] ! 1 |
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:g'gg 18.95

i |1 I 1 t I |
e i 1G80g 7 8 9 10 11 12
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Transient response with EMI filter



FUTURE

Optimally Damping the Filter

" |t is possible to show that an optimal RC damper exists to reduce the peaking
= Determine the values of R and C to meet a maximum peak of 20 dBQ or 10 Q
» Based on R.D. Middlebrook method, R =6 Q and C =5.45 pF

result
Optimal damping Feedatone L (dBQ) ) Zout (f >| Za f,max = 20 dBQ = lb Q
1 20 -
Zomm:= 102 target Roz=j: =4.613Q
C . _ /\ \\
( 2 2) b /
ZO_rnm= 2:(2+ n) o Ry Ro+{Ro +4Zomm 116 ~
RO nZ . ZOmmz . -40

) *1ZZ 1N

Q. = [GEIWCHD s [ S 133 il )
opt = |[— " damp ‘= =31 =241
2~n2'(4 + 1) 45 ,/ N\

0 " \
Rgamp =Ry Qopt = 6.02Q -45 \‘\____’
P
v Rather than determining R alone and 184 9m, 100m  500m 1 5 10 50 100 500 1k 5k 10K S0k 100
mal.<ing C 10x the EMI cap., determine the - Damped output impedance T
optimal RC couple to meet the wanted peak

magnitude and phase

C. Basso, Input Filter Interactions with Switching Regulators, APEC Professional Seminar, Tampa (FL), 2017



Damper is Installed and Oscillations are Tamed

= The RC network is installed across the original capacitor

» Watch for power dissipation as R, will dissipate ac power

P S - Bom: g |
Bt R | ‘EDOUI&UE"' o
oL T 1L e I - O

SR EE BEE 55 I 65 §F 8% ERLI @A 66 15 s 5z sma @

i IR [ e

il

ic=1
R =

The damper is installed across
the original EMI capacitor

Les "
w470 IC=0"
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600

400

121
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117

19.20 |

19.10
19.00
18.90

I
18.80 6

time/mSecs

8 9 10 11 12
The transient response is clean —




Cascading Converters
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When power stages are associated, check interaction between converters

The criterion involving the output and input impedance applies

. . o . 52 }sz
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T7 =—220u IC=0 =& D1 H 800m
g0m :'T l Ideal_Diode o zm
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A Stable Response

* You must individually plot output and input impedances of the boost and buck stages

* Then check the stability of the downstream converter in different operating conditions

(dBQ) A
20 st
Buck|Z,, | |

margin
0 \
cdpacitive
- iz Loy LT
|L40ury'
-40 g
Boost|Z,,, inductfive
-60 T 4
regstwe/
10m ' 100m 1 5 10 100 5001k 10k 100
freq/Hertz 10kHertz/div

Closed-loop output/input
impedances overlap check

80 T —
(dB) T (_£1) -
0
-40 £
JIC wg
-80 ;..,”
180
(4) 135 g N\
s | LT (L) T
0 P N
-45
-90
-135
1805 1oom 1 510 50100 5001k  SK10K 100k
freq/Hertz Buck open-loop gain after 10kHertz/div

addi

tion of the damped filter
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Transfer Function Sensitivity

The loop gain of a converter involves a power stage and a compensator

The power stage response is affected by parasitics and the modulator stage

FUTURE
ELECTRONICS

The compensator response depends on components tolerances including the op-amp

How will crossover, phase and gain margins be preserved along the production cycle?

CM buck power stage Type 2 filter
S
1+ — 1+ @, oIT (R
4] 1 Sensitivity ‘ ( _ )‘
T(S) ~ HO SZI 2 Go i analysis to L
1+ S S 1+ — all elements!
1+ + OR,
“n 0 (w ] ~ I ’
R 1 1 S Artificial
Hy=— , = m, =1+—% "M ( )
R 1+RLTSW [m, (1-D)-0.5] eGs S oetor on- 0£LT Ri
2

I OR,

1

1 T, s _ T _
o, _RC3 +E|:m0(1 D) 0.5:| @, T 0 ﬂ[mc(l—D)—O.S]

=/

=1



Statistical Parameters Variations

FUTURE
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A Monte Carlo analysis is a multivariate modeling technique

Assign tolerances to components, see how combinations affect a variable

Check dispersion on crossover frequency,

H ?;sk*gauss(o,m »

R9
{25*gauss(0.01)}

1
TH 26n*gauss(0.05)}

phase and gain margins

J Choose Component Value

Device Value

Base 1
Decade |1

4 O

.o
o[ eme

X
Initial Conditions
Series (® Open dircuit
Oes O Initial voltage
® E12 -
O E24

Chose distribution type like gaussian (normal), uniform or corner (WCA)

Frequency / counts

=3
=
=

£ oW
o o
==

w
=
=

=)
=
=

=
=
=

gauss(tol)

Ehs_é' 0.92 0.96 1.00 1.04 1.08 1.12

Frequency / counts

200
160
120
80
40
0

0.92 096 1.00 1.04
unif(tol)

1.08

Frequency / kcounts
=] = [\8] 78] E w

|
.00 ' 0.94 098 1.02  1.06 1.10

WC(tol)

C. Hymowitz, Monte Carlo Gone Wrong, https://www.edn.com/monte-carlo-gone-wrong/



Monte Carlo Steps

FUTURE
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" You need to place specific probes instructing what parameters to record

= We want to check margins versus components variations

| | BODE_OUT

V4

+

OUT/IN

IN [y out

+— | BODE_IN

Transfer function
measurement

PhaseMargin(V(out)/V/(in))

DVM Phase Margin Histogram

BODE_OUT|[ | out
BODE_IN| | in
GainMargin(V(out)/V(in
Gain Margin Histogram
BODE_OUT [ | out
BODE_IN|| in

XatNthYn(db(V(out)/V(in)) ,
Crossover Histogram

BODE_OUT[ | out
BODE_IN[| in
Measurement
probes

=

0,

1)

Probe expression

Enter a goal function to define the probe.
Use V(nnn) for voltages and I(sss) for
currents. annand sssmay be any string
starting with a letter,

For example, the following will create a
histogram of the mean of a single input
voltage

Mean1(V(in)) Goal Functions...

[PhaseMargin@V(out) V() ]

Curve label

[Phase Margin istogram] |

Use $FREF$ for hierarchical reference

Goal functions

v Install special probes with a dedicated goal function
v Pick the right goal function in the list like PhaseMargin, GainMargin etc.

<

Name

BPBW(data, db_down)

Bandwidth(data, db_down

Period(data, [threshold])

PhaseMargin(data, phaselnstabilityPaint)

XatNthY(data, yValue, n

XatNthYn(data, yValue, n)
XatNthYp(data, yValue, n)

XatNthYpct(data, yValue, n)

YatX(data, xValue)

YatXpct(data, xValue



Running the Simulations

= Simulations can be run through the Monte Carlo menu using several computing cores

2 s i S Y ma——_
L ;Ej BODE_OUT out A \
F L ] = i o2l A\ .
{1om'gauss(0.05)} “Me BODE_IN n 60 17 j ‘\
|
— 2 D1 120m Soom GainMargin(V(outyV/(in) \ } P f
— 3-,, Ideal_Diode o Gain Margin Histogram 40 \ Je
i L o
T {680 gauss(0}2)} IC=4 Bope out =- o 20 ey 1
1 XatNthYn(db(V(ou\V(in) , 0, 1) 0 \
— D BODE OUT Crossover Histogram
Qdrv - BODE_OUT[ | out \\
- X1 va BODE_IN .- in -20
U3 ok ACTO -40
i a - % [ + BODE_IN -60 PM
EPEA (o) measurement
u2 {12.4n"gauss(0.09)} IC=0 1 35 .\
—AF— RY ™~
e {25"gauss(0.01)} \'I‘-—— L /'\
RS
v 1K {100n*gauss(0.05)} IC=0 D {2 5k*gauss(0.01)} 90 LT \
% {3.963k"gauss(0.01)} |'—' *‘\
R4 —+—| c1 45
Velock JiD _L 100p IC=0 o R6 v & {126n*gauss(0.05]} ;Dm
c2 Mgauss@Of)}  opsmp T
| i : |
‘ 1 g
Vramp @ — z 45
¥ RS
1
- -90
R10
+ ;’;7:7 D {2.5k*gauss(0.01)} 135
Us 7J Gt :
VFB
10m 100m 1 5 10 50100 5001k Sk10k 100!
- freq/Hertz Open-|oop gain and 10kHertz/div

phase variations



Frequency [ counts

Histogram Representation

FUTURE
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SIMPLIS will build the histogram representation of the parameters we’ve selected

In this example, all the margins are safe and crossover variations remain narrow

14

12

10

Frequncy / counts

03‘3 34 35 36 37 38 39 40 41 0

Bandwidth/kHz 100Hz/div
Crossover

18

16

14

2 1
3
8
-~ 10
Q
C
3
g 8
i
6
4
2
60 62 64 66 68 70 72 74 76 78 80 035 36 20
Phase Margin/degrees 2degrees/div Gain Margin/dB 1dB/div

Phase margin Gain margin
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Analogue and Digital Compensation

= Stabilizing a control system implies the implementation of a compensation strategy

Vout

TL431

v Passive components suffer drawbacks:
1. Tolerance, aging
2. Sensitivity to temperature, humidity

|
|

Analogue version

import PID 17  pid = PID.PID(P, I, D)
import time 18 pid.SetPoint = targetT
SapGrt s 19 pid.setSampleTime(1)
20
from Omeg sion import AdcExp 21 def readConfig ():
from Omeg pansion import pwmExp 22 global targetT
23 with open ('/tmp/pid.conf’, 'r') as f:
pwmExp . setVerbosity(-1) 24 config = f.readline().split(',")
pwmExp.driverInit() 25 pid.SetPoint = float(config[0])
adc = AdcExp.AdcExp() 26 targetT = pid.SetPoint
27 pid.setKp (float(config[1]))
targetT = 35 28 pid.setki (float(config[2]))
P=1e 29 pid.setkd (float(config[3]))
3 30
=4 31 def createConfig ():
v" No tolerance or age issues Learning

v’ Flexibility and optimization
% Lower crossover systems ‘

curve

Digital implementation



Testing the Digital Filter Structure Flrss

Verify the ac response of the filter before engaging the coding process

Use a delay line to replicate the block diagram and check the ac response

Y(Z) l-I-Z_l Expand

m_ OW |:> Y(Z)+Y(Z)b]Z_lZU(Z)GO-I-U(Z)GOZ_I

Rearrange
Y(z)=U(z)G,+U(z)G,z"' =Y (z)bz" D

I:> y[n] =u [n]GO —I—u[n —1]G0 —y[n —l]b1 Difference equation

Assemble the blocks to realize the complete architecture

oL 'How can we test
e 7 .

un] z \ [ y[n] this

. configuration? |




FUTURE

SPICE Can Simulate Delays Efficiently "

We know that z™' can be modeled via a delay line in SIMetrix®

1

T1
I L + I Out
1
Z0=50 TD={Ts} R3
R1 R2 50 H
100u H 100u H — g =

Then follow the flow-graph blocks to assemble the filter

G(s)=—
Simple low-pass filter IN ouT| 1 + i
Input ; =OUT/IN Output »
is * P
1 - 1. i
L uln] N i u[n-1]G, o y[n] .param Fs=40k
. - “%“ " .param Ts={1/Fs}
b .param fp=10k
T u[n]G, Z ]” .param wp={2*pi*fp}
-1l e y[n-1] .param wpw={(2/Ts)*tan(wp*Ts/2)}
IN ouT, * .param Go={1-2/(TS*WpW+2)}
=OUT/N | E\J I .param b1={(Ts*wpw-2)/(Ts*wpw+2)}
*

‘ Continuous-time
e Laplace TF




Gain / dB

-10

-20

Plot Continuous-Time and Sampled Responses

= Pole frequency pre-warping offers an excellent matching with the analogue filter

-3dB ——

nalogue

l

G(/)

Tustin —

10

20 40 60 100

200 400 600800 1k 2k 4k 6k 10k 20k

40k 60k 100k

Phase / degrees

)

-45

-90

FUTURE
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£G(f)

10

20 40 60 100

200 400 6008001k 2k 4k 6k 10k

v The 10-kHz pole is faithfully reproduced by the digital filter

>

v’ The filter response is validated before coding begins

v’ Phase response extends beyond -90° with digital implementation

20k

40k 60k 100k



SIMPLIS® Includes 15t-Order Filters Blocks

A pole-zero equation implemented in SIMPLIS follows the below equation

T(z)z

N +N,z" N, Expand Y(Z)+Y(Z)DOZ_1 = U(Z)N1 +U(Z)NOZ_1 9
=N — Rearrange
Y(z)=U(z)N,+U(z) N,z =Y(z) D,z

|:> y[n] - u[n]Nl +u[n _1] NO _y[n _1] DO 4 Edit 1st Order Discrete Filter: U1 X

1% Order Discrete Filter

This is the way the difference equation is implemented i

1¥ Order Discrete Filter model, The filter transfer function is

) N1+N0z™?
T(z)=

N 1 1+D0 7
Compatible with the SIMPLIS simulator only. Click on the Help button
for more information about this device,
U [ n ] N o + y [ n] aaaaaaaaa ? ?
N1 |
MO

100m | | Do | |
iD | | Initial Condition |0 |
uuuuuuuuuuuuu [n [
-l -D,
z o .

mm) ZOH included
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Simulate the Filter with a Clock Generator

A pole-zero equation implemented in SIMPLIS follows the below circuit

VA

POP trigger 1-POLE
500m DISCRETE FILTER
X1 | V1 U1
| SIMPLIS_DTF_SCG_Y__V2 Sampling Clock L -
Generator IN out——H&
VA Clock
i | G—— TRIG  CLK_OUT T
CLK_IN CLK_OUT[
Clock V3 RTN
B L RTN
T_ACQ=1n N1={N10} T_ACQ=1n

AC 1
~
L <> IN out ¥ U2 NO={N0O}
votook (71 =OUT/IN D0~{000)

The z-coefficient calculations can be automated -

*

*
*

VAR fp=10k * pole position * VAR N10=HOO0*wp*(Tsw*wz+2)/(wz* (Tsw*wp+2))

VAR fz=1k * zero position * VAR NOOZHOO*WD*(TSW*szz)/(WZ*(TSW*Wp+2)) * N1 =7.84848498750381

VAR HO0=0 * dc gain in dB * . VAR D00=1-4/(Tsw*wp+2) |:> * NO = -7.37037054028243

;:/AR Fsw=100k * sampling frequency * GLOBALVAR NOO=0 * DO = -0.521885552778623
*if no zero, set NOO= 0 and update N10 with below line * *

VAR Tsw=1/Fsw * GLOBALVAR N10=HOO*(wp*Tsw)/(1+(Tsw*wp/2))

VAR H00=10~(H0/20) *

VAR wp=2*pi*fp
VAR wz=2*pi*fz



Sampling Frequency Affects the Respone

The phase drops faster at a 100-kHz sampling frequency

Sampled data Continuous time-domain

2 F, =1 MHz ™\ 20
S /] (/) //

(dB) 10 (dB) 10 1+i

Fs=1OOkHz/ /G )= H, a;

f. =1kHz 1+w—

% _ ﬂ-n f,=10kHz 9 __/ :

1 £6(7) A~ F = | MHz | £G(1) BEN|

(°) o ~—~/ \\\\ () o // \\
45 F, 100 kHz\ \\ o
-90 50

10 100 1k 10k 100k 1M 10 100 1k 10k 100k 1M



Simulating a PID Compensator

We have to map the Laplace-domain PID equation in the z-domain

— P k,&(1)
u(?) _t%)g(f) f1 kfa() Y
>KD kd de(t) | ‘
y(2) . dt

A type 3 compensator is a filtered PID with an extra pole!

1+ —

s s
T+s| e gr |+52| %47 o Equivalent - 1+w—
N N 2] EP)
GPID (S) = thpd (S) N
STI(HT”SJ[HSJ Extra S[1+S][1+SJ
k » N o, pole @,, @, @,




A Ready-Made PID Block in SIMPLIS

From type
3 conversion

K. K,A4,(z)

G(z)=K K,=k, K =kI, K,=
(z)=K,+ +
Al.(z) yK, A, (z)+1 | s
nternal z transfer functions ) k I !
computed with forward- or pd Pole must lie

backward-Euler or Tustin in unity circle

J Edit PID Discrete Filter: U1

PID Discrete Filter (Version 8.1+)

e Parameters
_ _ Description
-f; - 1 kHZ \ GG - ]' " 99 PID Discrete Filter model, The fiter transfer function is T — ] l’ls
F K K;5,(2) S
= = T(z)=K Loy D7D
Gf = O dB Kp - kp - 2643 @ P+Sl(:) ¥ KpSp(z)+1
Je
L KE = kl]—; = 2_5 09]’” [z-1 Method is Forward - Euler
‘f‘zl = 200 HZ S(2). Sp(z)=q(z-1)/z Method is Backward - Euler
k 2(z=1)/(z+1) Method is Trapezoidal
d
f e 600 HZ > Kd = F R~ 5 1 O gnmpahhlef;\'lm the Slg!PLI;sw;AIamr only, Click on the Help button
z, r mare information about this device.
s
Parametars
f = 2 1 kHZ 1 © = | PeeFactor () [15m =
P y = =15m T
_ 2 1 kH 0] ] 509,622 | | Inteoration Method| | TRAPEZOIDAL -
f )23 - z / " Acquisiton Time [1n [& s | Derivative Method || TRAPEZOIDAL -
Externally Compute PID
implemented cadl i

coefficients

FUTURE
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Forward-Euler

1
0
0.5 Tustin

Backward-Euler

You can choose and
= combine mapping

functions



The Sampled PID Response is Close to that of Type 3

= Responses between the PID block and the time-continuous function are very close
= With a 1-MHz sampling frequency, phase degradation is beyond the 1-kHz crossover

(¥1) Gt —04dR
" & Je Rl niad Continuous
/ "b time
o HGL£) h \
(dB) \J ll Camnlod DID
JGIIIPICU LI L ~4 \
-20 STVIPLIS N\
-40 SIMetrix
(Y1) ZG(f)

) / |~
0
) / \\ Continuous
5 = S time
-90 T Samp!edP}\\—

135 SIMPLIS N
SIMetrix \
-180

10 20 40 60 80100 200 400 6008001k 2k 4k 6k 8k1ok 20k 40k 60k 100k 200k 400k 600k 1M

/Hertz 100kHertz/div



Practical Implementation with a Buck Converter

FUTURE
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This buck converter is compensated for a 10-kHz crossover and switches at 250 kHz

Vsw L1 VOouT
i T . .
I rL 22u1C=0
10m rC lout
L v 30m VB
— 12 D1
Ideal_Diode R3
— C13 FB
470 1C=0 ! = m ouT FvB N\ va
T =OUT/IN W acto
+
If you change Fsw:
Qdrv
clock s - change clock frequency IN out Ave VAN
[ U35 X1 - change Vsaw frequency =OUT/IN
- change Fs in the parameters list
S Q ;‘ 1>
R £ V. .—k-V
QN — - ref out
R-dom Ut R5
PIDout  T-ACQ=1n = D (Rupper)
IC=0
Loop delay PID Filter
P
volock (1)) clock delay out IN
\ CLK_OUT  CLK_IN

RTN

Anti-aliasing

T

VA
{Vref1}

filter

R6

—_— H} {Rlower}

1-V peak amplitude

{Ca}
C1
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Open-Loop Gain in a Fraction of Seconds

The crossover is close to our 10-kHz target with an excellent phase margin

T

N J. =918 kHz

20 \ GM=11dB

Loop Gain / dB
-
>

-20 o]

-60
180

135 T _______..-—-—\
[— |
% 45 ; | -
; | | gpm — 60 | \
™

8
S 5 \
-90

r \

S mf N\
Z7(f) \

-lgulﬂ 20 30 40 50 &0 70 80 20100 200 300 400 500 600 700 800200 1k 2k 3k 4k sk 6k 7k 8k 9k10k 20k 30k 40k 50k 60k 70k BOk 100

—
)
~

Loop Phase / deg
&
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Digital Control with System Designer

You can go one step beyond ¥ with System Designer for hardware-like compensation
The program lets you assemble digital blocks representative of the final implementation

X1@
C

VBOOT1

FIXED_VAL=1

v’ Compatible with ac

Lo B and POP for small-
DIGITAL CONTROLLER - ;ii Signal studies
WITH PID COMPENSATOR = .
5 : | v’ Adjust the number of
‘N=/?NUT Differential Differential Channel | -pwai ut 77 CIOCk CYCIES Ilnked to
nnnnn o e o war o o specific operations
“““““ > Closer to the real
o o hardware
DDDDDDD . e
R Next 9
RRRRR [~ Proportional Channel ik ste P P)’ N
Proportional [ /

{floor(160°BIN_SIZE*(512/5)

Gain
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Designing a Flyback Converter

We are going to design a universal-mains 60-W flyback converter delivering 12 V/5 A

The study is divided in three parts: front-end, converter and control loop

Vbulk 1:0.2 N

s 1 [~ Vout

B L, I . == céx 12V

(T 600 uH §RLED gm 5A

Z + ;
@] —= Cbulk § R2 <
AN I N
' primary dary
i 4 < V‘Q u1B
Front-end — o ] 3
—a [~ 6} IE 0 i C1
1 :
b 3oan
\ 3 — S
1 NCP12510 R6
N Ly Rsense
C2 —— C4
U1A | T
c3 —
Regulation

Control section
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The Front-End Rectifying Section

The mains is rectified with a diode bridge and converted to a dc voltage
A bulk capacitor plays the role of an energy reservoir when the input sine decreases

The utmost important parameter is the worst-case rms current

-1 ( Vmin ]
sin Vo
2P0ut 1 + peck I'
4Eine 27Z-Eine | ,,'fl
' [ 2
Cour = 77(V Ty 2) =~ 93 uF |:> Tems = Lo, 3 1 -1=12A rms
ret v Choose 100 pF Vin=85Vrms

60V
Chose the component based on its rms capability at the worst-case temperature
tan o
re = =3.
277-120-100u

ripple endurance Panasonic
(F) (D) (L) (mA rms) tand (hours) part-number
18.0 40.0 2060 0.24 10000 0.8 F — EEUEE2G101 P, =1.16°-34=46W |l
sims

100
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Implement a Constant-Power Load

The load is the downstream converter which keeps a constant output power

This is important to increase the absorbed current as the rectified voltage drops

Voltage Current
Vbulk T
i} I T
D1 D2 ] e N
mursd0 A mured0 A lbulk -
s 70 0.957142857
s 80 0.8375
i @ I C1 ; 9 0744444444 > P=67TW
U 100u g 100 0.67
- g 110 0.609090909
D3z 3:)4z o 120 0.558333333 /
mur840 mur840 11 130 0515384615 v
Entry mode Initial segment
@ Arbitrary Initial segment "1 {:
(O Symmetric

A PWL resistance mimics the constant-power load with values calculated by Excel



Ereoromcs

Determining the Valley Voltage

= The converter shall deliver its nominal current down the rectified valley voltage
= |t can imply an oversize of the converter if the ripple is too large — OPP issue

» Increasing the bulk capacitance is a possibility to increase the minimum voltage

LA \ \ \ \ \ \ \
25 AN \ \ \ \ \ \
A et T\ \ \ \ \ \ \
SR \ \ \ \ \ \ \ \
R I \ \ \ \ \ \ \ \
ST \ \ \ \ \ \ \ \
o \ \ | \ \ \ \ \

A aN aX i . aX /N i A__| Valley
/\l/\/\ N [ N[ [ \_| voltage

/ /
2 sl \ N NN ¥ NSNS N ] is70v
2 o\ \ v (£) N ] \ | \ N \ / N N |
A N \ \ \ \ \ Y} N .
time/mSecs 10mSecs/div
"5 bk [ e v
[ Vbulk

OPP: overpower protection



Check Hold-Up Time

= |f the mains disappears, the bulk capacitor must maintain the dc rail for some time

* The converter shall continue operation for 10 ms in the worst case

» You may need to increase the capacitance to meet this goal

52.113208m 66.558219m

Vbulk 14.445012m |—— V., =100 V rms
5 T
I Z s alns
D1 D2 2 2 dicannparc ]
mur840 z mUr840 z Ibulk g ClioappEdrs :
20 A A A A .
s pE==i==i=ss |
L @ l ., 3 oo R R ==
-+ BO <0 - :
D3 D4 R2 : "EEE : ‘
murg40 4 A s ]34 2 ER=EH { =
V2 ! i ; =
z 50 .
! £ :
— 10 ; A
. . . o 130 | A A f
/ The 180-WF capacitor brings 14 ms of hold-up time 3 &[EESESEES S b
s 7 =AY ‘\\ : ‘V’C i\'/ ,=
v Rmscurrentis 1.1 Aand 88 Visthevalleyat 85V, &= % = = & tio & %
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Determine Primary Inductance Value

The primary-side inductance sets the operating mode at nominal load current
Too small an inductance yields to a high peak current and large conduction losses

Too high the inductance will lead to slow converter with a low-frequency RHPZ

Adjust ripple Al
51 - L :1 . o, .
I Determine RHP zero position
L,avg
062

kc'(Vout + Vf) b T MIaai
Niurns = =0.103 transformer turns | < :
BVdss-kq = Vos = Vpulkmax ratio i

2
_ (I_Dmax) Rlaad ~34kH
2 (Vour + VY fRHPZ_zﬂ'D LN 2 ‘
N Voulkmin - maxLp Y turns
Ntums 556.424H
= = . V]

Lp Vout + V¢ Vout * Vf : lfc <30%- fRHPZ
st A Fow Pout | Voulkmin * s *+ M Vpulkmin

jus 88V turns turns
ripple—T fC <10 kHz

) BVpgs = 650 V | =0.87 Arms
Ljeak = Lp kjeak = 3-339pH  leakage IPP65R190C7 D,rms

inductance
~ 3§
\Y% ut + Vf

O
— selected clam
157.5V P ’ Pchond ~04W Choose 2-3 kHz

kc'
Niurns voltage

Vclamp =

RHPZ: right-half-plane zero



Determine Secondary-Side Ripple

" |t is important to assess the secondary-side rms current

» Determine power dissipated in the diode

%/ﬂ

Peak Inverse

Voltage:

Secondary P
Current:

Secondary rms

current:

Diode power
dissipation:

PIV:= Vpulkmax Nturns = 38-536V

) ILpeakM

eak Isecpe:ak =

=1741A
turns

Pliode = lout V= 225W

<
<

—=—|i]; -

2

. 2 Isecpe:ak Al Alp
Lsecrms = (1 7Dmax) Isecpe:ak - N + )
turns

Nturns

» Determine rms current in the capacitor

Maximum ESR
value:

Capacitor rms
current:

Capacitor
dissipation:

Icout / A

—

-JLOAGQN

AN
P =)
[ 7al | L2 |
S~ 7
Vr
RpgR = =0014Q ESRat 100 kHz
Isecpeak
I =1 2 I 2—6098A
Crms "~y 'secrms ~ ‘out ~ -

2
Pc=Icpms ‘REgR = 0-534W

24
P VTOId ,avg d[d,rms2 b WHiOZ - ,y y /

P, =V,

Secondary rms current
sizes the wire gauge



Simulating the Basic Converter

" The current-mode structure compensation can be automated

MBR20200CTP

VQ_‘UT

lout

ouT

» Verify the operating point is correct at the lowest input voltage (88 V)
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Looking at the Compensation Strategy

= A current-mode converter can be stabilized with a type 2 compensator

" |t can boost the phase up to 90° with a zero and a pole adequately placed

» Start with the frequency response at the lowest dc input voltage

Power Stage / d&
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*Enter values extracted from the plant Bode plot

VAR Gfc=-7 = magnitude at crossover =
VAR P5=-75 * phase lag at crossover * From BOde p|0t

* Enter Design Goals Information Here =

VAR fc=2k * targetted crossover *
VAR PM=60 * choose phase margin at crossover *

*Enter the Values for Vout and Bridge Bias Current *

VAR Ibias=250u

VAR Vref=2.5

VAR Rlower =Vref/Ibias

VAR Rupper=(Vout-Vref)/Ibias
=

* Optocoupler specifications *

.GLOBALVAR Rpullup=20k * check with the selected control chip *
.GLOBALVAR Fopto=6k

.GLOBALVAR Copto=1/(2pi*Fopto™Rpullup)

.GLOBALVAR CTR=0.33

VAR VL=0.2
VAR VCEsat=0.3

VAR Vdd=5

VAR ¥f=1

VAR A=Vout-VF-VL

VAR B=Vdd-VCEsat

VAR Rmax=(4/B)Rpullup*CTR

* Do not edit the below lines *

VAR boost=PM-PS-90

VAR fp=(tan(boost=pi/180) +sqrt((tan(boost"pif180))~2+ 1)) *fc
VAR fz=fc 2/fp

VAR G=10(<Gfc/20)

VAR RLED=CTR *Rpulup/G

VAR C1a=1/(2*pi*fz"Rupper)

VAR C2a=1/(2%i*fp*Rpullup)

AIAD Ceal -3l anta




The Compensation Path Includes the Optocoupler

The type 2 compensator can be built around a TL431 and an optocoupler
The optocoupler exhibits a current transfer ratio and a low-frequency pole

Always thoroughly characterize the optocoupler including its ac response
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Assess Compensated Open-Loop Gain

" Once the stabilization strategy is selected, check crossover and phase margin

v Verify margins in low- and high-line operating conditions

Compensated loop gain

Compensated loop gain
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freq/Hertz V,,=88V 10kHertz/div freq/Hertz V., =375V 10kHertz/div
Curve label Name Value Curve label Name Value
Loop Gain  Gain Crossover Frequency 1.8814254kHz Loop Gai... Gain Crossover Frequency 2.9225618kHz
Loop Gain Gain Margin 18.964765dB Loop Gai... Gain Margin 25.879044dB
Loop Phase Phase Margin 56.852504degrees Loop Pha... Phase Margin 62.721606degrees



Transient Response at Low- and High-Line Inputs

= Once the converter is stabilized and shows good margins, run transient tests

* Check undershoots are acceptable for the downstream load
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Look at the Big Picture

It is now interesting to look at the same converter but powered from the mains

See the effect of input ripple on variables
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Looking at the Start-Up Sequence

" The start-up sequence takes a simulation time of 30 s for a 100-ms run
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(A)

(V) 100

Check the Contribution of the Combined Currents

= The bulk rms current is made of low- and high-frequency ripple

5 |-Curve label Name

v

Value

lc RMS (82.4859m-92.4859m) 1.2531297A

Vg (1)

V,,=85Vrms

SmSecs/div
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Conclusion

Simulating your power supply is an important part of the design flow

SPICE simulation is an option but simulation time and lack of switching ac analysis is a problem
SIMPLIS with its PWL engine delivers results in a flashing time

An averaged model is no longer necessary and ac response is available from switching circuits
It is a particularly-interesting features for resonant converters for which modeling is difficult
Having the ability to test digital compensators before coding is an advantage

Quick simulation is also a tremendous advantage for power correction circuits



