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| 4\ MathWorks:

What all may affect simulation performance?

Model
— Initialization (images, ML script, set_params, ...)
— Execution
— Code generation

Solver

Processing (Engine, Code Generator, Compiler)
— Optimization
— Diagnostics

= Interaction

— Debugging
— Logging
— Viewing

Simulation mode

Platform

Use scenarios
— Simstate

http://mww.mathworks.com/company/events/webinars/webinarconf.html?id=54186&language=en




4\ MathWorks:
The make up of a simulation

« Integrate

« Reduce step

« Find zero crossing

« Solve algebraic loop

simulation time

budget
\
[ |
I I I I | oo
initialize ~ compile  generate compile execute terminate
model code code loop

(ctrl+d)
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Comparing performance of different
simulation modes

must rebuild code from Normal
blocks (e.g., model reference
blocks, MATLAB Function
blocks, Stateflow charts)

Accelerator
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Agenda

_» = Constructing models with increasing fidelity

= Execution of models explained
— Fixed step solver methods
— Variable step solver methods
— Zero crossings

= Conclusions

’ 4\ MathWorks:

Model-Based Design

Raicac laval nf ahetraction

High-level design i Implementation
i)

s tes

Elaborate

Synthesize
Explore
Verify
Test
Explore
Verify
Test
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Create executable models in all phases

= % %

¢ [ Targetstack_

| 4\ MathWorks:

Make the computational approximation the
primary design deliverable—the real thing!

E@é®%
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Agenda

= Constructing models with increasing fidelity
= Execution of models explained
— Areference model
Fixed step solver methods
Variable step solver methods
Zero crossings

= Conclusions

| @\ MathWorks:
A Simscape model—what solver to choose?

I
Resistor

$ Dionde Inductor
]

Salver

Configuration

= Capaciter

et
Il

Electrical Reference

Zokver options

e Yariable-etep | Soler: omedS (Jor ranc-Prince) w

suto discrets (NS contnuous 2tates)

Min st size:  subs bl b w23 Bogacki-Shamoire)

Intdal step zize: aum

ZErOeCrOnSing opTong

ZTercecrossiog control

Algarithn: ]i'dfmadarnfiva » ‘

Tirre wilerancs

] Sigral threshokd: ]a_li.u ‘

Number of consecutive Zerc aroesings: ]LJGD ‘
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Using a Simscape solver to generate
reference behavior

I
Resistor

$ Dinde Inductor

e

== Capacitor

=

Solver
Configuration

|\||—

Elsctrical Referance

@\ MathwWorks'

Parameters
[ Start simulation from steady state
Consistency tolerance | 1e-3
Use local salver
Solver type Backward Euler
Sarmple time le6

[[] Use fixed-cost runtime consistency iterations

Monlinear

2
iterations

Mode: iterations 2

Linear Algebra Sparse
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The corresponding Simulink model with an
ideal diode

OFF current

ON/OFF

Add &1

Diode
wvoltage

Switch

R curment

diode
current

=

Cvoltage

X Graph

| current

@\ MathWorks:

002

o001

0.01

-0.02

Type:

Variable-stsp v | Salver:

Max step size: auto Relative tolerance:

Min step size: autn £bsolute tolerance:

Tnitial step size: auto Shape preservation:

Sobver reset methadl: |Fast v

ode23th (stiff TR-BDF2) +
le-5
auto

Disable all v
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Agenda

= Constructing models with increasing fidelity
= Execution of models explained
— Areference model
y — Fixed step solver methods
— Variable step solver methods
— Zero crossings

= Conclusions
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| @\ MathWorks:
odel: forward Euler numerical integration

Step hin time
he =t —t

Along instantaneous vector component
x=f(xt)

Gives the estimate ! ti n :
Ze(ten) = X(t) * X(t )N, gxt) “

Comparison with Taylor series expansion
o) = X80+

Gives error of the estimate
£(tea) = O(RY)

X(t
i + X re o)

14




@\ MathwWorks'

odel: stability analysis

x=kx; x(0)=1 X(t) = e
X (L) = X(t) + X(t, )h,
Xo(tias) = X (t) +KNX(6) O X (b)) = @+ k)" X, (1)

kOC,z=kh O {zOC |1+4 <1}

[

In MATLAB:

>> cleari

>> [X,Y]= meshgrid(-3:0.01:1,-3:0.01:3);
>>Mu = X + i*Y;

>>R =1+ Mu;

>> Rhat = abs(R);

>> contour(X,Y,Rhat,[1, 1],'b")

>> grid

>> hold

>> plot([0 0],[-3 3],k

|

@\ MathWorks:

Trapezoidal numerical integration

Average beginning and end point

s _ X(tk+1) T X(tk)
R () X(1) 4=

Finite difference ...

X(tk) -- X(tk+1)h_ X(tk) +O(hk)

3

... to approximate Taylor series expansion

(ton) 7 X6 + i 2L Sl s o)
)2'( (tk+1) £ (tk+1)

16




‘ @\ MathwWorks'

ode2: Heun method

= But, we do not have the value at t,,; because that is
what we are trying to compute

= So, combine trapezoidal with Euler approximation
. X(t,,,) + X(t
R (ho) = x(5) + el XDy
X(t) = £ (x(t).t,)

X(te,y) = f(x(t,) +hx(t, )t,.,)

17

’ 4\ MathWorks
ode2: (Heun) stability
kOC,z=khO EIZDC|1+Z+%ZZ <1E
C C

3

In MATLAB:

>>cleari

>> [X,Y]= meshgrid(-3:0.01:1,-3:0.01:3);
>>Mu = X + i*Y;

>>R =1+ Mu;

>> Rhat = abs(R);

>> contour(X,Y,Rhat,[1, 1],'b")
>> grid

>> hold

>> plot([0 0],[-3 3],k

>>R =1+ Mu+ .5*Mu."2;

>> Rhat = abs(R);

>> contour(X,Y,Rhat,[1, 1],'m’)

Stability area of Runge-Kutta methods increases with order

18




In general, varying order of numerical solvers

@\ MathwWorks'

[— : [ : [— ‘
tk tk+1 tk tk+1 tk tk+1
One-stage Two-stage Multi-stage

For example: odel, ode2, ode3, ode4, ode5, ode8

More accurate and stable as order increases

19

|

Stiff systems mix behavior at widely differing

time scales
Parameters J -:::::

Forward voltage: 0.6 v v Z& Diode

ndu
On resistance: Te-8 Ohin v ]

g
st
Il
r
¥
E

Off conductance: | 1e-32 1/0hm  ~
=
olver
onfiguration =

@\ MathWorks:
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Fixed step and solver order must be chosen
carefully—odel, 6e-5

N
Parameters 1 Resistor I
Forward woltage: (0.6 v v ZE Diade Inductar ; T Copaciter
On resistance: TeB Chm - ] ]
Off conductance: | 1e-32 1/0hm s
=
Solver 1
Configuration "= Electrical Reference
Solver options
Type: Fixed-step + Solver: \odel (Euler) v
Fixed-step size (flndamental sample time): Ge-5
o002 R
oo R
1}
0.m R
0.02 R
1 0.5 0 0.5 -4 D& o 5
21
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Fixed step and solver order must be chosen
carefully—ode2, 6e-5

I I
Parameters Resistor
Forward voltage: 0.6 v v Z&D‘“dﬁ Inductor g T Gapasitor
On resistance: | 7e-8 Chm |~ ] ]
Off conductance: | 1e-32 1/0hm  ~
=

Solver
Configurstion

||||—

Electrical Reference

Solver options
Type: |Fixed-step | Solver: odeZ (Heun) v

Fixed-step size (fundamental sarmple time): 6e-5

0.02

0.01

-0.01

-0.02

22




@\ MathwWorks'

Fixed step and solver order must be chosen
carefully—ode3, 6e-5

== Capacitor

N
Parameters 1 Resistor I
Forward voltage: 0.6 W v ZE Diode Induster ; T
On resistance: TeB Chm - ] ]
Off conductance: | 1e-32 1/0hm s

Solver
Configuration

Solver options

Type: Fived-step

Fived-step size (fundamental sample time):

| Solver: ode3 (Bogacki-Shamping)

6e-3

0.02

0.01

-0.01

-0.02

05 0 0.5

\”'—

Electrical Reference
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Fixed step and solver order must be chosen
carefully—ode4, 6e-5

A

|

Resistor

Parameters

Forward voltage: 0.6 b L
On resistance: | 7e-8 Chm |~
Off conductance: | 1e-32 1/0hm  ~

Ko
1

Inductor

st
Il

fixED p

= Capasiter

Solver
Configurstion

=

Electrical Reference

Solver options
Type: |Fixed-step

Fixed-step size (fundamental sample time):

~| Solver:

6e-5

oded (Runge-Kutta) «

0.02

0.01

-0.01

-0.02

0.5

24




Fixed step and solver order must be chosen
carefully—ode5, 6e-5

Parameters

Forward voltage:
On resistance: ]
Off conductance:

1 N

Resistor

Inductar = Capacitor

e

]

Solver
Configuration

\”'—

Electrical Reference

Solver options

Type: ‘leed—step v| Solver: ‘Udeﬁ (Dormand-Prince) v|

Fixed-step size (fundarmental sample time): |E|975 |

002

001

0m

002

@\ Mathworks'

05 4 5

08
25

Fixed step and solver order must be chosen
carefully—ode8, 6e-5

I I
Parameters Fresistor
== Capacitor

Forward voltage: Z& Diode Inductor g
On resistance: 7 ] ]
Off conductance: 1/0hm  ~

-—1-f(x)=0 b

Solver

||||—

Configurstion

Electrical Reference

Solver options

Type: |F|Hed-step v‘ Solver: |DdeB (Dormand-Prince) v‘

Fixed-step size (fundamental sample time): |69*E ‘

0.02

0.01

-0.01

-0.02

4\ MathWorks:

0.5 -1 05

05
26




Step size and order determine simulation time

Parameters

Forward voltage:
On resistance:
Off conductance:

1 N

Resistor

ZE Diode Inductor

e

== Capacitor

Solver
Configuration

Solver options

Type: ‘leed—step

v‘ Solver: ‘DdE5 (Dormand-Prince) v‘

\”'—

Electrical Reference

Fixed-step size (fundarmental sample time): ‘6975 ‘
002
0o
o
-0.01
a0 »> tic;simiges);toc am
Elapsed time is 2.501340 seconds.
-l Ak T -4

@\ Mathworks'
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Step size and order determine simulation time

Parameters

Forward voltage:
On resistance:
Off conductance:

I
Resistor

Z& Diode Inductor

st

= Capasiter

Solver
Configurstion

Solver options

Type: |F\xed-step

v| Solver: |Ud92 {Heun) v|

Fixed-step size (fundarmental sample time):

0.02

0.01

-0.01

-0.02

=» tieisimiges);toc

Elapsed time iz 2.2339239 seconds.|
LS

||||—

Electrical Reference

4\ MathWorks:
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Step size and order determine simulation time

N

Parameters 1

Forward voltage: ZE Diede
On resistance: ]

Resistor

Inductor

e

Off conductance:

Solver options

Type: ‘F\xed-step

v| Solver: |ndel (Euler) v‘

Fixed-step size (fundamental sample time):

0.02

001

-0m

002

»» tiersim(ges)rtoc
Elapsed time is Z.351781 seconds.

PSS

Solver
Configuration

\”'—

= Capaciter

Electrical Reference

-

05

29

But these solvers really used an explicit

formulation

One-stage

Two-stage

4\ MathWorks:

Multi-stage




‘ @\ MathwWorks'
How about a truly implicit approach?

= Trapezoidal integration
— Requires future points!
— Impossible?
= Can do, but requires inverting the system

R (hor) = x(5) + el XDy

)2{ (tk+l) = ),Zt (tk) + A)’Zt (tk+l)2+ A)’Zt (tk) r&(

(21 - A (t,.,) = (21 + Ah)X (t,) ! ti( tk:+1

% (ts) = (21 - AR)* (21 + AR)K, ()

31

’ 4\MathWorkS"
Plusses and deltas?

= Trapezoidal is stable in entire left half plane

In MATLAB: 3 : : : : : !
>>cleari H ; ; ; ; H
>> [X,Y]= meshgrid(-3:0.01:1,-3:0.01:3);
>>Mu = X + i*Y; 2
>>R =1+ Mu;
>> Rhat = abs(R);
>> contour(X,Y,Rhat,[1, 1],'b’) 1
>> grid
>> hold
>> plot([0 0],[-3 3],'K) o
>>R =1+ Mu+ .5*Mu."2;
>> Rhat = abs(R);

>> contour(X,Y,Rhat,[1, 1],/m’) -1
>> R = (2 + Mu)./(2-Mu);
>> Rhat = abs(R);

>> contour(X,Y,Rhat,[1, 1],T) 2

= But, expensive! B T |
— Linearization
— Inversion

32
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Advantage: a large step size is possible

Exftrapolation order: |4

~ | Murnber Newton's iterations: |1

Capacitor

Farameters 1 VN I
Reesistor
Forward voltage: 0.6 Y v ZE ; L
Disde Inductar -
On resistance: TeB Chm - ] ]
Off conductance: | 1e-32 1/0hm s
Solver options Totver
Configuration "= Elsctrical Rei
Type: Fixed-step | Solver: |odeldyx (extrapolation) w ectrieal Reference
Fived-step size (fundamental sample time): le-4
Saolver Jacobian method: auto v

002 J 002 R
0. B oo1 R
o 4 o R
»» timisim(ges, 'Solver','ndeS', 'stoptbime','de-1', 'fixedstep', '6e-5');toc
o Elapsed time is 2.493009 seconds.
> bicisimiges, 'Solver', 'odeldx', 'stoptime', '8e-1','Tixedstep','le—4');toc
Elapsed time is 2.724408 seconds. 1
[ \ \ ] L " n L
=i 0.8 0 0.5 -1 05 1] 0.5
33

Still stable with very large step size

A

Resistor

1
I

Extrapolation order: |4

Parameters J
Forward voltage: 0.6 b L Z&
Diode
On resistance: | 7e-8 Chm |~
Off conductance: | 1e-32 1/0hm  ~ ]
Solver options
Type: Fixed-step | Solver: |odeldx (exirapolation)
Fixed-step size (fundamental sample time): 3e-4
Solver Jacobian method: aUto v

Nurnber MNewton's iterations: |1

Configurstion

00z

0.m

001

002

0.5

@\ MathWorks:

Capacitor

=  Electrical Reference

34




| @\ Mathworks'
Agenda

= Constructing models with increasing fidelity
= Execution of models explained
— Areference model
— Fixed step solver methods
> — Variable step solver methods
— Zero crossings

= Conclusions
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| @\ MathWorks:

A fixed step size has to be stable for the
fastest behavior anywhere in a simulation

From k-1 to k
Fast behavior, so
a small step is
necessary

From k to k+1
Slow behavior, so
alarge step is
possible

Is the ‘fast’ behavior
holding us hostage?

36




‘ @\ MathwWorks'
Step size control

= Compute Euler approximation
Xe(tia) = X(t) +  (x(t) e

= Compute Heun approximation
- f(X(t,.))+ f(x(t
%) = xt,) + | Celte)) F (W)

= Compare the results for the?error estimate, &

Kt X ) =D =6, 1)

= Reduce step size from h, till £< tol

— For example, bisection

37

’ 4\ MathWorks
Tolerance consists of two components

= Relative tolerance depends on signal magnitude
= Absolute tolerance is constant

Solver: ode45 (Darmand-Prince) v

. N Relative tolerance: | 1e-3
magnitude + reltol * magnitude

Absaolute talerance: | auto

magnitude \\\ Shape preservation: |Disable all v

magnitude - reltol * magnitude - _

abstol

0
-abstol

38




@\ Mathworks'

Approximations determined by absolute and
relative tolerance

= Absolute tolerance prevents infinitely accurate solution
around O

Solver: |nde45 (Dormand-Prince) v|

Relative tolerance: | le-3 |

magnitude + reltol * magnitude
> Absolute tolerance: |aum |

magnitude 0 S ~ Shape preservation: |D\5ah\e all v|

magnitude - reltol * magnitude - _ N

abstol

0
-abstol

39

4\ MathWorks:

Approximations determined by absolute and
relative tolerance

= Combined relative and absolute tolerance drive solver
step size selection

Solver: |Dde45 (Dorrnand-Prince) v|

Relative tolerance: | le-3 |

magnitude + reltol * magnitude

Absalute talerance: |aum |

magnitude \\ Shape preservation: |D\5ab\e all v|

magnitude - reltol * magnitude -~ __

abstol

0
-abstol

40




Variable step solvers

= o0de45
— Compares RK methods of order 4 and 5

= 0de23

— Compares RK methods of order 2 and 3

= 0de23tb
— Trapezoidal (implicit) integration with BDF error estimate

@\ MathwWorks'

Solver options

Type: Variable-step
Max step size:  |auto
Min step size: | auto
Initial step size: |auto

MNumber of consecutive min steps:

~| Solver:

Relative tolerance:

Absolute tolerance:

Shape preservation:

1

ode45 (Dormand-Prince)
discrete (no continuous states)
ocde45 (Dormand-F )
ode23 (Bogacki-Shampine)
0del113 (Adams)

odelSs (stiffNDF)

ode23s (stiffMod, Rosenbrock)
ode23t {mod. stiff/Trapezoidal)
ode23th (stiff TR-BDF2)

e}

But now we better be careful with our computational complexity?

41

Parameters
Forward voltage: 0.6
On resistance: 7e-8

Off conductance: | 1e-32

W
Ohirn

1/0h

|

“] |

A

Resistor

. $mm

Inductor g == CGapasiter

@\ MathWorks:

A variable-step solver may actually take much
less time to simulate

Solver options

Type: Fixed-step

~ | Solver: odeS (Dorma

Fixed-step size (fundamental sample time): |6e-5

0.02

0.01

-0.01

s> tic;simiges);too
Elapsed time is 2.501340 seconds.

>>

0.5

Solver options

Type: Variable-step v | Solver: ocledS (Dormand-Prince) »
Max step size: auto Relative tolerance: | 1e-4
Min step size:  auto Absolute tolerance:  |auto
Initial step size: | auto Shape preservation: |Disable all -
Number of consecutive min steps: 1

0.02 R

0.01 b

0 4
-0.0m b

>> ticpsim{ges);too

Elapsed time is 0.944479 =seconds. L

LPTS

0.5

42
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And we can do even better: multi-step solvers
reuse effort

X
=

Xk+1

tk+l tk—1 tk tk+1 tk—l tk tk+1

Implicit multi-stage Explicit multi-step Implicit multi-step
(e.g., ode23th, ode23t) (e.g., odel13) (e.g., odel5s)

43

4\ MathWorks:
So, yet more efficient integration

AN

Parameters Resistar

I
Forward voltage: $ Diode Industor

= Capasitor

On resistance:

oy
1L

0 p

Off canductance: -
L&

T

Solver 1
Cani =

Electrical Reference
>> tie;sim(ges, 'releol','le-4', 'Solver','ods45','stoptime’, 0.5');toc

Elapsed time is 1.025632 seconds.

»» ticrsim(ges, 'reltol','le-4', 'Solver', 'ods45', 'stoptime' ‘0.5 ) s toc
Elapsed time iz 0.991488 seconds.

5> tie;sim{ges, 'reltol','ie-4', 'Solver', 'odedS', 'stoptime', 0.8} ;toe
Elapsed time is 1.169297 seconds. .

»» ticisim(ges, 'reltol','le-4', 'Solver','ode45', 'stoptbime’ , 'O.8'); Ode45' 1055492
Elapsed time is 1.082161 seconds.

»» tig;sim(ges, 'reltol','le-4', 'SJolver','ods45', 'stoptime’ ,'0.8' ) toc
Elapsed time iz 1.008882 seconds. Odell3 0,8866972
»» tiersim(ges, 'reltol','le-4', 'Solver', 'odell? !, 'stoptine', '0.8") rtog
Elapsed time is 0.895317 seconds.

¥» timisim(ges, 'reltol','1e-4', 'Solver','odelld!', 'stoptime', '0.8') ;boc

Elapsed time is 0.921423 seconds. multi-stage iS "'19%
»» tic;sim(ges, 'reltol','le-4', 'Solver','odell3', 'stoptice','0.8') ikoc g
Elapsed time is 0.848121 seconds. S|OW€T than mUltI-Step

»» ticrsim(ges, 'reltol','le-4', 'Solver', 'odelld', 'stoptine','0.8") rtoc
Elapsed time iz 0.902069 seconds.

5> tie:sim{ges, 'reltol','ie-4', '3olver', 'odeil?', 'stoptime','0.8'):toc
Elapsed time is 0.8566556 Seconds.

fx oo

a4




‘ @\ MathwWorks'
But the reuse may turn against us

We do not have initial values att,and t,;

How do we build this history?

« Single-step intelgratiqn_algorithm .
« Either implicit or explicit with very small step size, ¢

How about t; in case of implicit methods?
« Linearize system and invert system matrix

But now when we reach a discontinuity ...

... sSmoothness is violated ... solver reset! 45

’ 4\ MathWorks

Many discontinuities require many solver
resets

l—““V\/V\P ] =AM 1
; Resistor! Resistar
Amplitude: Contralled Voltage ® 1
5 Source biode Inducter T Cepasiter
Period (secs): ] ] I
1e-4 L

]

Pulse width (% of period): Solver
- Configuratior |

diode current

Elechical Reference

Phase delay (secs):

u]
TS FT ot

3

7
Solver options

B
Type: Yariahle Z0idz v

5
Max step size: auto

4
Min step size: auto

# 3

Initial step size: auto hape preservation: |Disable all v

2
Solver reset method: | Robust -

1
Mumber of consecutive min steps: 1 N

L . . ! .

Solver Jacobian method: auto v 06 -04 02 0O 02 04 086

46




A single-step solver ...

4\ MathWorks'

Resistort Resistor
Controlled Voltags L
Disde Inductar T Capasiter
]
Solver
Configuratior |
= Electrical Referance
Solver options
Type: variable-step v | Solver: ode23t ¢mad. stiff/ Trapezoid: v i ¥ Plot
Man step size: autn Relative tolerance: | 1e-4
Min step size: auto Absolute tolerance:  |auto i
Initial step size: auto Shape preservation: |Disable all v
Solver reset method: | Robust v 1
Mumber of consecutive rin steps: 1 |
Solver Jacobian method: auto -
- 1
»> tic;sim(ges, 'reltol','le-4', 'Solver','odeZ3t', 'stopbime','0.05') ;6o
Elapsed time is 3.753683 seconds. ]
I L L ! L L I
| 06 04 02 0 02 04 08
47
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Resistort Resistar
Controlled Voltage
Diede Inducter T Cepasiter
Salvar
Configuratio!
"= Electrical Reference
Solver options
Type: ‘Variable-step | Solver: odel13 {adams) v %107 A Y Plot
245
Max step size: | auto Relative tolerance: | le-4
Min step size:  auto Absolute tolerance: | auto 2 B
Initial step size: | auto Shape preservation: Disable all v
15 R
Number of consecutive min steps: 1
1 1
05 1
»>> ticrsimiges, 'relcol', 'le-4', 'Solver', 'odsll3', 'stoptime’, '0.05") jtoc
Elapsed time is 4.720852 seconds. 4
T I L L ! L L I
| 06 04 02 0 02 04 08

48




4\ MathWorks'

... and another multi-step solver ...

J—vav

Resistor!

Caontralled Voltage

AN

Resistor

»>> ticrsimiges, 'reltol','le-4', 'Solver', 'odelSs', 'stoptiwe ', '0.05") Jtoc
Elapsed time is 4.505691 seconds.

I ]
é& Disde Inductar ? T Capasiter
1 I
]
Solver
Configuration |
= Electrical Reference
Salver options
Type: Wariable-step | Salver: ode15s (stiffMNDF) « 0 Y Plot
Max step size: auto Relative tolerance: | 1e-4 25
Min step size: auto £bsolute tolerance: | autn 5 |
Thitial step size: auto Shape preservation: |Disable all i
Solver reset method: Robust ~ | Maximum arder: 5 v 15 1
Mumber of consecutive min steps: 1 1 1
Solver Jacobian method: autn v
0.5 1

49

@\ MathWorks:

But there is more to it than just the single step

nature

Resistor! Resistar
Controlled Voltage L
éx Diede Inducter g T Cepasiter
]
Salver
Configuration |
= Elechical Reference
Solver options
Type: Varishle-step v | Solver: odeZ23th (stiff/ TR-BDFZ) v T XY Plot
Max step size: auto Relative tolerance: | 1e-4 3
Min step size: autn absolute tolerance:  |autn 5 ]
Initial step size: auto Shape preservation: (Disable all v
Solver reset method: | Robust v 5 h
Mumber of consecutive min steps: 1 1
Solver Jacobian method: auto -
5 1

»» tig;sim(ges, 'reltol','le-4', 'Solver','ode23ch', 'stoptine', '0.05" ) toe
Elapsed time iz 5.5294585 seconds.

| 0.6

04 02 ] 02 04 06

50




@\ Mathworks'

Or even

l—-wwv NN
Resistort ] Resistor I
Controlled Voltags L
Snume é& Diode Inductar ? T Capasiter
]
Solver
Configuratior |
= Electrical Referance
Solver optiohs
Type: Variable-step | Solver: |Ud9235 (stiffMod. Rosenbrock) v‘ 7 %Y Plot
Max step size: | auto Relative tolerance: |1e-4 ‘
Min step size:  |auto Absolute tolerance: |autn ‘
Initial step size: Shape preservation: |D|sab|e all v‘
Mumber of consecutive min steps: |1 ‘
Solver Jacobian method: |autu v‘
»> tiersimiges, 'reltol','le-4', 'Solver', 'ode23s', 'stoptine' ,'0.05") s toe
Elapsed time is 11.761867 seconds.
I L L ; L L I
| 06 04 02 0 02 04 08
51
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Note: extrapolation becomes unreliable for

high order

X(t)

%(t)

2nd order

1st order

tk tk+1

Stability area of multistep methods (explicit: ode113,

oth order

implicit: ode15s) decreases with order! 5,




‘ @\ MathwWorks'
Agenda

= Constructing models with increasing fidelity

= Execution of models explained
— Fixed step solver methods
— Variable step solver methods
2> - Zerocrossings

= Conclusions

53

’ 4\ MathWorks
Discontinuities

= Variable-step solvers ‘zoom in’ on zero crossings
— Is solver step size reduction an efficient mechanism?

54




Discontinuities

= How about we use a dedicated root-finding algorithm?
— Bisection, Newton-Raphson

= Disregard the discontinuity, then search

@\ MathwWorks'

Zero-crossing options

Zero-crossing control |Use local settings

~ | algarithm:

Monadaptive L

Time tolerance: 10*128*eps Signal threshold: |auto
Nurmber of consecutive zero crossings: 1000
55
@\ MathWorks:
i |Sn\ver: 0de23t {mod, stiff/Trapezoids » |
s1+62
ON 1 current B .1 '_E
H b Switch Add1 cap 3 Ind | I surrent
Constant ad 51 > O
R¥ Graph
Fae 4@
Generator
C woltage
Constant! Ny
3
ZS}HU HY Flot x1|]’3 XY Flot
: 25
2 2
15 15
1 4
Zero-crossing location ON Zero-crossing location OFF
>> tic;sim(ges, reltol’,"1e-4','Solver’,'ode23t’,'stoptime’,'0.5’);toc >> tic;sim(gcs, reltol’,'1e-4",'Solver’,’ode23t’,'stoptime’,'0.5");toc
Elapsed time is 5.634365 seconds. Elapsed time is 6.255886 seconds.
ol — ] 0 _— l
Q606 02 0 02 05 U6 06 04 02 002 0408 56




But not for odel13 ..
history anyway

o
] 3T e
Constant [

Add @1

Switch

@\ Mathworks'
. because it resets its

|5nlver: |nd9113 (Adars)

=

Ind

cccccc

Constantt

XY Graph

b

C woltage

1

Zero-crossing location ON
>>

Elapsed time is 4.155692 seconds.

of — |

-0.2 ] 02 04 06

06 04

5
45210 7 (Al BT XY Pl
25
2 2
15 1

tic;sim(gcs, 'reltol’,'1e-4','Solver’,'ode113','stoptime’,’0.5’);toc

g
Zero-crossing location OFF

>> tic;sim(gcs, reltol’,'1e-4','Solver’,'ode113','stoptime’,’0.5’);toc
Elapsed time is 3.947801 seconds.

06 -04 032 0 02 04 0B 57
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Is computational complexity the only zero

crossing issue?

tk+1 tk+2

e

-1 05 ]

0.5
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‘ @\ MathwWorks'
Chattering in our electrical circuit

l ~F ]
Parameters Rasistor
Forward voltage: | 0.6 W v %S Diode Industor 4; T Cepestr
On resistance: TeB Chm - I ]
Off conductance: | 1e-32 1/0hm s
]
Solver |
Configuration = Electrical Referance
Zero-crossing options
Zero-crossing control: |Use local settings | Algorithm: Monadaptive -
Time tolerance: 10*128*%eps Signal threshold:
0.02 Murmber of consecutive zero crossings: 1000
0.01 | @ ic_detai_vi_chatter_v1

At time 0,0027010394191755477, simulation hits {1000} consecutive zero crossings, Consecutive zero

] | | crossings will slow down the simulation or cause the simulation to hang, To continue the simulation, you may 13
Try using Adaptive zero-crossing detection algarithm or 2) Disable the zero crossing of the blocks shown in the
Following table,

-0.01 7| | Mumber of consecutive ZCs : 1000

Block path : ic_detail w1 chatter v1iDiodel

Bluck type : Dinds

.02 4| | 2¢ Iocation : between line: 34, column: & and line: 34, column: 14 in file: C:yProgram

Files\MATLABYRZ01 1aitoolhoxd physmodisimscapedlibrarytm|+foundationi+electricall +elementsipel diode. ssc

o can burn of this message by using the MATLAB command:
set_param(ic_detail v1 chatter v1',MaxConsecutiveZCsMsg', none’); 59

’ 4\ MathWorks

Resolve the chattering by adaptive zero
crossings

l AN ]
Parameters Resistar
Forward voltage: 0.6 W v $ Diade Industor § T e
On resistance: | 7e-8 Chm |~ I ]
Off conductance: | 1e-32 1/0hm  ~
=
Solver 1
Configuration Electrical Reference
Zero-crossing options
Zero-crossing control: |Use local settings | Algorithm: Adaptive v
Time tolerance: 10*128*%eps Signal threshold: | auto
0.0z Mumber of consecutive zero crossings: 1000
0.01 b
o 4
0m b

>»> tie;simiges, 'reltol','1e-4','Solver', 'odez3s', ' ZeroCrossilgorithm', ' Adaptive','stoptime','0.08') ;toc
0 Elapsed time iz 3.019251 seconds.
[ | | | T
-1 -0.5 0 0.5
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4\ MathWorks:

Or, employ a Simscape fixed-step solver with
fixed cost

=] Block Parameters: Solver Configuration El

1 Solver Configuration

Resistor

$ Diade Inducter
[ Start simulation from steady state

. Consistency tolerance | 1e-9 ‘

Salwer

Configuration

Defines solver settings to use for sirmulation.

= Capaciter

Parameters

e
I

Use Iocal solvar

Solver type |Backward Euler v‘

0.02 4 Sample time |1e—6 ‘

Use fixed-cost runtime consistency iterations

Monlingar

iterations | 3 ‘

Mode iterations |2 ‘

1 Linear Algebra |5parse v‘

002 Elapsed time is 5.8281397 seconds.|

4 70‘5 D‘ DIE I oK H Cancel ][ Help Apply

61

4\ MathWorks:

But a fixed-cost solver may be less accurate

IZ] Block Parameters: Solver Configuration El
J I Solver Configuration
Resistor
i Defines solver settings to use for simulation.
Diode Industor = CGapaciter
Parameters Parameters

Start simulation from steadly state

Consistency tolerance | 1le9 ‘

Chirn v

1/0hm ! Use local salver

Sobver type |Trapezmda| Rule v‘

On resistance:

Off conductance:

0.02 J Sample time [126 ‘

Be fied-cost runtime consistency iterations

oo il Monlingar |3 ‘
iterations
] q —
Mode iterations |2 ‘
-0.01 B Linear Algebra |Sparse v‘

0.02 Elapsed time is 5.841490 seconds.

4 -D.‘S 6 D.‘S I oK H Cancel H Help apply
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But a fixed-cost solver may be less accurate

[ e ]

Resistor

$D\ode Inducter § = Capasitor

Paramaters

Off conductance: 1/0hm ~

=] Block Parameters: Solver Configuration
Solver Configuration
Defines solver settings to use for sirmulation.
Parameters

[ Start simulation from steady state

@\ Mathworks'

Consistency tolerance |1e-9

Use Iocal solvar

Agenda

= Constructing models with increasing fidelity
Execution of models explained

Jl

— Fixed step solver methods

— Variable step solver methods

— Zero crossings
Conclusions

Solver type |Trapezmda| Rule v‘
0.02 Sample time |1976 ‘
e fived-cost runtime consistency iterations
o5 Monlingar |3 ‘
iterations
0 R
Mode iterations |2 ‘
0.01 Linear Algebra |5parse v‘
002 [Elapsed time is 4.542898 seconds.] |
4 a ‘5 [‘l EIIS I QI 1 [ Cancel ] [ Help Apply
63
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64




@\ MathwWorks'

Conclusions

= Solvers selection is a trade off
— Stability
— Accuracy
— Time to simulate

= Compare different solvers and solver parameters

— Use a computationally expensive variable-step solver to
generate a reference solution

— If the model is sensitive, investigate why

65

@\ MathWorks:
Characterization
= My model = My solver
— Must have a predictable — Fixed step vs. variable
execution time (could be step
long) — Explicit vs. implicit
— Must have a short — Single step vs. multi step

simulation time — Zero crossing location or
— Has widely varying time not

constants (stiff)
— Includes discontinuities

— Includes many
discontinuities

— Exhibits chattering
— Should not be dissipative

NB: Fixed step solvers do not do root finding o




Characterization

= My model

Must have a predictable
execution time (could be

@\ MathwWorks'

= My solver

— Fixed-step integration
= Experiment with integration

long) order, step size, and
_ accuracy
67
4\ MathWorks:
Characterization
= My model = My solver

Must have a short
simulation time

— Fixed-step integration
= If the accuracy suffices
— Variable-step integration

= Multi-step methods are
preferred

= Zero-crossing on may
shorten simulation time
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@\ MathwWorks'

Characterization

= My model = My solver
- — Preferably implicit
— Fixed step
= odeldx
- Variable step
= odel5s, ode23s, ode23t,
Has widely varying time ode23tb
constants (stiff)

69

@\ MathWorks:

Characterization

= My model = My solver

- — Variable-step integration

= No integration history (at
least single step) with zero
crossing location

= o0de23t

Includes discontinuities
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Characterization

= My model

= My solver
— Fixed-step integration
= If the accuracy suffices

= Choose the fundamental
sample time as the step

@\ MathwWorks'

size
— Includes many
discontinuities
71
@\ MathWorks:
Characterization
= My model = My solver

Exhibits chattering

— Fixed-step integration
= If the accuracy suffices
— Variable-step integration

= Adaptive zero crossing
location
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@\ MathwWorks'

Characterization

= My model = My solver

- — Nondissipative integration
method
= ode23t

Should not be dissipative
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@\ MathWorks:

And ...

Do not fall in love with a model ©

-- Jacques LeFévre
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4\ MathWorks:

Accelerating the pace of engineering and science
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