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Modeling and Simulation of Physical Systems with Simscape

What's physical modeling and why should | care?

Working with a multi-domain physical model in Simscape

— An electrically driven triplex plunger pump for a predictive maintenance study

Extending the model to explore a new design element

— Adding a battery model to the design

Key take-aways of the session
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|
Physical Modeling with Simscape is easy and accurate!
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The Big Question?

B@&
Why L@é

= Why Physical Modeling?
« Why In Simulink/Simscape?
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The CAT Triplex Plunger Pump

4\ MathWorks

Predictive Maintenance?

4\ Mechanics Explorers - Mechanics Explorer-sm_pump_triplex

Eile Explorer Simulation View Tools Window Help
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Pressure transducer Is available

4\ Mechanics Explorers - Mechanics Explorer-sm_pump_triplex - [} X

File Explorer Simulation View Tools Window Help N|i'l x
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Translate

English Spanish French

PV

Turn off instant translation o

% English Russian Greek ~

| need help. One of my cylinders
Is leaking. | will shut down in 15
hours

1/5000
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Triplex Pump

= Crankshatft drives three plungers
— Each 120 degrees out of phase
— One chamber always discharging

— Smoother flow than single
or duplex piston pumps

Volumetric Flow Rate at Output

.
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Failure Algorithm

Diagnosis
Pressure
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Crankshaft

Inlet
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‘ ’i sm_pump_triplex * - Simulink
File Edit View Display Diagram Simulation Analysis Code Tools Help
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Introduction to Simscape Multibody m
Multibody
- Enables multibody simulation S L S | Se L Se¢ 1§
of 3D mechanical systems L Simscape J

= Construct model using
bodies, joints, and forces
— Model matches structure of system
— No need to derive and program equations

RE\J’O|UtE ;'E][F:o:;wi:j::::: Zyllp()(\’;::]s - | h”ulja j

/| Joint i

- Primary uses i

5 Con

— System-level analysis %\‘Transfcnﬂ
: : . ,,]—tr. Pendulum C

— Control development in Simulink L

— Predictive Maintenance study s
5 _' Pendulum | SOOOEM @) x -t |l

|
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Modeling Dynamic Systems:
two approaches

First-Principles Modeling

Use an understanding of the
system’s physics to derive a
mathematical representation

| :  a=|Z L, sin(@) + nw, (—sin(a = 7)) sin(7) — ne(=sin(a — 7)) cos(a — y)a’ —ncos(a — y)y° dy
| 1-nesin’(a¢—7)
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Modeling Dynamic Systems:
two approaches

Data-Driven Modeling

First-Principles Modeling

Use system test data to derive a

Use an understanding of the
mathematical representation

system’s physics to derive a
mathematical representation
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Both have Advantages & Disadvantages

First-Principles Modeling Data-Driven Modeling

Advantages: Advantages:

* Insight in behavior » Fast

» Physical parameters = Accurate

Disadvantages: Disadvantages:

» Friction and turbulence? » Requires plant

= Time consuming » Requires data acquisition system

* Requires expertise

MATLAB EXPO 2018 12



4\ MathWorks

Tools that span both modeling approaches
Enhance Advantages, Reduce Disadvantages

Complete Modeling Environment

First-Principles Data-Driven
ol Simulink System
Simulink Design |dentification
/@ @ @ 3“ *\ Optimization
o3 .
Sl;l?tzﬁ:s Electronics| Fluids |Multibody| Driveline MaChI.ne
sl s2 |l g2 | s | s2 Learning
5 Simscape )
Partial Differential Equation (FEM) Mez;rseusrte?nent
. Tools
Symbolic Math MATLAB EXPO 2018 13



Complete Modeling Environment

§2

4\ MathWorks

Tools that span both modeling approaches
Enhance Advantages, Reduce Disadvantages

First-Principles Data-Driven

Simulink

eS¢ | S¢S

s

Simscape J
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First-Principles Modeling in Simulink

-Traditional process

Physical j I <
System — > ‘}i
Set up differential

and algebraic equations

(90)
| -
o
)
>
+—
(&)
<

= Using Simscape

Physical

System

Sensors

>
Build model by -}i

combining components
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-
. EE Simulink Library Browser E@g
G O aI Of SI I I l S C ap e -(J:I Erter search term - &J‘ - lﬁ - 3 - @
Simscape/Foundation Library/Gas/Elements
4 Simscape - -
4 Foundation Library I i '\tué
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. Absolute Ref: Cap (&) Constant Vol
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but easier to use f_or creating sensors 3 Aod e ||
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Simscape:
modeling in multiple domains

- Use Fundamental
Analogy between
Physical Domains

o )
Simscape
Electrical Hydraulic Mechanical Thermadl
E ! ! .u*.u.u.
Thermal as Magnetic  Two-Phase
Liquid Fluid
\AAA d) @ 5850

Custom Domains (Simscape Language)

Thermal Fluids
Temperature

\.
Domain Across Variable Through Variable

: Velocity Force

Mechanical :

! Angular Velocity Torque
Hydraulic Pressure Flow Rate
Electrical Voltage Current
Magnetic MMF Flux
Thermal Temperature Heat Flow

Pressure Mass Flow Rate

Energy Flow

MATLAB EXPO 2018
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How things are measured

>

PS S
—»
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Tools that span both modeling approaches
Enhance Advantages, Reduce Disadvantages

Complete Modeling Environment

First-Principles Data-Driven

Simulink

§¢ §¢ §¢ §¢
L Simscape ﬁngua@
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Simscape Language

-l
File Edit Text Go Tools Debug Deskiop Window Help ¥ \ P X
- MATLAB_b d 1 component lossy ultracapacitor
ase 2 % Lossy Ultracapacitor
3 % Models an ultracapacitor with resistive losses.
4 nodes
= Creat dom
rea e neW O aInS 5 p = foundation.electrical.electrical; % +:top
6 n = foundation.electrical.electrical; % -:bottom
7 end
= Custom components [
9 c@ = { 1, ’F’ }; % Nominal capacitance Ce at v=0
. 1 . 10 cv = { 8.2, ’F/v’}; % Rate of change of C with voltage Vv
. User deflned Ilbrarles 11 R = {2, ’ohm’ }; % Effective series resistance
12 Rd = {50, *Ohm’ }; % Self-discharge resistance
- . 13 ve = { @, ’V’ }; % Initial voltage
= Object oriented e end
15 variables
16 i=4{e, ’A” }; % Current through variable
17 v={®e, ’V’}; % Voltage across variable
E!Bk:-ck Parameters: Lossy Ultracapacitor | x| 18 ve = { @, ’V’ }; % Internal variable
L Ultr ito e end
oSSy SacaRacior . o0 function setup
N - =loxl| .
Models an ultracapaditor with resistive losses. = e i if R <= { e, *ohm’}
View source for Lossy Ultracapacitar L EIRE L = =)= jrror(’Resistance must be greater than zero’ )
en
— Parameters 1 through( i, p.i, n.i ); % Through variable i
ross( v, p.v, n.v ); % Across variable v
Mominal capacitance CO at V=0: |1 |F -] L A = ve;
ossy
. nd
Rate of change of C with valtage v: ~ [0.2 [FA =] Ultracapacitor equation
i == * * . 0 3
Effective series resistance: |2 |Ohm;| I i== (co +.Cv VD) Vc'der * ve/Rd; % Equation 1
o v == vc + i*R; % Equation 2
Self-discharge resistance: ISDD IOhm vl end d
317% Unlocked 4 d . V V
Initial voltage: IIZI I'u' vl | | = (CO —+ CVV) ¢ + £ __fl
dt R,
[a]4 Cancel | Help | Apply | V= VC + IR

4\ MathWorks
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Simscape Language: setup
= Syntax closely follows MATLAB language

- Use MATLAB functions and expressions
— Analyze parameters

— Perform preliminary computations
— Initialize system variables

l Editor - C:\Lossy Capacitor.ssc ;|g|5|

File Edit Text Go Tools Debug Desktop Window Help w | A o

20 function setup 3

21 if R <= { @, ’0Ohm’}

22 error(’Resistance must be greater than zero’ )

23 end L

24 through( i, p.i, n.i ); % Through variable i

25 across( v, p.v, n.v ); % Across variable v

26 vc = Ve;

27 end ]
Simscape model file Lm 1 Cal 1 |O'v'|'-'-'. A
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Simscape Language: nodes

g [=[ 3]

File Edit View Format Help
DSHE BR|(E 4|20 hERE|

= Define the physical network ports

= Reuse existing physical domains ‘
to extend an existing library Lossy

_ _ _ Ultracapacitor
= Define new physical domains
to create a new library

Ready B [oeded
l Editor - C:\Lossy Capacitor.ssc - |I:I|E|

File Edit Text Gao Tools Debug Desktop Window Help

3 p = foundation.electrical.electrical; %|+:top -
© n = foundation.electrical.electrical; % -:bottom

Fi end -
| Kl | LI_I

Simscape model file |Lr1 4 Col 1 |D'-'Fl y
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Simscape Language: parameters

= Parameters, default
values, units, and dialog

=] Block Parameters: Lossy Ultracag

—Lossy Ultracapacitor

4\ MathWorks

File Edit View Format Help
DSHE 1 ER|ey ¢ |22 k@

Models an ultracapacitor with resistive Ic

View source for Lossy Ultracapacitor

Lossy
Ultracapacitor

e = e
box text all defined in the . m o
Slmscape flle (eXtenSIOn Rate of change of C with voltage V: IIII.E IF,:""." ;I
.SSC) Effective series resistance: IZ IDhm;I_
Silf-discharge resistance: IEIIIIII IDhm;I
= b Iv X
File Edit Text Ga Tools Debug Desktop Window Help \
8 parameters DI\ S | o | o
G ce = { 1, ’F* }; % Nominal capacitance =i = —
10 Ccv = { @.2, ’F/Vv’}; % Rate of change of C L-Jlt\ voltage Vv
11 R =4{2, 0Ohm”* }; % Effective series resistance
12 Rd = {500, ’Ohm’ }; % Self-discharge resistance
13 ve = { @, ’v’ }; % Initial voltage
14 end _Ij
L | >
Simscape model file Ln 41 Cal 26 |OWR Y MATLAB EXPO 2018 23
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Simscape Language: equation

= Equations defined
Implicitly means no pre-

defined inputs and i =(C, +C,v) v + v
v
outputs | at R,
v=v,_+IR
B Editor - C:\Lossy_Capacitor.ssc -0 x|
File Edit Text Go Tools Debug Desktop Window Help . | A M
28 equation ;
29 i == (Ce + cv*v)*vc.der + vc/Rd; 7% Equation 1
30 v == vc + 1i*R; % Equation 2
31 end _
Kl _'*|_I
Simscape model File Ln 41 Col 26 |':"'."R i
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Modeling and Simulation of Physical Systems with Simscape

Extending the model to explore a new design element

Battery Ah

— Adding a battery model to the design
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’i sm_pump_triplex * - Simulink — 0 X
File Edit View Display Diagram Simulation Analysis Code Tools Help ¥ oA X
@ <« OG- B-ogOP » -l ] om D~ Rl 0~
sm_pump_triplex
& -
8 —{i] — —{ap T s
; L Sensing <
ki _> Pq Out Load
! g 9.P Bl A T
_ Driver: Motor / Pump Input Manifold (,;&:;*5 "':"& 1 o
.7 In -
2 Pump Model l L Fluid
| qOut >—» Properties == |
Flow :‘ Time 0,010707
Output Pressure Sensor Data }\. y— b
Diagnostics: On
Predictive Maintenance Algorithm P 4 Pt
/ \ / \ / ' / \
o & & oY
- H \\_/// N \\_/ A
- Fault Indicators No Fault Blocked Inlet Seal Leak Worn Bearing
;,R“"Z Ready 211% auto(ode23)
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Battery Management System

« BMS is necessary
— Safety
— Performance
— Durability
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Battery Management System

= BMS includes
— Monitoring :
= State of Charge (SoC)
- State of Health (SoH)
— Control:
= Charging
= Temperature

= Current
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Competent Battery Model

control

- Battery Modeling
— Equivalent Circuit Model
— Parameter Estimation

) em

ci c2
:A:A | { :AAAr] RO
R1 R2

load

+

S50C Simscape
T

- LD S0OC  Simscape POWp—
[—D T
N -

+ C_table
c1 R_table —@
A N
fog RO
& + Simscape
Simscape —T
——{S0C R_table POW
Em_table R1 ' +'.q_]
P_in [El— e
T -
' = Hb— ¢ : ?
fay
< : > ! Thermal H

Maodel
B8

T

LD LNl v 2018
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Battery Management System

= Charging Control:
— CCCV Charging method
— Cell Balancing Ensure all cells have equivalent SoC during charging.

BEUES|eg
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Physical Modeling with Simscape is easy and accurate!

4\ Mechanics Explorers - Mechanics Explorer-sm_pump_triplex - [} X

File Explorer Simulation View Tools Window Help ‘N|il X

ﬂﬂd@.&\:‘i\@ﬂ@@@ﬂli\EHD\EH@Newconvention:| “I0 &

Use CAD import to ' e

. . . . 2% pump ,
obtain visualization R TEo
o Housing
'I'{ 1 T‘Ir‘T [ W o Plunger_1
and parameters i = =Bk
:__3__.: i ,-),:;World_Frame ; v
s ==l (][] [ % imnmie ||
19@OE p —
..... — 5 | o = ’ =4 118130) o
e [dt Yew Qupley Oagan Jewlatcn frahwe Gode ook e ¥ L£.28(134) .
’f:;:"ﬁ-_l'l HO-B-wgOPp » - [, S RO ! I } _l_[ ®@®®®|1!16X M- ‘Time
|&
| &3
= Extend and explore
=

to create a multi-
domain “digital twin”

v

M 100 VaribleStephto | Battery Ah

Add new components

to investigate
Innovative design

]| W
T 3

MATLAB EXPO 2018 31



Physical Modeling Training

On-Site

C

= Simscape

= Multibody

» Fluids

= Electrical Power
= Driveline

Exhibition

MathWorks Training Booth

MATLAB EXPO 2018

4\ MathWorks

32



4\ MathWorks

Thank you for attending...

4\The MathWorks
Connections Program
‘The MathWorks
= More support @\ The MathWorks ConsulfingService
BookProgram
‘\The MathWorks
= Visit www.mathworks.com Training Services

Info: paul.lambrechts@mathworks.com
tadele.tadele@mathworks.com

Triplex Pump Case Study available on @ MATLAB CENTRAL

https://www.mathworks.com/matlabcentral/fileexchange/65605-predictive-maintenance-in-hydraulic-pump
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