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Key I\/Iessages Signal-Based Simscape (physical networks)
> 1L "M_" ns:'_ou
R*C.s+1 Diode |
. . Transfer Fcn [—] Gear B
. Simscape offers a modeling method == T
that is well-suited to thermal, fluid, g | et Transter oA = B
and other types of physical systems j(jj‘ ety Hycrauiic Orifice
Simscape
= Combining CARNOT Blockset content CARNOT Content Network
with Simscape capabilities could offer > econT - <}> \Lie-
. . B T
big benefits to CARNOT users A > T— S RS> pos
Valve_Thermostatic’ thermostat _ valvet
— charcteristic

= CARNOT Blockset could tackle
a wider range of problems
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Agenda

- Primary Example: House Heating Model
= Comparing Modeling Methods (signals, networks)

« Combining Simscape and CARNOT Blockset
— Standard components
— Custom components

- Extending CARNOT using Simscape
— Range of fluid domains (phase change, gas, moist air)
— Electrical, mechanical, energy storage (batteries, etc.)
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Example: House Heating System

@ ©
Single pump and boller

I E X X ff I
= Four radiators connected in parallel —F ‘(ﬂ ‘ ‘

— Thermostat on each radiator I — = ‘ ‘ ‘ ‘ ‘ I
- Four rooms in 2x2 grid A \&
each with heat transfer ) Y
. —i=
(A) Through wall to 2 rooms Boiler ‘ ‘ ‘ ‘ ‘
Through wall to outside =t ‘ ‘ ‘ ‘ ‘ I
(C) Through window to outside
(D) Through roof to outside
=  Water transports heat through @
network, and water properties
vary with temperature and pressure

@

Pump



Example: House Heating System

’i sscfluids_house_heating_system_valves - Simulink

File Edit View Display Diagram Simulation Analysis Code Tools Help

= a

X
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Agenda

Comparing Modeling Methods (signals, networks)

Combining Simscape and CARNOT Blockset
— Standard components

— Custom components

Extending CARNOT using Simscape
— Range of fluid domains (phase change, gas, moist air)
— Electrical, mechanical, energy storage (batteries, etc.)
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Physical Modeling Method

¥4 Mass_Spring_Damper - Simulink =S EOR %™ |
File Edit View Display Diagram Simulation Analysis Code Tools Help

- Physical connections |z-5-8 @e-mwdor @ e  mmo0o-E
makes modeling

physical systems 3 -[@—»
quicker and easier : <] e
— Intuitive <,‘ :F j
= Automatic formulation :
of system equations E<]-
— ODESs and DAESs . <l‘

Input/Output Block Diagram

B uUuge (

|-
n|—-

4

— Easy to modify
— Easy to maintain

L
:
l
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Agenda

Combining Simscape and CARNOT Blockset
— Standard components

— Custom components

Extending CARNOT using Simscape
— Range of fluid domains (phase change, gas, moist air)
— Electrical, mechanical, energy storage (batteries, etc.)



&\ MathWorks'

Strengths of CARNOT Blockset and Simscape

- CARNOT Blockset = Simscape
— Application-specific blocks — Modeling approach (physical networks)
— Extensive set of application examples — Advanced effects (phase change,

condensation, flow reversal)
— Generic, multi-purpose components

— Many person-years of research
— Validation against specific test cases



Combining CARNOT Blockset and Simscape

Connect at Thermal Interface

4\ MathWorks

WDB
Qdot_Ground
Tneighbour

WDB_in

s

@sﬂbn

WDB_out

~

Radiation_on_Inclined_Surface1

WDB_in

| |

@siﬂon

WDB_out

Radiation_on_Inclined_Surface?

WDB_in

| |

@aiﬂnn

WDB_out

Radiation_on_Inclined_Surface3

WDB_in

| |

@85‘“0"

WDB_out

wWDB gsolar

Window_Optics1

WDB gsolar

Window_Optics2

WDB gsolar

Window_Optics3

WDB gsolar

Window_Optics4

Awindow* G

Qdot_h
Qdot_trans_wall

Qdot_trans_window1

Qdot_trans_window2

Qdot_trans_window3

Qdot_trans_window4

Qdot_vent

Qdot_ground

Qdot_neighbour

Qdot_internal

Qdot_solar1

Qdot_solar2

Qdot_solar

Qdot_solar3

Qdot_solar4

Qdot_Heating

Troom

>

>

>

| Qdot_Internal
_..

- shading

>

Qdot_Vent

House OneNodeModel

#I>+ L/

Troom

Radiation_on_Inclined_Surfaced4

= Reuse validated implementations of standard models
- Create more complex models of thermal network —

1/mc energy
[ Thermal :‘t\ \
Mass [—J
Z —» S PS5 [
> e | +_‘jj\>Fb_<.—.o{]:2urha

|deal Heat Flow
Source

Convective
Heat Transfer

—A=k

Conductive Heat

Transfer )

10




Combining CARNOT Blockset and Simscape
Use Blocks from Simscape Libraries

= Simscape libraries have
many components that
could be a close match

— Review parameterization and
assumptions in equations

- Benefits:
— Blocks fully documented

— Maintained by MathWorks
(code, documentation)

— Parameterization tools

4\ MathWorks

CARNOT Blockset Model Example Hydraulic Valve.slx

il

Repeating
Sequence

Pump_Main

-

L THB_yellow

=AY

to_scope

THB_magenta

pressure

Sine Wave Valve

Display_THBZ2

valve position

L THB_yellow

to_scope

massflow

Display_THB1

CARNOT

Implementation Using Standard Simscape Blocks

=

On

w4

Velocity
Source

|. q.p A A

Centrifugal vd
Pump [J'-L]' '

|| Hydraulic Fluid

X B

> —JPp— [\/ > AR %
DR—ead (6 :
{r Variable Area
Hydraulic Orifice

flx)=0

11
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Combining CARNOT Blockset and Simscape
Reuse Equations in Simscape Language

= Custom Simscape blocks Implementation Using Custom Simscape Blocks

T

can use the same equations O AL
Hﬂ—h On |—> cir
as CARNOT Blockset blocks _ T pump Main Ay e pos
. e Val -
— Simscape language — 7 e f(x) =0
(extension of MATLAB) | Hydraulic L

Equations S-Function Equations in Simscape language 4@-9-_
_'If pump.c ‘I\ + | | JIF carnot_pump_main.ssc | + | B clr
166 a = PUQUA - DPQUA; Pump_Main 38 equations Pump Main
167 b = PULIN - DPLIN; - 39 p ==P.p - T.p;
168 <o = PUCON - DPCON; 40 p == ctr*al + al*g*P.density + a2* (g*P.density) *2;
169 solve quadratic equation(xl2, a, b, c); 41 end

Calculate massflow by solving the equations:
pressure_drop = ¢ + I*mdot + gq*(mdot)2
pump_pressure = a0 + al*mdot +a2*(mdot)2 12
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Agenda

Extending CARNOT using Simscape
— Range of fluid domains (phase change, gas, moist air)
— Electrical, mechanical, energy storage (batteries, etc.)

13
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Politecnico di Torino and EMA Global Develop a Multidomain Hypercar
HVAC System Through Industry-Academia Collaboration

Using MATLAB and Simulink, EMA Global partnered o
closely with Politecnico di Torino to develop an HVAC | s | _
system for a custom-built, multimillion dollar car - = Rl i i

Results
= Developed detailed HVAC system modeled
across six different physical domains using
Simulink and Simscape

= Calibrated, optimized, and tested an accurate . ==
. : Top-level vehicle HVAC model.
HVAC system controller without relying on
hardware
= Shortened the overall development time for the
controller using Model-Based Design “This project was a great opportunity for EMA Global to

collaborate with both MathWorks and Politecnico di Torino in
applying a state-of-the-art automotive engineering approach
that we can now continue to use moving forward.”

- Mirko Zanotel, EMA Global Engineering

Link to article

14


https://www.mathworks.com/company/newsletters/articles/developing-a-multidomain-hypercar-hvac-system-through-industry-academia-collaboration.html

HVAC System — Detalls - Cabin

Moist Air
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ssc_vehicle_hvac »

Wenl_Sensors
& Y—
out In Leakage
B v B
——

| e el
Moig!_Air_Valume o8,

[T %1

=
v

Qecupant_Maisture_Gain

Vehicle HVAC System

Copyright 2017-2022 The MathWorks, Inc.

6% A | B- A B A  B——
T2 |12 we  [Sblendjpld ¢ T2ft12 Wi
S_AC OniOf * Blend Door
flx)=10 M2 M2 FE= M2 M2 FE=
Refrigerant Evaporator Coolant Heater Core
A B ':f_( Yy l.—._ A
oy 1 V'H
S_flap & ¢ ] [ b T
3 . = = <f ~u )
Recirculation Flap Environment [=] — e
u
Environment Temperature Cabin
Environment Relative Humidity Vehicle HVAC System
rHow € 1. Configure system inputs: Predefined or Manual
Blend Door Signal = 2. Plot psychrometric chart for cabin air (see code) =
AC Loop OniOf » 3. Plot condensation in evaporator (see code)
T 4. Explore simulation results using Simscape Results Explorer
[ S Flap Door Signal = 5. Open the HVAC example library
System Inputs 6. Learn more about this example M
Predefined

Oceupant_COZ_Gain

) ]

<

[ ]

Erwiraanirment

&

Sensibile_Heal_Gain

Gas

“pae— Thermal

T_anw

5
| e <
| Inside Ouisice s

Environmenl_Temgerature

Cabin_Heal_Transfe

-]

—

T_cabin_degC

T_anv

%

Cabin_Measuremeanis

W< T_cabin |

RH_cahin w

b ©02_cabin
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https://www.mathworks.com/help/simscape/ug/vehicle-hvac-system.html

Model Fluid Systems Using Simscape

= Set of domains to accommodate
range of assumptions for fluid systems

= Libraries with source code for each domain

— Extend as needed

— Wide range of examples to get you started

4\ MathWorks

4 .
Simscape

Eleﬂrlcul Mechanical Magnetic Therrnul Custom
egquations
# if v > W
Rl =
elsea

Hydraulic Thermal Two-Phase Moist
:E Liquid Fluid | Air
0@ o, L-) & 0 I b
N J

Assumption

Simscape Domain

Constant heat transfer coefficient

Liquid properties do not vary with temperature
Liquid properties vary with temperature

Gas

Fluid that changes phase

Mixture of 3 species with condensation

Thermal

Hydraulic (Isothermal Liquid)

Thermal Liquid
Gas

Two-Phase Fluid
Moist Air

16



Integrate Additional Domains
Using Physical Network Method

= Integrate electrical, mechanical, and other systems

= Example applications: Cooling systems for electric motors and batteries
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Electric Vehicle Confiqured for HIL

Pump trgRef
A rqRe
@ Outlet
Env = B A" B @ (1) m trqMeas |+
C H 137 ¢ 1 ; . y -
Radiator — 1 ose Oull + Energy-Based v -
3 & ose Qutlet PMSM Drive Model + L—r—" i
Heat Exch.| T = '\L Motor Inertia
Characteristic - m 3 (AN
£ = ‘/ -
0
o : [ |
Expansion Tank 2 I
o | ) = Co— k) | =
Radiator =% YT 553 8
Y wWe [ =R , W _
— Heat Exchanger Pipe
@_ [,— g (Hep HMotor p—
N p— Inlet {a> . oy Outlet
@'
| B Inlet A A B @
Hose Inlet IT I—[> Tin Tmotor
4 Heat Exch. Characteristic

£]
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https://www.mathworks.com/help/releases/R2017b/physmod/elec/examples/electric-vehicle-configured-for-hil.html
https://www.mathworks.com/help/releases/R2017b/physmod/elec/examples/electric-vehicle-configured-for-hil.html

HVAC System — Detalls - Refrigerant

* Available in Simscape Fluids

Predefined

]

System Inputs
Predefined

Recirculation Flap  Environment

Environment Temperature

T_env

Environment Relative Humidity

> RH_env

Air Flow Rate

Blend Door Signal

»<_ 5_blend

AC Loop On/Off

»<_ 5 AC

Flap Door Signal

> 5_flap

‘ Evap_inp
Sensor_expansionVaive
Expansion_valve Az
A
\ \8 be - A
i 7 )8 _
—H W
Evap_out
E A1 A2 Evap_lnp BE
&% 2 Condenser <z , = w> e
e
B
‘ Evepone Evaporator
After_compressor
~{Before_compresso
Sensor_compressor
H jm y
B \ — 2
A 18 A  pa \
X
Compressor_model
6% A | B- A B A | B—
T2 T2 we  [Sbend g © T2l T2 Wi
5_AC On/Off * Blend Door
fix)=0 M2 M2 FL> M2 M2 FL>
Refrigerant Evaporator Coolant Heater Core
A B o O T ¢
l I QW A
[sfap }—»g ¢ s
3 £ <1F a D

Duct

T_env
Cabin

Vehicle HVAC System

1. Configure system inputs: Predefined or Manual

2. Plot psychrometric chart for cabin air (see code)

3. Plot condensation in evaporator (see code)

4. Explere simulation results using Simscape Results Explorer
5. Open the HVAC example library

6. Learn more about this example 02_cabi

Copyright 2017-2022 The MathWorks, Inc.

RH_env

I; ,;;? ';
g2 )5

— @
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Simscape Add-On Libraries

- Extend foundation domains with
components, effects, parameterizations

= Multibody simulation

- Editing Mode permits use of add-ons
with Simscape license only

= Models can be converted to C code

&\ MathWorks

4 ™
@ B w2
Electrical | Battery Fluids | Multibody | Driveline
52 § ¢ §°¢ 52 52

5 Simscape )




Simscape Fluids

Overview

- Enables physical modeling (acausal)
of fluid systems

— Fluid power, heating, cooling,
and fluid transportation

— Liquids, gases, and multiphase fluids

= With Simscape Fluids you can
— Refine requirements for fluid systems
— Discover integration issues early

— Design control algorithms and logic
within the Simulink environment

— Test embedded software
without hardware prototypes

)
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Fluids
S l
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Simscape Fluids Applications
Heating and Cooling Systems

= Engine cooling system
— Coolant loop, oil loop
— Pump drives cooling circuit

— Thermostat diverts flow to the
radiator when temperature is too high

= Simscape Fluids is used to:
— Refine system-level requirements
— Select components (pumps, valves)
— Test system integration

— Design control systems,
including HIL testing

>> sscfluids engine cooling system

4\ MathWorks

ﬁ sscfluids_engine_cooling_system * - Simulink — O X
File Edit View Display Diagram Simulation Analysis Code Tools Help
P~ -F | < Ceke M=ME R YO N[ Wy v [1s000 | [Nommal @&
sscfluids_engine_cooling_system
@ Expansion Tank
& A A B co &n
; . . B=H
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= T T air] 12 2 @ Y
= - A1 Bypass Al A2 oou On
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A C_air|—P>C2 o Eng|ne
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Drive
Cycle Fan Radiator Oil-Coolant Heat Exchanger [
\—b Eng_torque Oil Pum < R
Q [EngSpd>»-w R P 3 Hose
» Eng_speed
Heat Flow Rate Shaft Speed. |
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<[EngSpd] Water Properties
Ethylene Glycol QOil Coolant Pump ]
_ . . Cyl}>
@ Engine Cooling System Water Loop Loop
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» Temperature

Coolant Mass Flow

]

1 Radiator Inlet
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Qil-Coolant
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Simscape Fluid Component Models

Pumps

3 Library: Simscape_Fluids - Simulink - =] X
File Edit View Display Diagram Analysis Help
Simscape Fluids

[ +RECNC

[

m =B
E 5 TF >D

Hydraullc Fixed-Displacement
Motor Pump

:E—:l_”s__@m <
LJII

Jet Pump Centrifugal Pump

-

Varlable

T

»er\ﬁ :

1\1

. Pressure
Displacement Compensated
Motor Pump A

vE

G
e ARAs

O Bl S B

Valves

®g Library: Simscape_Fiuids - Simulink - ] X

File Edit View Display Diagram Analysis Help
Simscape. Fuids

®g Library: Simscape_Fiuids - Simulink

° AV
2 1 "9@“ }
“ =IA =
.o P
Pressure
4-Way Relief Counterbala
Directional Valve Valve
Valve
r__):Lu A
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Check p
Valve ressure
Compensator Gate Valv

e O3 wam

Pressure Pilot-Operated Cartridge
Reducing Check Valve Valve
Valve Insert

A
s B
i bﬂx N

v @ E

Actuators

File Edit View Display Diagram Analysis Help
Simscape. Fuids

“a

Single-Acting Single-Acting
Actuator

Rotary Actuator
o P> I
R
A B

Double-Acting !
A Actuator Double-Acting

. Rotary Actuator

R ¢ R
A T,
Air Muscle A =

Actuator (G)
HA

Cylinder Cushion

B, C
C H
ﬂc " R_ 1=y

B

Pipes, Tanks

4 Library: Simscape_Fluids - Simulink

File Edit View Display Diagram Analysis Help

@
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[

vE
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Segmented Pi

T-Junction

Area Change

A A
>
i

Ta

° LD
Tank (G-TL)

Partlally Filled

Plpe

3-Zone Pipe (2P)

File
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Heat Exchangers

®g Library: Simscape_Fiuids - Simulink - ] X

Edit View Display Diagram Analysis Help

Simscape. Fuids

RS | e

B

LAl A2, A1 A2,

,B1 B2, ,B1 B2,

Heat Exchanger
Concentric Pipes

Heat Exchanger
Shell and Tube

Al A2 Al A2
o a [ a
B1 B2 B1 B2
o a [ a
Heat Exchanger Heat Exchanger
Cross Flow Generic
A1 A2 Al H2,
o o e
= »
I,E’fl BZEI . B1
M2<
Simple Heat Heat Exchanger (TL)

Exchanger (G-TL)

S i W
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Simscape Fluids Component Models

4\ MathWorks

Heat Exchangers

- Standard and custom types  -* A2, A A2, A A2,
— Parallel or counter flow B = ,_{%

C a

— S|ng|e or mu|t|p|e shell passes Heat Exchanger Heat Exchanger Heat Exchanger
E-NTU (TL-TL)  Simple (G-TL)  Simple (G-G)
— Mixed or unmixed flow Heat exchanger type:

Concentric pipes v

Shell and tube
Cross flow

Generic - effectiveness table &

B2

= Parameterization options

— Pressure |OSS€ S Pressure loss parameterization:
Constant loss coefficient >
— Heat transfer Correlations for tubes

o Tabulated data - Darcy friction factor vs. Reynolds number
— CompreSS|b|I|ty Tabulated data - Euler number vs. Reynolds number

Heat transfer parameterization:

Fluid dynamic compressibility: Constant heat transfer coefficient v
On ¥ | | |Correlation for tubes

Tabulated data - Colburn factor vs. Reynolds number
Tabulated data - Nusselt number vs. Reynolds number & Prandtl number &

Subset of libraries

o

Jbrary: Simscap - o x

L oA A2 A1 A2,
E3
=]
= Bt B2, _B1 B2,
Heat Exchanger Heat Exchanger
Concentric Pipes Shell and Tube
Al A2 A1 A2
o o [} a
B1 B2 B1 B2
o o B a
Heat Exchanger Heat Exchanger
Cross Flow Generic
A1 A2 Al HZ,
o =] o
; P2<
I:Ei‘l E32:I I:B1
M2<]

Simple Heat Heat Exchanger (TL)
Exchanger (G-TL)

T 1L
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Simscape Fluids Component Models
Valves

- Directional ACHe- ST - Subset of libraries

Parameterization: Cyrem————— B
— Spool, check, cartridge Check Valve Cartridge Valve| |By maximum area and opening ~| === =7

. ° B
- . . . By area vs. opening table 4 >3 "0
_ 4-Way| = o — a ~—An = , L,
Parameterization options Directional ||| || |) By pressure-flow characteristic k [I& “PE e LJ;_]L
Valve| w o e ol T L><JBp T
4o 4_Way Pressure Coun;[?rlbalani
Directional ~ Relief alve
= Pressure control 5 25 ,.u.i< Opening dynamics: Valve VS.L‘Z
. c £ _,f:'-BJ - - Xu [}S
— Control tasks (variable D}f © Do not include 8
] ] ( _ ) Pressure Relief Pilot-Operated { =T y_ u&(":ﬁ_\lji
— Switching tasks (fixed) Valve Check Valve Cneck  pressure
alve Compensator Gate Valve
nA
nB Wfﬁ;
= Flow control > DS-E >SN B, =" bB j< [ carmidge
Pressure dependent = g - AL R, le=sr | Freeswe piooperaes  Vabe
- nsert
. p Needle Valve Poppet Valve Pressure-Compensated Flow a xvalv sheck e
— Pressure Independent 3-Way Flow Control Valve ~ Divider-Combiner | * ) Jr“‘)ﬁub ljci@l

24



Simscape Fluids
Fluid Properties

= Select predefined fluid properties

— Includes water, seawater, and

solutions of glycerol, ethylene glycol,
and many more

= Import from common databases
— REFPROP, CoolProp

— Any database with
a connection to MATLAB

Parameters

Thermal liquid fluid list:

Atmospheric pressure:

Block Parameters: Thermal Liquid Properties (TL)

Thermal Liquid Properties (TL)

4\ MathWorks

Thermal Liquid
Properties (TL)

Water

Water
Seawater (MIT model)
Ethylene glycol and water mixture

Glycerol and water mixture
Aviation fuel Jet-A

SN S

col and water mixture

REFPROP

MATLAB

custom

Database

CoolProp
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Simscape Resources

General from mathworks.com
- Web page: simscape
= Documentation: simscape/index.html
= All Videos: simscape/videos.html

Simscape Overview

Modeling an Engine Cooling System
Modeling a Hydraulic Actuation System
Modeling a Fuel Supply System

B~ wn e

- Examples: simscape/examples.html

= File Exchange: matlabcentral/fileexchange
= MATLAB Answers: matlabcentral/answers

4\ MathWorks
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http://www.mathworks.com/products/simscape/videos.html
http://www.mathworks.com/help/physmod/simscape/index.html
http://www.mathworks.com/products/simscape/videos.html
http://www.mathworks.com/videos/simscape-overview-61215.html
http://www.mathworks.com/videos/modeling-an-engine-cooling-system-71894.html
http://www.mathworks.com/videos/modeling-a-hydraulic-actuation-system-68833.html
http://www.mathworks.com/videos/modeling-a-fuel-supply-system-74106.html
http://www.mathworks.com/help/physmod/simscape/examples.html
https://www.mathworks.com/matlabcentral/fileexchange
https://www.mathworks.com/matlabcentral/answers/index
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Key Messages Signal-Based Simscape (physical networks)
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- Simscape offers a modeling method =¥ T
that is well-suited to thermal, fluid, g | et Transter oA B
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Simscape
= Combining CARNOT Blockset content CARNOT Content Network
with Simscape capabilities could offer > econT - N \Lie-
. . B T
big benefits to CARNOT users A >4 —es s 3> pos
Valve_Thermostatic’ thermostat \_Valver
— charcteristic

= CARNOT Blockset could tackle
a wider range of problems
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