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1. Introduction
- SDV

Unlock
the Software Age

Future of Mobility

Data Platform

Software Platform

Electrical /
Electronics
Architecture

Software-defined Vehicle

refers to a car where software
primarily determines the functions

and performance of the vehicle. Vehicle Platform

https://www.hyundai.co.kr/live/unlock-the-software-age
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1. Introduction
- Model-based Development

Control Plant
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Architecture

High level
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Detailed
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Verification

Model-based Development
for better performance and service

- Optimization
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1. Introduction
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1. Introduction
- Simscape

Simscape
IS an equation-based modeling tool
for physical systems.
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1. Introduction
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| MATLAB & Simulink

Thermal circuit

- Cooling
- Air conditioning

Simulink & Simscape
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2. Component Level

- Simscape/Fluids library

Library Browser

| compressar

Library Search Results

» SimEvents
rSimscape

» Foundation Library

» Utilities

» Battery

» Driveline

» Electrical

v Fluids

» Fluid Network Interfaces

| » Gas

Y Aydraulics (Isothermal)
» lapnthermal Liauid

| ~Moist Air

»PIpes & Fings

» Tiurhomachinary

~Thermal Liquid
» Actuators
» Pipes & Fittings
» Pumps & Motors
» Tanks & Accumulators
» Utilities

r Valves & Orifices

| ~Two-Phase Fluid

Y Euig macnines
» Pipes & Fittings
» Tanks & Accumulators
» Thermodynamic Cycles
» Utilities
»Valves & Orifices
* Valve Actuators
» Multibody
» Simulink 3D Animation

<

I * Fluid Metwerk Interfaces

| R L (o)
¥ Heat Exchangers

» Fundamental Components

1}

o
—
=

Condenser Evaporator Condenser Evaporator
(TL=-2P)

=

(2P-MA)

Cooling Tower
(TL-MA)

(il

Heat Exchanger (G-G)

Heat Exchanger
(G-TL)

Heat Exchanger
(TL-TL)

=

System—Level Heat
Exchanger (G-G)

System-Level Heat
Exchanger (TL-MA)

5

System—Level

Heat Exchanger (G)

—,

Heat Exchanger (TL)

Heat Exchanger
(TL-MA)

System—Level Heat
Exchanger (2P-2P)

=

System—Level Heat
Exchanger (TL-G)

System-Level Heat
Exchanger (TL-TL)

A

System—Level

Ceondenser Evaporator Condenser Evaporator
(2P-MA) (2P-TL)

p Tanks & Accumulators

Interface (2P-G) Interface (2P-MA) Interface (2P-TL)

— i
£ b=

Interface (G-MA} Interface (TL-Il}

MA

TL
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Gas

Moist Air
Thermal Liquid

2Phase
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2. Component Level
- how to build the HEX

Component
Fat Fay
AT
A ||t m | A a2,
— ——
= —_— <7 ='= T
Bl | = B? Bl | = BZ —
n L} —a |i= E.E

Heat Exchanger : TL-MA, TL-2P, 2P-MA

Geometry info. : Length, Area, ...

2 e _
e ) - COND_NE_Pilot
COND.Name: String [ 2018, YS! | COND_ArNE
CONDK WK fnductivity (alum_30 160
COND.SizeWidth m 061

0.1266
0.016
2T F 1

COND.SzeHeght
CONDSizeDepth
COND.TubesInAirFlowDirection

COND.TubesPerPass

SO~ FESF 87

L EECET 18

COND.TubaTickness Z50E-04
COND.TubeHeight m T40E-03
Fin Pitch per
COND.FinFPDM ea/dm | DeciMeter 80
@ - &)

m
m
e

COND.PassMum - HYE 2
e
&
m

Condenser Evaporator (2P—MA)
&3 =

£E D20 Condenser Evaporator (2P-MA)

X
Mus =2 @

~ Configuration

Flow arrangement Cross flow ~
Cross flow arrangerment Both fluids unmixed ~
* Thermal resistance through heat tra... |0 Kk w
» Cross-sectional area at port Al pi * gec EVAP_AirD_inlet.. | mm~2 ~
* Cross-sectional area at port B1 pi * geo BEVAP_AirD_outl.. | mm"2 .
* Cross-sectional area at port A2 geo.EVAP_Air'Width * ge.. | m~2 ~
* Cross-sectional area at port B2 geo.BVAP_Air'Width * ge.. | m~2 ~
v Two-Phase Fluid 1
* Mumber of tubes geo.BVAP_AirnTubesPerRowPerCol_ * geo BVAP_..
> Total length of each tube geo BVAP_Air'Width * ge.. |m ~
Tube cross section Rectangular ~
* Tube width geo.BWAP_AirDepth f ge.. |m ~
* Tube height geo.BVAP_Air TubeHeigh... |m ~
Pressure loss model Correlation for flow inside tubes ~
Local resistance specification Local loss coefficient ~
* Total local loss coefficient 1000%1.2 1200
» Internal surface absolute roughness  |0.001 mm ~
» Lamninar flow upper Reynolds numb... 2000
~ Moist Air 2
» Total fin surface area geo.BVAP Fin AreaTotal m2 ~

MATLAB EXPO
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2. Component Level

- how to build the HEX

Pressure loss coefficients model : K =

Pressure loss model

Heat transfer coefficient model

AP Coefficients [a, b, c] for a*Re®b*Pr. .

Pressure loss coefficient, delta_p/(0....

Coefficients [a, b, ] for a*RetbtPr..
Coefficients [a, b, €] for a*Reb*Pr. .

Pressure loss coefficient
350

Colburn equation
[ICond_ref_al, .8 .33]
[iCond_ref_a2, 8 33
[iCond_ref a3, 8 33

0.5pv?2

Heat transfer coefficients model : Colburn equation

(the measured data is available and empirical correlations usually fit better)

— Colburn eq. For liquid and vapor zones : Nu = aRe”Pr¢
— Cavallini-Zecchin correlation for mixture zone :

Nu =

aRel, Pr; { [ (

1+b 1+bh
(V1]
PSV PSSy

PSL _ 1>x0m+1

(I + b)( \/ Pi -1 ) (XOut — XIn)
PSv

k
h=Nu—

MATLAB EXPO
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2. Component Level
- how to build the HEX

[—<]4— air. in 'D'd th KW dP f kP
ref_x_in N /“, airilFi;_ikFa B o X [ ] 1 5‘[] re [ ﬂ]
ref_P_in_kPa Volumetric Flow Rate & ==
. Sansar (MA) C
Controlled Mass Flow . Controlied - E E E 1{][]
Rate Source (2P) Volumetric Flow Rate -— -—
:‘.I A u@S ]—ratnul : Air_out Sc:me(MA) ‘ r_é r_é
- | o =
2 0
2 3 4 5 G a0 100 150
o . measured measured
(D Pressure drop System Identification . P air [Pa] SH [degC]
(2) Heat transfer, (Optimization tool)
. [ =
Temperature,... = parameter tunning g 100 5
3 =]
E E
Performance sheet ? ”
i i e e T N, ezl e i fo | Pref_in(l | Pref out CIES
- T e
3T 0.0% 444 0,041 4.7 33 33 Yid 85.5 B4 1560.6 1541.0 5.0 D 5{] 1{]{] 15{] 4 E E 1{]
370 0.0% 5284 0.6k 75.3 4.5 4.5 108 85.5 B i 1560.6 15264 5.0 measured I"I"IEELEIJFEd
ara 0.0%1 5¥.64 00601 115.8 54 B4 123 B85.5 B4, 50 1560.6 1508.0 5.0
ara 0.0% A5!04 0041 163.7 6.0 6.0 139 85.5 54,40 15960.6 1494.0 5.0

MATLAB EXPO
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2. Component Level
- Heat Exchanger (TL-MA)

Geometry

pertormance

Modeling

- Geometry info.
- Pressure loss
- Heat transfer

!

)
i

Wiy
S

Pl
ML

T CA

L
A

W) |
INVIWASAYESTE O L

Depth

Louver Pitch

e SN
Louver Angle
Louver Bank
O A
O 2o
— air_T_in
flx) =0 4210 -
—1 air_P_in_kPa
v | T<]
v @ . A /: g
’ Wl <
]
&< L air_w_in
Volumetric Flow Rate
cool_T_in > 1\ A cool_in it in Sensor (MA}
A B A cool_out Air_out q@ B a |
'
- L
cool out Controlled Controlled From Resarvoir (MA)
Wolumetric Flow Rate LTR Volumetric Flow Rate Workspaca2
Source (TL}) Source (MAJ

l cool_m_in_lpm

air_m_in_cms

MATLAB EXPO
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2. Component Level
- Heat Exchanger (TL-MA

@ B

cool_in cool_out
* o
LTRq =
B B
srz SR4
Air_in Air_out
[ §
cocl_in I
cool_out : LTR
air_in
%
1 Heat Exchanger (TL-MA) Auto Apply @
d P K V 2 Settings _ Description
= — -
p v Configuration
2 Flow amangement Cross flow ~
Cross flow ammangement Both fluids unmixed ~
N . Thermal resistance through heat tra... |0 KW ~
reSS u re |OSS CO effl Cle nt Cross-sectional area at port Al pi * geoLTRD_inlet 22 /4 | mm~2 ~
p Cross-sectional ares at port B1 pi* geoLTRD outlet #2.. | mm~2 ~
Cross-sectional area at port A2 geoLTRWidth * geoLTR.. [m~2 ~
Cross-sectional area at port B2 geoHTRWidth * geoHT.. [ma2 ~
~ Thermal Liquid 1
Flow geometry Flow inside ene or more tubes v
Number of tubes geoLTR nTubesPerRowPerCol_ 29
k Total length of each tube |geoL R width * geor TR [m -]
Tube cross section Rectangular v
h j— Nu — Tube width |geoL TR Depth - geoLT. [m ~|
Tube height geo LR Tubereight-geo . [m -
D Pressure loss model Pressure loss coefficient v
b Pressure loss coefficient, delta_p/(0... 109
Nu — aR e P'r' C Heat transfer coefficient model Colburn equation ~
- Coefficients [, b, <] for a*Re4b*Prac [LTR cool.a, .8, .33] 100121,08033]
. Fouling factor [0 | -]
C | b rn t n Total fin surface area o [mn2 V]
olburn equatio 1
Inital thermal liquid pressure [ambient_p 10131 [kpa -]
Initial thermal liquid | ambient_T 20 [ dege ~|
"~ Moist Air 2
Flow geometry Generic ~
Minimum free-flow area [geoLTRwidth * geotTR_ [mn2 -
Heat transfer surface ares without fi.|geoLTR nTubesPerRon?... | m"2 ~|
T — — T - v

simulation

simulation

©
—

Pressure drop

MATLAB EXPO

Heat transfer

15

10

0.4

0.3

o
(V)

measured
dP Air [kPa]

0.1 0.2 0.3
measured

simulation

20 30

measured

16



MATLAB EXPO
2. Component Level
- Heat Exchanger (2P-MA)

i Air side Refrigerant side
’ N o "'*:" =
Geometry ———
&/ f &
AT \
A
] | A ESATA f | il
A N i A A
erformance < \O b;ﬁ:l ! i T f:’ff\‘{»:f‘
p l‘:'w’l'l ':‘J[ AT AT VY
e sy
LA
Al
R ,
AL ALIEL, AL
I {
S Depth
| | Louver Pitch
e | PSS NN
e \ Louver Angle
Louver Bank
f(x) =0

Modeling

| IX ﬁ
- Geometry info. L et e

s | T<]
S

=
| /u{l—-:}q— air_w_in

Controlled Mass Flow
Rate Source (2P)

- Pressure loss
- Heat transfer

T ) |

3 Controlled
{ ref_out Air_out B < A
| > L Source (MA)1 |
ref_m_in - air_m_in_cms
- ICOND ===

17



2. Component Level
- Heat Exchanger (TL-MA)

ref_in

SR3

Air_in

1
dP =K |5 pV?

(pressure loss coefficient)

h=N X
= uD

Nu = aRe?Pr¢
(Colburn equation)
X each phase

SR2 O
_ % _ ref_out
= @
inner_{Fondenser H H H H H
2 =z &
v
| SR4 @
Air_out
[ ]
ref_in
ref_out ==
air_in I
air_out
Heat Exchanger (TL-MA) Auto Apply @
Settings _ Description
~
v Configuration
Flow amangement Cross flow ~
Cross flow ammangement Both fluids unmixed ~
Thermal resistance through heat tra... |0 KW ~
Cross-sectional area at port A1 pi * geoLTRD_inlet 22 /4 | mm~2 ~
Cross-sectional area at port B1 pi + geolTRD_outlet #2.. | mm~2 ~
Cross-sectional area at port A2 geoLTRWidth * geoLTR.. [m~2 ~
Cross-sectional area at port B2 geo HTR Width * geo.HT . | ma2 ~
~ Thermal Liquid 1
Flow geometry Flow inside ene or more tubes v
Number of tubes geo LTR nTubesPerRowPerCol_ 29
Total length of each tube |geoL R width * geor TR [m -]
Tube cross section Rectangular ~
Tube width |geoL TR Depth - geoLT. [m ~|
Tube height geo LR Tubereight-geo . [m -
Pressure loss model Pressure loss coefficient v
Pressure loss coefficient, delta_p/(0... 109
Heat transfer coefficient model Colbur equation v
Coefficients [, b, <] for a*Re4b*Prac [LTR cool.a, .8, .33] 100121,08033]
Fouling factor [o [em2new -]
Total fin surface area o [ mn2 ~|
Fin efficiency 1
Inital thermal liquid pressure [ambient_p 10131 [kpa -]
Initial thermal liquid | ambient_T 20 [ dege ~|
"~ Moist Air 2
Flow geometry Generic ~
Minimum free-flow area [geoLTRwidth * geotTR_ [mn2 -
Heat transfer surface area without fi |gsu LTR nTubesPerRowP | m”2 V‘
T — N — T - v

iCOND

simulation

simulation

N

200

150 1

100

501

Pressure drop

Qdot hex [kW]

[e]

4 6
measured
dP Air [Pa]

50 100
measured

simulation

simulation

Heat transfer

dP ref [kPa]

15

-
o

)]

0 5 10
measured
SC [degC]

15

5 10 15
measured

20

MATLAB EXPO
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MATLAB EXPO

2. Component Level
- Compressor(2P)

Geometry

performance

. [:] fix)=0
Modeling
Ts [:
- Environment L L\S' A n
= HEX Ps I -| . N . |? I.
| i
RFM B Mzomp P




2. Component Level

- Compressor(2P)

Ideal Angular Velocity Source

¥® D—:L\ ‘

Neomp Positive-
in
ref_out >

oA
>

f -Phi>

l..!
P

g <roi>
) N
Meomp = %pinVDnv
n-—1

N
Priow = %Pinvin (n—

Pcomp — Pflow/nk

n : polytropic exponent
1<n=<sy=0_(/GC,

Pcomp_kW

Pcomp_kW

ref_in

Peositive-Displacement Compressor (2P)

Settings Description

#isplacement Compressor(2P)

Comp

Auto Apply @

v Displacement

Displacement specification

Displacement volume
v Efficiency
Efficiency specification

Thermodynamic model

Isentropic efficiency table, eta_isen(.

Pressure ratio vector, pr

Shaft speed vector, w

volurnetric efficiency table, eta_ vol(...

Nominal Conditions
™ Parameters
Mechanical efficiency
Inlet area at port A
Qutlet area at port B

Wolumetric displacement

geo.CompDisplacement .. | cm”3/rev b
Tabulated v
Isentropic v
geo.Comp.iseneff_table <5x7 double>
geo.Comp.Pratio_vector <5x1 double>
geo.Comp RPN _vector < | rpm ~
geo.Comp. Voleff table <5x7 double=
1

pi * geo.Comp.D_inlet #2 /4 | mm~*2 ~
pi * geo.Comp.D_outlet #2 mm#2 b

Report when fluid is not fully vapor | Mone

simulation

simulation

Mass flowrate

400 ¢

300 1

200 1

100 1

100 ¢

50 ¢

MATLAB EXPO

&

mass flowrate [kg/h] Power [kW]

1071

c

9

©

S 5¢f

£

(2]

: : : : 0
0 100 200 300 400 0 5 10
measured measured

0 discharge temperature [degC]

80
measured

100 120

20



2. Component Level
- Air & coolant flowrate

Incompressible fluid
Measurement

mcoolant = f(Newpr BWV' Tcoolant)

MATLAB EXPO

‘ Pewp - g(Newp: WV, Teootant)
Compressible fluid

mfan — f(quty' Vspeed )pair

Table Pran = g(Fduty, Vepeeq, AAF)

- Cooling fan

- Blower .
- Water pump Mpiwr = f(Vblwr )pair

Poiwr = 9 (Voiwr

21



2. Component Level
- Cabin

Ambient load

MATLAB BXIPPO

22



2. Component Level

- Cabin

mb CpaTdo

my CpaTcab

Tcab

Cabin
Air

P ® +— Qperson

._\/\/\/\_. Texterior

exterior

A

.—\/\/\/\_. Tinterior
[

A

interior

A

Ambient load

2

E/Rload

Tamb

Qsolar,exterior

Qsolar,interior

MATLAB EXPO

m’i J ey | Leak/loss

23



MATLAB EXPO
2. Component Level
- Cabin

Ambient load
L L

SR2 _mn

out

l'.J @ <
& A Cabin Air
| Voo O O
o T w \:::.'
—t:-? Toab
F — I s -

ER load

W > T_cabin |
. ST l »<_ [RH_cabin]
< |
J

O

gdot_persos@fhon

li’u:,L-— ] Crutside {3 >

Tt —————{Ineida -

) ) rHeatFlow_exterior E&gp - T h e rm al m aSS
exterior . [:] ! -
Q_extzcap Convective heat transfer

= | Conductive heat transfer

f~d——jcebin "  outside £ 5 >

L ) . : . SolarHeatFlow_interior R ad Iant h eat tranSfer
» ]

Y

24



MATLAB EXPO

2. Component Level
- Cabin

mlcpaTcab
T Texterior
Teap Qnuman exterior
Cab: . ,/’ Qext,conv
abin .
‘_
Air Qext,conv
Qint,conv ‘\\ T. )
.~ Q .mtm.‘lor
T int,conv interior
mbcpaTdo
dt = (mbcpa(Ta,do - Tcab) + hAe(Text -
Meap Cp,cab
dt = (as,extholar -+ A amp (Tamb - Text)
MextCp,ext
= (as,intholar - hAi(Tint - Tcab))

dt Mint Cp,int

_ hAe(Text -

— Qsolar,ext
Qamb

‘ Qeng

— Qsolar,int

Tcab) + hAi(Tint — T,

cab) + Qhuman

Ambient load
Sola%
- g y Leak loss
E/R Ioad _____________
dT . .
MCE:ZQR Q = hA(T; = T1)

. kA
Q :T(Tz —T)

o mleakcpaTcab)

Tcab) + Qeng)



degC

| MATLAB BEXIPO
2. Component Level
] Cabln Cabin temperature Ambient Ioad
35 T T |
O simulation
30 1§
25

20 | | | |
0 500 1000 1500 2000 2500 Cabin temperature
time [sec] | '
25 S — e —
B O simulation
7 parameters 20 m o test
o 15
3
Meap Cp,cab hAe © 10
MextCpext hAi 5
hA
MintCp,int amb .
h5£xt
. _5 | | | | |
h sint 0 500 1000 1500 2000 2500

3000
time [sec]

3500
26
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3. System Level
- Plant

/

§ 2

§2 b d

52

Simscape
§ ¢ §2

| MATLAB & Simulink

Thermal circuit

- Cooling
- Air conditioning

Simulink & Simscape

MATLAB EXPO

Envrionment

Controller

Plant
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MATLAB EXPO
3. System Level
- Integration for thermal circuit

Pipe (2P, TL)

. PT sensor

n

PT sensor ref

> T
o

SOL-TXV
Comp_Power XE EXV (Baﬂ.) ®
7 EWP_ltr XTXV
4 : B0 0" Reservior
B H
— o, - = o
d t (HVAC module)
accumulator )
1 c lend
Intake Vv or @
Door ® A @ alle Duct
g E outlet
mdot kgh BLWR P o tmep.
O]
rel_in air_in———2> ‘Pﬁ\ :

ICOND_air_in

ref_out Air_ouf———13»
a2 ("0 0. }’ iCOND_air_out

iCOND

RET, I
3way
Ref.
valve
2way valve
(dehumidification)

29



3. System Level
- Heat pump (2P-MA,2P-TL, TXV,EXV,Compressor)

MATLAB

)]
Battery

soLTxy
v
- . ]

EXPO

B

—1
el

wC

ONDItr

2=
| ﬁl
3

us

v
: ==,

. §' ‘E | il E
=
| < J...O 0 wmn.n:mno 0N TE et et

== ) .
=1 Compressor

_"}— it s ————
E— BoEs e 1COND e
N . —

I

Inner condenser

ouU




3. System Level
- Thermal circuit

Ambient

1)

Sl

AAF

a4

aNODo

g

Ref.
3way I

EWP_ltr

OBC/LDC
I
Rr Inverter o

Rr :E,'_\'Er oil
MotcVe ooler

Frt ;5}?& oil
MotcYEg 0o ler

4J

MATLAB BXIPPO

p
T
C

O]

Duct
outlet
tmep.

<l

DX Exv (HP)

valve

Ref.
2way valve
{dehumidification)

31



MATLAB EXPO

e (o) soLmxv ?
" v
-
» 2o
@

3. System Level
- Thermal circuit

|ECtriC e ———
F30vver[f?iF————**HfNKM'EEf%[HC

e 1

F i i i ] ]
[ S E
% a HTA u:x THOE o in

Battery TV INV&LDC

_.Drivind Force

Motor TM

i R — B B
e TF g
_ | bnment
Underhood Refrigerant ...

—I—ncom air_in
MO et

Underhaod
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. Control logic & Verification

e 3
Q| E | B
Electrical | Battery | Fluids | Mulfibody | Driveline
5 2 § 2 $ 2 5

. Simscape )

Discrete & Continuous
- Plant : continuous

- Controller : discrete ?

Envrionment

Contraller

Plant

MATLAB EXPO
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4. Control logic & Verification

P r_IntakeDoor i
P BlwrvolRate '

L r_TempDoor i
L F'tcHEathwRa‘hei

HWAC_conirol
IntakeDoorCir
0.522
MMREE L
. 0.0763
Te111|:|D¢:\-D|113I11I';l =
PicHeatFlowRats —
Im’.l
————— 1
: I
1 l L }
" T
I s+1 I
L
I ————— 1
1 1 I
I1.97e+\f5 05s+1 Jp.Treps
: I
L
————— 1
: I
2 | »
| s+1 |
I———

e

25+ 1

< N_EWP_HTR

EWP-PE_rpm

<{H

N

2s+1

2s+1

N_EWP_BAT

N_EWP_LTR

s+1

0 Parallel
1 Series

MATLAB EXPO
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4. Control logic & Verification

Controller

» Logic : discrete

= Signal : continuous

(Transfer fcn)

S
/ -~
/ =~
/
7
7
e 1 < N
L L _oomp
F1.57e+c-3 05s+1 i1.5?e+:-3 N~

MATLAB EXPO

-
Ncomp
in

SR2

-

L

ref_out

Pcomp_kW

ref_in

Pcomp_kW
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4. Control logic & Verification

Run time
- compile + initializing : 3.5minute + 1.5minute (too slow)
- after then, the simulation time to real time is 1/3

Compiling : Analyzing equation systems for Simscape physical networks: Started

Running : Initializing equation systems for Simscape physical networks: Started

<« = ¥ HVAC Cabin *  Envrionment B
@ |Palev_230706.v5 ¢ A
~
Q@

& bValidationWmeasurement bValidation

=+

O

Envrionment Controller Plant

-5

»

MATLAB EXPO
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MATLAB EXPO
4. Control logic & Verification

= Control input based on experiment

- = - o . -
Simulation (Cooling mode around 35°C, 850W/m”2) . Compressor, cooling fan, EWP, TXV
Environment Duct discharge air temperature
100 T T T T T 30 £ T T T T T 3
—— Ambient temperature ] © simulation
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= Control input based on experiment
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5. Conclusion
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el 1. Component & System level using simscape
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2. Control logic for simscape
\ ! - Discrete signal — Transfer fcn — Continuous signal

Control Plant
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3. Virtual Plant (simscape) with controller
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- Virtual plant performance - thermal circuit, size decision
- Logic performance - advanced control logic development
- Various physical data
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