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Motivation of thermal management optimization
Shift in mobility to alternative propulsion technologies (BEV, FCEV)

" Potentials and challenges in development
. absence of waste heat from ICE
. increasing power demand of auxiliary consumers
. but high cooling requirements for fuel cell
- New heating and cooling concepts in BEV and FCEV

. Efficient thermal management as a key technique
. Potentials

. increasing energy efficiency N oot ropr
. enhancing lifetime of components and vehicle — Pl
. Challenges W codtilid - Thermal management system
. narrow temperature ranges for battery and fuel cell of Tesla Model 3
. temperatures at different levels
Known [ = Currently, (automotive) manufacturers use a wide variety of solutions
architectures - . Different cooling concepts
T&EWD | u Numerous system architectures

. High potentials in the...

Optimization o
potentials . Optimization of the control strategy
. - . Valve actuation :
IrnR . Coupling of fluid circuits for waste heat recovery ‘
. Thermal management system

Optimization of thermal management system architectures
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Objectives & Modeling approach

. Objectives
. Analysis of a BEV in a full vehicle simulation with focus on thermal management
. Setup of a co-simulation in KULI and MATLAB
. Investigation of energy consumption shares in WLTC at various operating points

. Co-simulation to combine the advantages of...
. KULI: extensive libraries for thermo-hydraulic modeling of fluid circuits and also powertrain components
. MATLAB: high degrees of freedom for mathematical-physical modeling

. Modeling approach with focus on scientific aspects
. Gain in-depth expertise in the entire modeling of thermal management systems

= Fluid circuits
= Powertrain components and Batteries
irnA . Development of a model-based HVAC control unit
= KULI components represent actuators and sensors in the air conditioning unit
= MATLAB function blocks are used to control these components

...necessary for further research on system architecture optimization

- Demonstration of the extensive functions of KULI in the co-simulation framework
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Analyzed vehicle: Tesla Model 3 Long Range RWD (MY 2018, Europe)

Technical Data

. Motor
. Interior permanent magnet synchronous
. Power (peak) 239 kW
. Torque (peak) 420 Nm
. Battery technology
. Battery type Lithium-lon
= Cell type 21700 (cylindrical) Electronic Control Ui
- Battery capacity 75.0 kWh comprossor =) gy
. Pack consists of 4416 cells in groups of E - ff’t’l% R
46 cells per brick in ) T P—— —
4 modules (2x 23s, 2x 25s) s I O I I E%
) Ly || | ERETRE T T (M)
. Thermal management system ACFan :::: - -
. Battery conditioning teh, AL > A ]—Mﬁ
= Power electronics & Motor conditioning \R o — feat Bxeh NS IS IS IS IS [Elezgrgg;;
. Heating, Ventilation and Air conditioning (HVAC) . & E-Machine
—> superbottle valve for (de-)coupling coolant circuits o 1 o st
to increase efficiency and lifetime
of vehicle as a whole —
“ Tesla Model 3 — Thermal management system
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Thermal management SyStem Air conditioning unit & cabin

Setup of KULI simulation model T e " HVAC air path
P =p—ege -

ATUB AC co-driv SBIR. A oordriv

Superbottle 5/2 way valve
. ) : Evaporator
coupling / decoupling « as ideal heat sink =] N

coolant circuits \

1GP AC Air In INFAN AC Fan JARESAC Filr  2ARESAC EVP 2PM AC Air Duct

Cabin model

1AFLAP AT Cald ITUE AL oo oo 4BIR AC oun oo-driv

= @

1CAB Calin ISP AG e Ot

A

TAHA NG BiHesst  20FLAP A Warm ZTUE AC o driv IBIR AC oan driv

= 4

Cooling package
= cooling air path

1TUB AC driv 2BIR AC driv

CodfirbE  RADJRaE ] 1ARESCND  PMFAN CodFan  1BIRCod  20P Codl Air Oul 2200 PodHE
b {From Bat i

[ 0 o Bai]

EEEE i @ @ | — E}Tfﬁ. Torcon 1a o

e Farallel (1)] Serial (0] =

HH
|
BJ123COM_Superbotie_Valve [-] !l
41PM odREY

Condenser i -
. 1 B 2P aChld 249PM
= asideal heat source r

Battery
= divided in 6 axial sectiohs

ITUB BatCalhld 10TUE BatCalhsa 11TUB BatCaCHal2 ATUS BatCalh131e 21TUE BatCaCh1720 2ITUB BatColh2124 Simulafion paramesers

1TTU TutHE

16TUE PEEMCoCh

13TUE PEEMCoCh2

pem ot HERYR WAL PEEM{Ca HEEYP|
*. 21PM E arld 25PM E 1

N
]
£3PM CadHEBY STUB TubHEBY .
-_i_. -E_. IPM CodBPackioSE  13TUB TubBPackioSE

3P CodlPEEMisHE 24TUS PEEMiGHE

Radiator /
Bypass valve

S0P CodRAD 1HTUE TubRAD

— =

12TUB TubS5B0BPack  36PM CodlSBiaBPack

= 7 Power Electronics & E-Motor
Heat Exchanger / = motor divided in 3 axial sections

Bypass valve
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Co-Simulation of a BEV thermal management system

Co-Simulation Methodology & Setup

Longitudinal Power split of Power Electronics & E-
dynamics powertrain & brakes Motor
= calculation of = split of driving power = efficiency as function

driving power as function of power of operating point >

flows and SOC = thermal model for calc.
E——— of temperatures at
motor cooling channel

)

Battery

=  math.-phys. modeling of cell and

extrapolation of battery

= thermal model for calc, of temperatures

at battery cooling-channel

i

Interface & Control unit

temperatures at interfaces t;
speeds of coolant pumps nyymp,i
speeds of fans and blowers ng, ;

valve positions x,q;ye ;
driving velocity v ive
ambient conditions tgmp, Pambs PLamb

>

Cooling package
= cooling air path

www.tugraz.at =

Air conditioning unit & cabin

= HVAC air path

= Refrigerant circuit substituted
with heat sources and sinks

AMUBTLASIPEN P CadSPEE

=

<

= interface for data exchange with KULI
= control strategy
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heat flows at interfaces Q;
power of coolant pumps Ppymp i

A

power of fans and blowers P4y ;
actual states of fluids triyia,is Privia,i
actual state of cabin t.qp, Peaps Pcab

Power Electronics &

Superbottle 5/2 way valve Battery conditioning

= coupling / decoupling = battery coolant circuit E-Motor conditioning
coolant circuits = battery divided in 6 = PEEM coolant circuit
axial sections = Motor divided in 3

axial sections
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Model-based control of the HVAC system
Motivation & Methodology

. Motivation: HVAC is a significant auxiliary consumer in BEV!
—> optimization on system level requires accurate HVAC modeling
. Target: setup of an automatic HVAC control in co-simulation

. Methodology: control of KULI HVAC air path with model-based feedforward via MATLAB

. KULI for 1-dimensional modeling of HVAC unit ﬁ\
. modeling the “real” HVAC air path
. . Control
. receives actuator signals Strategy
. sends sensor signals

. MATLAB Simulink for control of HYAC components

| Forward

fen

Feed-

www.tugraz.at =

i KULI

A?L Controller

\ A

= implementation of a control strategy Qevp = Xf1aps Qer = taue = f(teap)
. simultaneous calculation of thermodynamic models of... f(tevpout) ftauc) = f(tamp)
evaporator, -
heating unit and cabin regulatory —— ¥ , ;
level Evp. HU operating !
...for feedforward control. point level 5
= Control of... _
evaporator exit temperature Cabin
cabin air temperature on operating point level 2
(via air ducts temperature on regulatory level)
iati Thwirth — WThermal management in BEV ~ [@Cascaded HVAC control  Control of model-based feedforward type ™
Christian Frihwirth — ITnA/ TU Graz
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Model-based control of the HVAC system

www.tugraz.at =

Cascade control of cabin air temperature t,,;, via heat flows in heating unit Qpeg¢ex, Qo

)

fcab,w @

tdue,0,uc

— tduc,o,uf
faue,o, u‘ o

tauc,o,u

taue,iu
——e

u‘y -

T
fu%za
[Fre

M ——

Feed-Forward

fen |
T

Heating Unij Xflap, uc :‘.\

Cabin

u‘y

fen

Xflap, uf

Qef,uf

@

HVAC in MATLAB t I KULI HVAC in KULI
cab,y
fduc,o,y
Qe ur
Xfiap, uf
_ @ Qef,uc _ Qen‘,u
(")Atcab,e Controller "\mdUC.o,-e Controller ~
Cabin A Xﬁap,u

» || [AHA

Process
Heating Unit

Min, teap,ys trec: tout: Pi Xi

Process
Cabin

Min, theatex,in Pheatex,in: APi Xin» Qheatex

fcab, w = Fltamp) @

2

> =

Evaporator

Fan

Control Parameters and Strategy in MATLAB

(W]

Heating Unit

i

Flaps
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@ Desired cabin temperature t.qp, = f(tamp) is reference input from strategy

@ State of cabin and heating unit from KULI feedback and MATLAB estimation

@ Calculation of feedforward air duct exit temperature tgyc o5 in MATLAB
function with thermodyn. correlations

. . . . . . d
First law: —Qpoay + Qsor + 1p * (Qp,ccr + Qp gesp) + X My, - Ric142) = - (my - hy)

. d dt . dx dmy,
Conservation:—(m; - h;) =m -[c c— 4+ —-(rg+tcyg -t ] — e
dT( L hy) R (7 A i (0"‘ pd )+ pale
dmg da dx dmy,
Vapor: =—x-m)=-—m = X
P dt d‘r( L) dt L+ dt

@ Error At qp . to calc. control rate tgyc ouc

@Calculation of desired air duct entry temperature tg;c;

@ Strategy in MATLAB to compose total heating power Qtotal,uf:
= setflap and valve positions Xg;qp 4 to adapt Q'heatex,uf
= calculate feedforward rate Qez,uf

@ Error Atgyc,o,e to calc. control rates Xgjqp 4, and Qez,uc

Heating Unit in KULI receives actuating signals xg;q,,, and Qez,u

@ Duct in KULI sends actual air duct exit temp. tg,¢ oy as inner feedback signal

® Cabin in KULI sends actual cabin temperature t.,p,, as outer feedback signal

Control principles of HVAC systems
(Ghebru, 2013; GroRmann, 2021; Pischinger, 2021,
Weustenfeld, 2017)
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Case 4 — cool down process

Simulation results & Insights — Cabin Malaga in June: tamy = tinie = 35 °C

Driving cycle: WLTC class 3

Pass. Comp. (CAB-1CAB) - Cabin temperatures t__, Heating Unit (HU) - Heat flows Q,
4n T T T T T T T T 2000 T T T T T T T =T
— - wﬂ—h-._n
ET - tf_'a.:l.w | % 1000 ID‘l'_'l'l.i. LT
,; 5 —tf_'a.El.'g,- g Qeec.,
[ =] o Q
"E 3|’_‘| = - o 1 1 1 1 1 1 foBabex.
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Gast - Time [s]
= Heating Unit (HU) - Cold Flap Position e and Zeta Value i_ﬂuh
a0 L L L L L L L L 100 T T T T T T T T
0 200 400 600 8OO 1000 1200 1400 1600 1800 I T e e a_, 420 —
Time [s N - .
I _ _ 5] . 50 ot [ {10 &
10 Air Ducts (DUC) - Exit temperatures tduc,ﬂut ™~
; ; . ; . ; : ; 0 1 1 1 1 1 1 1 1 0
— t 0 200 400 GO0 800 1000 1200 1400 1600 1800
L T oucoulu .
= 30 ; i - Time [s]
o tc‘m‘u Heating Unit (HU) - Warm Flap Position — and Zeta Value Cwarm
2201 ducouty | 100 . . . . . . : 1000
o TN e e e e S ks ducouty [ o -
j 1 |'_‘| - _ WAEINITL U —
E 50 P - 500 m
T Emu o
= ol 1 ™
1 1 | 1 | 1 | 1 {:' i i i i i i i i {:I
0 200 400  &00  BOOD 1000 1200 1400 1600 1800 0 200 400 600 80 1000 1200 1400 1600 1800
Time [5] Time [5]
Cabin air temperature: Heat flows in Heating Unit:
= mean absolute deviation of d; = 0.2079 °C _" composition of total heating power demand Q¢ozat,u
~= with quite accurate feedforward share tgyc out ur * in first phase, higher share of Qe
= control share mainly necessary to reach steady-state t.qp = then, warm flap opens to increase Q'heatex,u and decrease Qelec’u
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Simulation results & Insights — Energy Consumption

Velocity v
150 T T T T T
% 100 L 1 Case 4 — cool down process
= Malaga in June: t ,p = tinit = 35°C
8 L Driving cycle:  WLTC class 3
- M M\M\I‘\
0 | M nh | | | | |
200 400 G0

0 0 800 1000 1200 1400 1600 1800
Time [s] Average energy consumption at T = 1800 s in [KWh/100km]:
o0 Avg. Energy Consumptione, ... . = Co-Simulation: epattavgcosim = 25.35
E OO ' ' | ' | ' ! = Values for validation!;
S ol E— . _
S 80 WLTP manufacturer data: €batt,avg,WLTP = 16.00
S ol N = with ambient corr. (+20%) epqtt,avgwirp,corr = 19.25
i. ADAC Ecotest: ebatt,avg,ADAC = 20.90
m H — . .
= W ¢ = with ambient corr. (+20%) epact avgapac,corr = 25.15
=
B 200 ...but, thermal management control with
TR I I L I L I I I additional optimization potentials
0 200 400 600 800 1000 1200 1400 1600 1800
TI e [S] xE"I'lM.C"\E
100 | | | Energy c“":“mpt"’" D‘Tt"bm"’"xl i“‘tm | Energy consumption shares at T = 1800 s in [%]:
e = Co-Simulation:
g X:::DHG B = HVAC (Only): xHVAC,cosim = 20.26 %
o “ ‘u = Thermal mgmt. (total): XTms cosim = 35.82 %
2 balt losaes ___'__,_-—"'—-_— ’
I i - Conclusions!?;
5 = thermal management as a key technique in BEV
= ﬁ = high demands on accurate modeling of thermal behavior of
L . . : R R = cabin and control of HVAC unit, to be able to assess thermal
) 200 400 600 800 1000 1200 1400 1600 1800 management measures on vehicle level
Time [s]
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