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Abstract

In electric, hybrid electric and fuel cell vehicles, thermal management may have a
significant impact on vehicle range. Therefore, optimal thermal management strategies
are required. In this paper a method for determining an energy-optimal control strategy
for thermal power generation in electric driven vehicles is presented considering all
controlled devices (pumps, valves, fans, and the like) as well as influences like ambient
temperature, vehicle speed, motor and battery and cooling cycle temperatures. The
method is designed to be generic to increase the thermal management development
process speed and to achieve the maximal energy reduction for any electric driven
vehicle (e.g., by waste heat utilization). Based on simulations of a prototype electric
vehicle with an advanced cooling cycle structure, the potential of the method is shown.

Kurzfassung

In Elektro-, Hybrid- und Brennstoffzellenfahrzeugen kann das Thermomanagement zu
einer deutlichen Verringerung der Fahrzeugreichweite fihren, was optimale Thermo-
managementstrategien erforderlich macht. In diesem Aufsatz wird eine Methode vor-
gestellt, die es ermdglicht, eine energieoptimale Strategie zur Erzeugung der bend-
tigten thermischen Leistung zu bestimmen, wobei alle Komponenten (Pumpen, Venti-
le, LGfter usw.) und Einflisse, wie die Umgebungstemperatur, Fahrzeuggeschwindig-
keit, Motor- und Batterietemperatur sowie die Kihlkreislauftemperaturen bertcksichtigt
werden. Die Methode ist allgemein formuliert, um den Entwicklungsprozess fur belie-
bige elektrisch angetriebene Fahrzeuge zu beschleunigen und dabei eine maximale
Energieeinsparung zu erreichen (z. B. durch Abwarmenutzung). Basierend auf Simu-
lationen von einem Versuchsfahrzeug mit einem komplexen Kihl- und Heizsystem wird
das Potenzial der Methode aufgezeigt.

1. Introduction

Modern batteries with high specific energy require a thermal management system to
ensure safety, efficiency and lifetime requirements [1-3]. Especially lithium-ion batter-
ies in high-power applications with wide operating temperature range and wide range
of climate conditions, like in electric drive vehicles, can be destroyed or thermal run-
away can occur if the temperature is not controlled within the operating limits. Addi-
tionally, optimal efficiency and lifetime can only be achieved if the battery temperature
is held within a narrow range [1].

Electric vehicles may require an active thermal management system with liquid cooled



Figure 7: Traction system and charger cooling at different ambient temperatures.

The method was analyzed over a wide range of condition values. The results imply
that the control strategy does not change within large regions of conditions. Therefore,
it can be concluded that taking into account a single time step for thermal power gener-
ation leads to a near-optimal solution, because the following steps start with conditions
leading to the same or very similar control strategy until a new region is reached.

5. Conclusion

In this paper, a method to determine the energy-optimal control strategy for vehicle
thermal management has been described. By transforming the single-stage decision
with a large amount of possible combinations into a multi-stage decision, the compu-
tation effort is reduced. The simulation results provide the different regions of possible
control strategies at all conditions (ambient temperature, traction system temperature,
...) to get the minimal energy consumption for given thermal power requests of the
battery, the cab and the traction system. This automatically implies optimization ap-
proaches as waste heat utilization and the optimal choice between passive fan cooling
and active refrigerant cycle cooling. Based on a prototype setup of an electric vehicle,
the reliability of the method has been shown. In future work the method will be tested
on a real prototype considering additional control values (e.g., recirculation air/outdoor
air) and the heat losses of the cooling cycle pipes.

References

[1] Pesaran, A. “Battery Thermal Management in EVs and HEVs: Issues and Solu-
tions”. In: Proceedings of Advanced Automotive Battery Conference, Las Vegas.
2001.

[2] Kim, G. and Pesaran, A. “Battery thermal management design modeling”. In:
22nd International Battery, Hybrid and Fuel Cell Electric Vehicle Conference and
Exhibition (EVS-22), Yokohama, Japan, October 23-28, 2006. 2006.

[8] Andrea, D. Battery Management Systems for Large Lithium lon Battery Packs.
Artech House, 2010.



[4]
[5]
[6]

[7]

[8]
[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

Heckenberger, T. Thermal Management For Hybrid Vehicles. Tech. rep. Behr
GmbH & Co. KG, 2009.

Vlahinos, A. and Pesaran, A. Energy Efficient Battery Heating in Cold Climates.
Tech. rep. SAE Paper 2002-01-1975. Society of Automotive Engineers, 2002.

Alaoui, C. and Salameh, Z. “A novel thermal management for electric and hy-
brid vehicles”. In: Vehicular Technology, IEEE Transactions on 54.2 (Mar. 2005),
pp. 468—476.

Pesaran, A., Vlahinos, A., and Stuart, T. “Cooling and preheating of batteries in
hybrid electric vehicles”. In: Proceedings of the 6th ASME-JSME Thermal Engi-
neering Joint Conference, Hawaii Island. 2003.

Kelly, S. J. “Rechargeable battery system having intelligent temperature control”.
US000005795664A. US patent. 1998.

Haupt, C. “Energy Management in Hybrid Vehicles Considering Thermal Interac-
tions”. In: Vehicle Power and Propulsion Conference, 2007. VPPC 2007. IEEE.
Sept. 2007, pp. 36 —41.

Suchaneck, A. and Puente Leodn, F. “Potential eines energieoptimalen Batterie-
Thermomanagements im Elektrofahrzeug”. In: AUTOREG 2011. Baden-Baden,
22-23 November 2011.

Buford, K., Williams, J., and Simonini, M. “Determining Most Energy Efficient
Cooling Control Strategy of a Rechargeable Energy Storage System”. In: SAE
2011 World Congress & Exhibition, April 2011, Detroit, MI, USA, Session: Ad-
vanced Hybrid Vehicle Powertrains (Part 4 of 4). SAE Paper 2011-01-0893. De-
troit, MI, USA, 2011.

Guzzella, L. and Sciarretta, A. Vehicle Propulsion Systems. Introduction to Mod-
eling and Optimization. 1st ed. Springer, Berlin, 2005.

Baehr, H. D. and Stephan, K. Heat and Mass Transfer. Springer Berlin Heidel-
berg, 2006.

Williford, R. E., Viswanathan, V. V., and Zhang, G. “Effects of entropy changes
in anodes and cathodes on the thermal behavior of lithium ion batteries”. In:
Journal of Power Sources 189.1 (2009), pp. 101 —107.

GroBmann, H. Pkw-Klimatisierung: Physikalische Grundlagen und technische
Umsetzung. 1st ed. Springer, Berlin, 2010.

Gulich, J. F. Centrifugal pumps. 2nd ed. Heidelberg: Springer, 2010.

Stripf, M. “Thermomanagement von Hochleistungs-Li-lonen-Batterien”. In: ATZ -
Automobiltechnische Zeitschrift 01 (2012), pp. 52—-56.

Bertsekas, D. P. Dynamic Programming & Optimal Control. 3rd ed. Vol. |. Bel-
mont, MA, USA: Athena Scientific, 2005.

Sundstrém, O. and Guzzella, L. “A Generic Dynamic Programming Matlab Func-
tion”. In: Proceedings of the 18th IEEE International Conference on Control Ap-
plications, Saint Petersburg, Russia. 2009, pp. 1625-1630.

Pesaran, A., Burch, S., and Keyser, M. “An approach for designing thermal man-
agement systems for electric and hybrid vehicle battery packs”. In: Proceedings
of the 4th Vehicle Thermal Management Systems (1999), pp. 24-27.





