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AbstratA possible method to save fuel in heavy vehiles is improved ontrol ofthe auxiliary units. Today, the auxiliaries are often mehanially drivenby the engine, and are thus onstrained to revolute with a �xed ratioto the engine speed. This mehanial onstraint results in energy losses.In the thesis, the bene�ts of driving the auxiliaries with eletriity areevaluated. The output of an eletrially driven auxiliary an at every timeinstant be ontrolled to math the atual need. Considered auxiliariesare eletrial generator, water pump, ooling fan, air ompressor, aironditioning ompressor, oil pump and power steering pump.The �rst part of the thesis presents an upper limit on what fuel savingthat an be ahieved if the auxiliaries are redesigned. The total energyonsumption of the auxiliary units as they are designed today is estimatedthrough omputer simulations. The simulations indiate that the fuelonsumption aused by the auxiliary units is in the range of 4.7% to7.3% of the total onsumption.A Modelia library for simulation of the energy onsumption of theauxiliary units is then presented. The library ontains a mixture of mod-els developed from physial priniples and models �tted to olleted data.Modelling of the ooling system is desribed in detail. Simulations of theooling system show good agreement with measurements from wind tun-nel tests.A ase study of optimal ontrol of the ooling system is �nally per-formed. Control atuators are the eletrial generator, and the ooling fanand the water pump, whih both are supposed to be eletrially driven.The problem is posed as a onstrained optimal ontrol problem withfeedforward from measurable external variables. The design is basedon a simpli�ed model derived from physial priniples. It is evaluatedthrough simulations with external variables olleted from experiments.The results show that signi�ant energy savings an be obtained.
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Chapter 1IntrodutionThe fuel eonomy is one of the most important properties of heavy vehi-les. This is espeially true for long haulage truks. In Western Europe,and regions with a similar eonomial situation, the ost of fuels representapproximately one third of the total ost for the owner of long haulagetruks. The truk owner is running a business where the suess is de-pending on low ost, and is well aware of this fat. When times ome toreplae the old truk, brands with good fuel eonomy will be very om-petitive. The truk manufaturing ompanies of ourse respond to thisdemand and put e�orts into lowering the fuel onsumption wherever it ispossible when developing new models and omponents. Naturally a goodfuel eonomy must have its origin in a well tuned ombustion proess inthe intrinsi engine. Substantial progress has been done over the yearsto inrease the e�ieny of the diesel engine used in heavy vehiles, andmore remain to be ahieved. Simultaneously all other losses in the vehilehave to be redued. Examples of potential improvements are redution ofaerodynami drag, rolling resistane and, the topi of this thesis, betterutilisation of the energy onsumed by auxiliary units suh as pumps andfans driven by the engine.The importane of auxiliary units with high e�ieny is often stressedand a fair number of proposals on various novel designs are found in theliterature, but very little of this an be seen in the vehiles on the markettoday. Well proven old designs are reused in new generations of vehiles.The auxiliaries are in general mehanially driven and e�etive means toontrol their output to the atual need are often laking. Up to now, theenergy saving possible to obtain with more advaned solutions ould not



2 1 Introdutionmake up for the inreasing ost and omplexity. However, as the prieof fuel tends to inrease, alternatives beome more ompetitive. In thethesis the potential bene�ts of driving the auxiliary units eletrially areanalysed. Studied auxiliary units are
• Eletrial generator.
• Cooling fan.
• Water pump.
• Air ompressor.
• Air ondition (AC) ompressor.
• Oil pump.
• Power steering pump.With eletrial drives the output of the auxiliaries an be ontinuouslyadjusted to the desired level. Thereby the energy utilisation hopefully anbe improved ompare to a mehanial design with less ontrol apability.However, the use of a ommon soure of power also introdues additionalinterations between the subsystems. In order to utilise the possibilitieso�ered with the eletrial drive and to handle the interations in a soundway, the problem is analysed using systems and ontrol theory. The the-sis entres on this aspet while the atual design of omponents is notdiretly addressed.1.1 MotivationThe appliation onsidered in the thesis is heavy vehiles used for longhaulage transports. A typial vehile ombination for this ategory isdepited in �gure 1.1. The towing vehile is a trator with totally fourwheels of whih two are driven, (so-alled 4x2). The trator in �gure 1.1is equipped with a 16 litre V8 diesel engine although the predominanthoie of engines in this ategory is a 12 litre 6-ylinder. The three-axlebox semitrailer is typial for general argo transports in Europe wheregenerally the gross weight of the ombination is limited to 40 tons andthe total length is restrited to 18 metres.Long-haulage vehiles are more sensitive to fuel ost of then othertypes of heavy vehiles. Thus, spending e�orts in developing more e�-ient systems will be most motivated for this type of vehiles. Even if



1.1 Motivation 3

Figure 1.1: Sania R 580 4x2 trator with a three axle semitrailer drivinga ountry road in Great Britain.the development may lead to more omplex and expensive solutions, itmight be motivated if the fuel saving is big enough. Furthermore, manyof the truk manufaturers have their bulk of the prodution volume inthe long-haulage ategory. The performane of the produt line of themanufaturer is often optimised for the long-haulage truks. That designis then reused with minor modi�ation for other types of heavy vehileslike for instane onstrution truks. Thus, e�orts spent on improving theperformane of the long-haulage truks will a�et also other ategories ofheavy vehiles.A key fator that makes it interesting to onsider eletri�ation of pre-viously mehanially driven devies and redesigns of the eletrial systemin heavy vehiles is the reent development of hybrid eletrial passen-ger ars. The hybrid tehnology an be an enabler for passenger ars,ity busses and light-weight truks with less environmental impat andinreased performane. However, for heavy truks and espeially in long



4 1 Introdutionhaulage transports, however, the tehnology seems to be less suitable.Compared with other vehiles, the engine in long-haulage truks typi-ally operates in a narrower speed range and at a power output loserthe maximum apaity. Therefore the average e�ieny of the engine overthe drive yle omes loser to the maximum than in other vehile appli-ations, and thus, the potential improvement with hybridisation is lower.Nevertheless, the tehnology development an be of use even here, sinepower eletroni omponents with spei�ations and priing adjusted forautomotive use are likely to be available on the market in a few years.Components intended for propulsion of passenger ars may with smallermodi�ation very well be suitable for other tasks in heavy vehiles. Thesame reasoning is valid also for the design methodology of the hybridvehiles: for instane muh of the onsiderations about ontrol priniplesfor hybrid vehiles are appliable in the ontrol of eletrial power inheavy vehiles.Some prototypes of eletrially driven auxiliaries intended for heavyduty vehiles an be found already today. For example, the ompanyEngineered Mahined Produts (EMP), has designed eletrial water andoil pumps. Produts from EMP are presented in Petterssons ase studyon ontrollable ool-water �ow [Pet02℄, in the overview of parasiti lossesby Hnatzuk et al. [HLBG00℄, and in the ase study on an eletrial oilpump presented by Laseki and Cousineau [LC03℄.While the demand on lowering the fuel onsumption gives a willing-ness to employ new tehnologies, the even more stressed requirement ondependability for heavy vehiles ats in the other diretion and ause aresistane against new omponents. If a signi�ant hange of a designis done, possibly years of development and thorough tests have to beperformed before introduing the novelty on the market. Before makingdeisions to take suh a step, a broad evaluation must be onduted wherethe potential bene�ts with the new tehnology are assessed. The thesistries to play the role of being this kind of feasibility study. The evaluationrelies on theoretial reasoning and simulations where the objetive is toprepare for a deision on if more pratial and thereby more ostly devel-opment ativities should be started. In order to give the theoretial worka pratial value, as muh knowledge as possible of real-world operatingonditions is put into the study.



1.2 Related Work 51.2 Related WorkResearh related to modelling and ontrol of auxiliary units in heavyvehiles is presented both in publiations spei�ed on automotive appli-ations and in more general publiations in the �eld of automati ontrol.An ambitious plan for reduing fuel onsumption and emission for truksin general on the North Amerian market is presented in the TehnologyRoadmap for the 21st Century Truk Program [DOE00℄. This is a dela-ration of a joint governmental and industrial researh program whih ov-ers truks from approximately four tons up to heavy long-haulage truks(lass 8). Within the program, inreasing the e�ieny of the auxiliaryunits in long haulage truks is pointed out as one of the prioritised areas.In hapter 2, an overview of the auxiliary units is given and their indi-vidual energy onsumption is assessed through simulations . Similar workis onduted by Hendriks and O'Keefy in [HO02℄. The result presentedin [HO02℄ however refer to truks in North Ameria. The onditions inNorth Ameria di�er rather substantial from the onditions in Europe.For instane di�erent regulations on weight and size of heavy vehilesresult in a quite dissimilar design of the vehile itself, while di�erent reg-ulations on speed limits and working onditions for the drivers result ina dissimilar usage. The orresponding result presented in hapter 2 isderived with the objetive to give a piture of the situation in WesternEurope in general and applies in partiular to Sania vehiles. Models ofauxiliary loads in heavy vehiles intended for the Simulink-based simula-tion program ADVISOR [BHH+02℄ are derived in the work by O'Keefyet al. [OHLB02℄. The level of detail of these models spans from simplelook-up tables representing the power onsumption of the air ompressorup to a omplex simulation model of the limate system. Yet again, thiswork refers to onditions in North Ameria and is not possible to diretlyonvert to European onditions although similarities undoubtedly exist.The model library presented in hapter 3 �ts into a long term ativityof developing omplete vehile models at Sania. It takes its startingpoint in the work by Sandberg [San01℄, who developed models whihan be used to evaluate powertrain on�gurations. The latest ativityin this diretion at Sania is the work by Bengtsson [Ben04℄, wherethe need for a general model library is surveyed and an initiative tofurther struture the urrent model library is presented. Obviously otherautomotive ompanies have the same need for developing proprietarymodel libraries to be used in various tasks like for instane assessingimpats on fuel onsumption. In [TBD03℄ Tiller gives a presentation of



6 1 Introdutiona Modelia library developed at Ford Motor Company. Similar aademiattempts inlude the framework for evaluating hybrid eletrial vehilespresented by Laine and Andreasson [LA03℄. The objetive in [LA03℄is tobuild a general-vehile library in Modelia whih an be used in studiesof di�erent aspets of hybrid on�gurations.In hapter 4, a ase study on energy optimal ontrol of the oolingsystem is presented. Deriving an energy e�ient ontrol of auxiliary unitswith the possibility to bu�er energy in for instane a battery, learly re-lates to the task of ontrolling hybrid eletrial vehiles. This type ofproblem naturally �ts into the framework of optimal ontrol theory. Min-imising fuel onsumption is a logial hoie of optimisation riterion andonstraints on input and state variables an be inorporated in the the-ory. The framework of optimal ontrol theory has been developed sinethe 1950's. A textbooks in the area is [BH75℄. In hapter 4, preditionof future external in�uenes to the system is utilised to failitate theontrol. Similar approahes are often disussed in the ontrol of hybrideletrial ars. For instane, a luster onsisting of researher from Daim-ler Chrysler and the University of Karlsruhe has ontributed with severalstudies in this area, e.g., [BTK04℄. The predition of the future in�u-enes is onsidered to be realised with aid of an onboard GPS reeiverand digitalised maps. Interesting result on the implementation of suhshemes is presented in [FB04℄. A well known hallenge is to implementshemes based on optimal ontrol theory in the heap hardware ontrolunits available in vehiles. The omputational power of the ontrol unitsinreases rather rapidly though and possibly this onern might just beof historial interest in a few years. On the other hand, omplexity of thealgorithms is always an important issue regardless of the omputationalpower available. It is desirable to implement ontrol shemes in a ompatand straight forward manner in order to inrease understanding of theontroller behaviour, and failitate portability and maintenane of soft-ware omponents. Therefore it is advantageous to redue the omplexityof algorithms regardless of the omputational power available and onse-quently approximate solution methods are of great interest. The thesis donot deal with the possibility of atual implementation of the algorithmsdeveloped in hapter 4. Some disussion on possible ways to move towardsa realisation is disussed in the outline of future work in hapter 5. TheEquivalent Consumption Minimisation Control (ECMS) is an interestingmethod to derive ontrollers for parallel hybrid eletrial vehiles, seee.g. [SBG04℄. The ontrol strategy presented in [SBG04℄ approahes theoptimal performane and is feasible for real-time exeution on urrently



1.3 Outline and Contributions 7available hardware. Another pathway to follow is to somehow approxi-mate the model of the system dynamis. The system model an for in-stane be approximated with a time disrete and pieewise a�ne system,see e.g. [BABH00℄. Then tehniques derived for preditive ontrol of linearsystem an be applied. A survey of preditive ontrol is given in [Ma02℄.Further, it has been shown that for linear and pieewise a�ne systemsit is possible to �nd an expliit ontrol law whih an be omputed inadvane o�-line [BMDP02℄. Thus there is several optional ways to deriveontrol shemes with performane lose to optimal whih an be exeutedin real-time. Yet it is valuable to �nd the true optimal solution even if itis not implemented. Firstly the optimal solution gives a quanti�ation ofwhat the ahievable performane is. Seondly the proess of �nding theoptimal solution gives insight in the nature of the problem whih an beused when designing a good-enough ontroller that an be realised.1.3 Outline and ContributionsThe thesis starts with an introdutory survey in hapter 2 over the aux-iliary units as they are designed today and how they in�uene the overallfuel eonomy. The onsumption of the individual subsystems is derivedthrough simulations. In hapter 3, work with models for simulation of theenergy onsumption of the auxiliary units are presented. Partiularly thedevelopment of a Modelia library and modelling of the ooling systemare disussed. The work in hapter 3 has been presented in:N. Pettersson and K. H. Johannsson. Simulating energy on-sumption of auxiliary units in heavy vehiles. In Proeedingsof 13th IFAC Symposium on System Identi�ation, 2003.and N. Pettersson and K. H. Johannsson. Modelia library forsimulating energy onsumption of auxiliary units in heavy ve-hiles. In Proeedings of the 3rd International Modelia Con-ferene, 2003.



8 1 IntrodutionChapter 4 presents a ase study on energy optimal ontrol of the oolingand the eletrial system. Optimal ontrol theory is employed to derivethe ontrol of an eletrially driven water pump and ooling fan, and theontrol of the generator. The work in hapter 4 has presented in:N. Pettersson and K. H. Johannsson. Optimal ontrol of theooling system in heavy vehiles. In Proeedings of 1st IFACSymposium on Advanes in Automotive Control, 2004.and N. Pettersson and K. H. Johannsson. Optimal ontrol of theooling system in heavy vehiles. In Reglermötet, 2004.Finally in the last hapter the results are summarised and proposals forfuture work are given.



Chapter 2Energy Consumption ofAuxiliary UnitsThis hapter aims at giving an overview of the auxiliary units and therein�uene on the overall fuel onsumption for long haulage vehiles. Fur-ther, the ambition is to give an apprehension of the relative signi�ane ofthe individual auxiliaries in this sense. Hopefully the results an work asa guideline on where to put e�ort on new designs in order to derease thefuel onsumption and give estimates of what the potential of suh e�ortsis. Figure 2.1 summarises the maximum and the minimum power on-sumption of the auxiliaries in a modern Sania truk at 1400 rpm enginespeed. The power onsumptions shown in �gure 2.1 take into aount thefull range in whih the operation an vary (at a �xed engine speed). Forthe water pump and the oil pump, the power onsumption is onstantat a onstant engine speed. For the other auxiliaries, the onsumptiondepends on several other quantities. In this hapter we try to estimatethrough omputer simulations what their in�uene are on the fuel on-sumption during a typial drive yle. In order to do this, measures of thefuel onsumption of the auxiliary units is de�ned in setion 2.1. There-after the employed simulation priniple is desribed in setion 2.2. Thespei�ation of the vehile and the drive yles applied in the evaluationare presented in setion 2.3 and setion 2.4, respetively. In setion 2.5,the simulation models of the auxiliary units are presented. Finally in se-tion 2.6 the result of the simulation presented and onlusions from theevaluation are disussed.



10 2 Energy Consumption of Auxiliary Units
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Power [kW]Figure 2.1: Summary of the auxiliary units with their minimum andmaximum power onsumption when operated at an engine speed equalto 1400 rpm.2.1 Measures of Energy ConsumptionThe overview of the auxiliaries shown in �gure 2.1 illustrates the rangeof possible power onsumptions but does not tell what the onsumptionsare under normal operation. A more spei� measure is the mean poweronsumption for a given drive yle. If T is the duration of the drive yleand Paux(t) is the instant power taken from the engine to drive a ertainauxiliary, the mean power onsumption is
P aux ,

1

T

∫ T

0

Paux(t)dt (2.1)This measure gives a good view of the atual onsumption but annotbe diretly translated to how muh the auxiliaries in�uene the overall



2.1 Measures of Energy Consumption 11fuel onsumption. The orrelation in time between the auxiliary and theengine load will in�uene how muh the drive of the auxiliary units ostin terms of fuel onsumption. Even if two auxiliary units have equal meanpower onsumptions they do not neessarily in�uene the overall fuel on-sumption equally. For instane, assume that the �rst auxiliary unit haveonstant power onsumption while the seond have higher onsumptionwhen the vehile is braking and lower when the vehile is ruising inonstant speed. Then the operation of the �rst auxiliary will result inhigher fuel onsumption than the operation of the seond. The reasonfor this is that seond auxiliary utilise more of the free energy that isavailable when the vehile is braking. In order to asses how the overallfuel eonomy is in�uened, the fuel onsumption of a vehile equippedwith the spei� auxiliary unit when driving a ertain route may be om-pared with the fuel used to drive the same route with the auxiliary unitremoved. The di�erene in onsumption between the ase with and with-out the auxiliary unit an be expressed in fuel onsumption per travelleddistane or time. Here the mean fuel onsumption per travelled distaneis hosen as measure. Let Faux and F0 denote the amount of fuel spentwhen driving with and without the auxiliary, respetively, and d the totaldistane travelled in the drive yle. Then the mean fuel onsumption forthe auxiliary per travelled distane is:
faux ,

Faux − F0

d
(2.2)For heavy vehiles, more than for passenger ars, the absolute fuel on-sumption di�ers rather muh from one driving situation to another. Thismeans that it might be hard to value the average fuel onsumption in (2.2)expressed in for instane litres per 100 km. A measure relating the on-sumption of the auxiliaries to the total fuel onsumption is easier toapprehend. The following relative measure for the auxiliary part of thefuel onsumption is therefore proposed:

raux ,
Faux − F0

F0

(2.3)In this hapter the mean power onsumption, P aux, the mean fuel on-sumption, faux and the relative part of the fuel onsumption, raux, arederived for the auxiliary units summarised in �gure 2.1. The measuresare dependent of the vehile spei�ation and the driving situation. Inorder to answer the right questions, onern has to taken when seletingthese. In this study, the most ommon type of heavy vehile used for long
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Figure 2.2: Blok diagram of the priniple used to alulate the fuelonsumption of the auxiliary units.haulage transportation of goods in Western Europe is analysed throughsimulations. The driving situation is hosen to be representative for thislass of vehiles.2.2 Simulation PrinipleThe simulation prinipal used for deriving the power onsumption of theauxiliary units is illustrated in the blok diagram in �gure 2.2. Modelsof the auxiliary units are developed in Simulink. In �gure 2.2 the bloklabelled Auxiliary represents one instane of an auxiliary model. Inputsto the auxiliary blok are time trajetories desribing the operation ofthe vehile. These are ontained in the blok labelled DriveCyle andare obtained from simulations of a omplete vehile model performed inadvane. The primary output from the models of the auxiliary units isthe additional torque on the driveline, denoted Taux, whih is needed torun the auxiliaries. The sum of the torque for the auxiliary unit and theoriginal engine torque is fed to the inverse model of the engine labelledEngine. Here the amount of fuel �ow needed to reate the total torque isalulated. Further, the original engine torque is fed to a referene enginelabelled EngineRef in order to alulate the amount of fuel that would beonsumed without the auxiliary load. The outputs of the engine modelsare integrated with respet to time and fed to the blok labelled AuxFuelwhere the auxiliary part of the fuel onsumption is alulated aordingto equation (2.3).The tehnique to alulate the input that would yield a ertain prede-�ned state trajetory is sometimes referred to as an inverse or bakward



2.2 Simulation Priniple 13simulation in ontrast to standard forward simulations where the statetrajetory is regarded as the output. Here forward and bakward simula-tions are ombined. Trajetories of the engine speed and torque are usedto obtain the required input fuel �ow in a bakward manner while theinternal states in the auxiliary model are simulated in a forward manner.A similar simulation priniple is used in Advisor [WCB99℄.In the simulation, the time trajetory of the vehile speed, enginespeed, the total torque on the drive wheels et. is regarded as indepen-dent of the auxiliary units. The input trajetories are obtained by initiallyrunning a simulation with a Modelia model used at Sania to evaluatethe fuel onsumption for omplete vehiles [San01℄. In the initial simula-tion, the vehile is set to drive a road with varying topology and speedlimit that have been obtained from reordings of real roads. The vehileis assumed to run on ruise ontrol and with omputer-ontrolled gearshifting (automated manual transmission). When going downhill, auto-mated braking is performed with the seondary hydrauli brake alledthe retarder. Algorithms from the prodution version of these ontrolshemes are inorporated in the simulation model. The vehile model hasbeen validated with respet to the energy onsumption of the ombus-tion engine and losses suh as rolling resistane and air drag. In the initialsimulation, in�uenes from the auxiliary units are inluded as a lumpednet power added to the driveline torque. Before the output of the om-plete vehile model is used as input to the simulations presented here,this lumped auxiliary power is removed.The assumption that the auxiliary units do not in�uene the over-all vehile trajetories is a simpli�ation. If the auxiliary load is largeenough, it might ause a hange in the gear shifting strategy. Further,when the vehile is ruising downhill with no torque provided from nei-ther the engine nor the retarder, the additional load from the auxiliarieswill derease the speed. These e�ets are assumed to be small sine theauxiliary power is small in omparison to the total driveline power.The models of the individual auxiliary units are desribed in se-tion 2.5. The inverse models of the engine, whih are used to alulatethe amount of fuel needed to reate a ertain torque, are based on tablesobtained from measurements in an engine test ell. The tables desribethe operation of the engine in steady state and do not inlude transientbehaviour suh as for instane time lag in the turbo. However, in highspeed driving these transient e�ets have minor e�et on the overall fuelonsumption and negleting them in this study will likely have no sig-ni�ant in�uene. The total torque is alulated as the sum of the drive



14 2 Energy Consumption of Auxiliary UnitsComponent Charateristi Type designationVehile Trator�semitrailer.40 tons G.W.4x2 trator. Sania 124LThree-axle semitrailer.Frontal area 10.36 m2.Coe�ient of air drag 0.56.Engine 12 litre inline 6. DC1202RB420 Hp.Euro IIIb emission standard.Gear box Automated manualwith retarder. GRS900R16 speedsFinal gear Ratio 3.08. R780Front tiers Rolling resistane 5.3 kg/ton. 315/80 R22.5 XZA1Rolling radius 523.6 mm.Rear tiers Rolling resistane 7.0 kg/ton. 315/80 R22.5 XDARolling radius 528.4 mmTrailer tiers Rolling resistane 5.9 kg/ton. 315/80 R22.5 XZE2Rolling radius 523.6 mm.Ambient Air temperature 20◦C.onditions Air pressure 101.3 kPa.Table 2.1: Summary of vehile harateristis used in the analysis.line torque and the torque needed for the auxiliaries. In situations whenthe engine is operated at its maximum apaity, the required total torquemight exeed the engine apaity when adding the auxiliary load. Thenthe tables are extrapolated so that the amount of fuel required for thetotal torque orresponds to what would have been onsumed by a slightlylarger engine.2.3 Vehile Spei�ationIn table 2.1 the spei�ation of the hosen vehile on�guration is sum-marised. The vehile hosen in this survey is a trator semi-trailer om-bination with a 12 litre 420 hp engine and a gross weight of 40 tons. Thisombination is the most ommon for long haulage transports in Europeand is often used in benhmarking tests.
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Figure 2.3: Road altitude (upper), and vehile speed (thik lower) anddrive power (thin lower) on the Koblenz�Trier route.2.4 Drive CyleThe drive yles used in the analysis orrespond to two spei� roads,whih are representative for long haulage tra� in Europe. Consequentlythey primarily onsist of highway driving. The referene vehile speed isat most parts of the yles restrited by the set point of the eletronispeed limiter whih is ompulsory for this ategory of heavy vehileswithin the European Union. The tehnial speed limit of the eletronidevie is de�ned to not exeed 89 km/h. It is assumed that the vehilehold this speed on road setions where the legal limit for passenger arsis above the tehnial limit 89 km/h, even though the maximum allowedspeed for artiulated heavy vehiles is 80 km/h. In some setions of theroads, the legal limit is lower or it is impossible to hold the maximumallowed speed with the vehile ombination due to for instane the inli-nation or the urvature of the road. When going downhill and the retarder
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Figure 2.4: Road altitude (upper), and vehile speed (thik lower) anddrive power (thin lower) on the Södertälje�Gothenburg route.is used to ontrol the speed, the referene speed is set to 6 km/h higherthan the ative limit when the speed is ontrolled with the ruise on-trol ating on the engine. The speed limitations and the road inlinationsused in the simulation are obtained from a data base of reorded roadpro�les available at Sania.The �rst road setion goes between the ities Koblenz and Trier inGermany. The trip starts in Koblenz and turn bak to the starting pointwhen reahed Trier. The seond road runs between the ities Södertäljeand Gothenburg in Sweden. It starts in Södertälje passes Jönköping andends in Gothenburg.The seleted routes are often used within the Sania developmentfor referene driving. They di�er from eah other in the variation of roadinlination. The �rst route ontains some rather hilly setions mixed withmore �at setions. The seond route is more even in the distribution ofroad inlinations. As a result of the di�erene in the harater of the



2.5 Simulation Models of Auxiliary Units 17
−5 −4 −3 −2 −1 0 1 2 3 4 5
0

10

20

30

F
re

q
u

e
n

cy
 [

%
]

−5 −4 −3 −2 −1 0 1 2 3 4 5
0

10

20

30

F
re

q
u

e
n

cy
 [

%
]

Slope [%]Figure 2.5: Distribution of road slopes on the Koblenz�Trier route (up-per), and on the Södertälje�Gothenburg route (lower).road topology, the total fuel onsumption is higher on the German roadthan on the Swedish one. In �gures 2.3 and 2.4 the vehile speed, theroad altitude and the required drive power of the drive yles are shown.Figure 2.5 shows the statistial distribution of the road inlination on thetwo roads.2.5 Simulation Models of Auxiliary UnitsIndividual simulation models of the auxiliary units are developed in orderto study their in�uene on the overall fuel onsumption. The prime ob-jetive is to aurately model the energy onsumption. To do so, more orless involved models may be needed. The required level of detail depends



18 2 Energy Consumption of Auxiliary Unitson the possibility to ontrol the output of the auxiliaries. With small orno possibility to ontrol a ertain auxiliary, a simple model may su�esine the operation ould diretly be desribed by the drive yle of thevehile itself. For instane, this is the ase with the oil pump, where theoperation is diretly given from the operation of the engine. If more on-trol an be applied to a spei� auxiliary, a more detailed model may berequired in order to simulate all the inputs the ontrol depend on. Thelatter ase applies to the ooling system, where the ontrol depends onseveral variables whih thus have to be inluded in the model. Generallythe auxiliary units may exist in several versions. Where it is justi�ed here,these variants are simulated and ompared.Eletrial generatorEletriity in heavy vehiles is used for instane for illumination, for var-ious omfort equipments, suh as radio and o�ee makers, and for pow-ering eletroni ontrol units. The eletrial power is produed by a belt-driven generator. The generator is a so alled law pole mahine, whih isthe same type of generator as in passenger ars. When the engine is notrunning, or when the apaity of the generator is insu�ient, eletrialpower is provided by the battery. The voltage level in the eletrial sys-tem of heavy vehiles is 24 V in most regions, with North Ameria as themain exeption where a 12 V system is used. The generator is regulatedto ahieve a onstant voltage level of approximately 28 V whih is theharging voltage of the lead aid batteries.In the simulation model, the power output of the generator is as-sumed to be exatly equal to the power onsumption. Thus, no dynamisof the battery is onsidered. The generator is modelled as an energytransformation from mehanial to eletrial energy with a onstant ef-�ieny fator. Further, the eletrial output is assumed to be onstantthroughout the drive yle. In reality the eletrial output varies sub-stantially between di�erent vehiles, and with time on a spei� vehile.The variations depend on the amount of eletrial devies installed andon operating onditions suh as the ambient light and temperature. Theonstant output level in the simulation is set to 1120 W (orrespondingto 40 A at 28 V). This level is onsidered to be a reasonable average formodern truks operating in Western Europe.



2.5 Simulation Models of Auxiliary Units 19Aording to the above assumptions, the omplete model of the eletrialsystem beomes
Pel = ηgPmeh (2.4)where Pel is the onstant eletrial output, Pmeh is the resulting me-hanial load on the engine from the generator, and ηg is the onstante�ieny of the generator. The e�ieny of the generator is assumed tobe 65%, i.e., ηg=0.65.Cooling fan and water pumpThe prinipal layout of the ooling system in a Sania truk is illustratedin �gure 2.6. The pump drives the �ow of oolant �uid through the engineand the retarder. The ombustion proess in the engine generates heat,whih is transmitted to the oolant. The retarder is a hydrauli brakemounted on the seondary side of the gearbox.When used, it releases heatinto the ooling system. The heat transferred to the oolant is emittedin the air-ooled radiator. The air enters at the air intake at the front ofthe truk ab and exits at the air outlet at the rear. The air�ow is partlydriven by the fan and partly by the pressure build up aused by the windspeed at the intake and outlet. The air is used to ool both the radiatorand the turbo harged intake air to the engine. The harge air ooler andthe radiator are onneted in series, see �gure 2.6.The model of the ooling system ontains seven dynami states. Fivestates represent the temperature in di�erent parts of the ooling system:the temperatures of the oolant in the engine, in the retarder and inthe radiator, and the temperatures of the engine blok and the retarderoil. The remaining two states represent the dynamis of the thermostatand the fan luth. In hapter 3, a Modelia model ontaining a fairlydetailed desription of the ooling system is presented. The model usedin this study is a simpli�ation of the Modelia model. Figure 2.7 showsthat the output of the simpli�ed model agrees well with the Modeliamodel and measurements from a wind tunnel.The auxiliary units in the ooling system that onsume energy arethe water pump and the fan. The pump is belt driven so the speed of thepump is proportional to the engine speed. The total oolant �ow fromthe pump is roughly proportional to the speed, while the �ow throughthe radiator is regulated by the thermostat. The fan is onneted to theengine rankshaft via a visous luth, whih enables a passive speedontrol. The speed of the fan an be ontrolled up to a speed lose to theengine speed. When the luth is ompletely �lled with oil, the speed of
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Figure 2.6: Priniple layout of the ooling system.the fan will approah the engine speed although there always will be aremaining slip speed of about 3% of the engine speed. The lowest possiblespeed of the fan, the idle speed, is restrited by the minimum torque thatis transferred when the oil is evauated in the luth. For Sania vehiles,two variants of the fan luth exist. In the older version, the operation ofthe luth is ontrolled via a bimetal valve inside the luth, while in thenewer version, the luth is eletronially ontrolled. Besides the di�erentontrol priniples, the variants di�er in the idle speed. The idle speed inthe older version is in the range 600 to 700 rpm, while the idle speed inthe never version typially is in the range 200 to 300 rpm.The bimetal in the old version reats on the temperature of the sur-rounding air and is thus ating as a feedbak ontrol of the overall oolingtemperature. In the newer version, the luth operation is ontrolled fromthe engine ontrol unit. A blok diagram of the eletroni fan ontrol isshown in �gure 2.8. The ontrol of the fan luth is based on feedbakfrom oolant temperature, harge air temperature, engine speed and ve-hile speed. In addition to this, the fan luth is ontrolled based onexternal request from other ontrol units in the vehile. In the simulationmodel, external request from the retarder ontrol unit is inorporated.
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Figure 2.7: Coolant temperature obtained with the model used for theevaluation here (thik solid) ompared with temperature obtained withthe Modelia model (thin solid) and with measurements (dotted).The retarder ontrol unit apply ontrol of the fan based on feedbakfrom the oolant temperature, retarder torque, propeller shaft speed andambient temperature. The soure ode of these algorithms is inluded inthe model.The operation of the fan with the old version of the luth dependsstrongly on the dynamis of the oil and the bimetal inside the luth.No detailed modelling of that dynamis is done. Instead, the eletroniontrol is applied also in the simulation of the old luth. In order tomimi the behaviour of the old luth, the idle speed is set to 650 rpminstead of 250 rpm whih is used when simulating the new luth.
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Ambient temp. Figure 2.8: Struture of the fan ontrol.Air ompressorIn heavy vehiles, ompressed air is used to atuate the pneumati brakesand various pneumati valves. The air is ompressed with a piston om-pressor whih is driven by the engine via a gear transmission. The om-pressed air is stored in tanks mounted on the vehile hassis. When �lled,the pressure inside the tanks is approximately 8�10 bars.In the simulation model, the ompressed air system is modelled as asingle volume representing the tanks with ompressed air. It is assumedthat the volume exhibit isothermal onditions. The motivation for thisassumption is that the air tanks on the truk are purely thermally insu-lated so that the ompressed air will ool down to a onstant level relativeto the ambient temperature. Thus, most of the energy that is onvertedto heat when the pressure is inreased by the ompressor is dissipatedto the ambient. Under this assumption the remaining dynami state ofthe ompressed air system will be the pressure inside the air volume. Thestate equation for the pressure derived from the ideal gas law assumingonstant temperature beomes
ṗ =

p(qin − qout)
V

(2.5)Here qin and qout denote the volume �ow of delivered air from the om-pressor and the volume �ow of onsumed air, respetively. The volume, V ,



2.5 Simulation Models of Auxiliary Units 23in equation (2.5) is estimated from the time it takes to �ll the air tankson the truk. The pressure in the air system is ontrolled inside a hys-teresis band by swithing the ompressor between the ative state andthe inative state. In the ative state, air is ompressed and delivered tothe air system while in the inative state no ompressed air is produed.When the ompressor is in the ative state, the power onsumption andthe delivered air depend on the ompressor speed and the pressure in theair tanks. In the inative state, the power onsumption solely depends onthe speed. In the simulation model the power onsumption and deliveredair is alulated from look-up tables. The relation between the durationof the ative state, tative, and the duration of the inative state, tinative,is referred to as the duty yle and is de�ned as
∆ ,

tative
tative + tinative (2.6)The duty yle will be a funtion of the ompressor apaity and the aironsumption. In the simulations, the air onsumption is adjusted to givea duty yle of 20% in ase the ompressor is operated at a onstant en-gine speed equal to 1400 rpm. The atual air onsumption an vary quitemuh from one vehile to another depending on its spei�ation and theondition of the air system. With age, leakage in the air system, andthereby the overall air onsumption, tends to inrease. Further, the life-time of the trailers is longer than for the truks so the variation of the airsystem in the trailers an be even greater than for the truks. Few mea-surements on the air onsumption in vehiles running in atual operationwere available when this work started. Therefore, in the summer 2003,two vehile ombinations in duty for a Swedish �eet where equipped withlogging system that registered the pressure after the ompressor. The �rstvehile was a Sania R144 truk from 1998 with trailer that was goingfrom Södertälje to Gothenburg. The seond vehile in the test was a Sa-nia R124 trator from 2001 with a semitrailer plus an additional seondtrailer, (summing up to a so alled 25.25 metre ombination), going fromHelsingborg to Södertälje. In �gure 2.9 statistis is shown on the use ofthe air ompressor of these vehiles during the measurement period. Theutilisation of the air ompressor di�ers signi�antly between the vehilesalthough the ompressors in the vehiles had the same apaity. This in-diates a large di�erene in air onsumption. It is plausible that the airsystem in the vehile from 1998 was leaking to some extent.There exist two versions of the ompressor ontrol: the traditionalversion with a �xed hysteresis band and the novel version with a variable
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Duty cycle [%]Figure 2.9: Duty yles of the air ompressor registered on a �ve yearold truk (upper), and a two year old truk (lower).hysteresis band. In the novel version, the hysteresis band is shifted upwhen the ontrol system detets that the vehile is running with negativetorque in the driveline. Thus, when no power from the engine is requiredto keep the desired speed, the ontrol system inreases the referene pres-sure in the air tanks and additional air an be stored. When the torquein the driveline beomes positive, the hysterisis band is swithed bakto the original setting and the extra stored air is used up. Hene, thevariable hysteresis band allows for some fuel saving sine the ompressoran work less often in periods when fuel is needed to drive the vehileforward. Sine the soure ode of the algorithm for the novel version ofompressor ontrol where not available, the desribed ontrol sheme ismimiked in the simulation model to ahieve an authenti behaviour.



2.5 Simulation Models of Auxiliary Units 25AC ompressorThe temperature and humidity inside the ab is ontrolled by the limatesystem. The main auxiliary energy onsumer in the limate system is theAC ompressor. The AC ompressor is used to inrease the pressure ofthe refrigerant media. The refrigerant runs in a losed system inludingtwo heat exhangers: the ondenser and the evaporator. In the ondenser,the ompressed gaseous refrigerant is ooled down and lique�ed. Beforeentering the evaporator, the refrigerant passes an expansion valve wherethe pressure and the temperature derease and the refrigerant is trans-formed bak into gas. In the evaporator, heat from the ventilation airgoing to the ab is transferred to the refrigerant and the temperature isinreased again. In the same time, the temperature and humidity of theintake air to the ab is dereased when it passes the ooled evaporator.The interior limate in the ab is modelled as an integration of thedi�erene between the ooling output from AC system and the heat trans-ferred to the ab from the ambient. The magnitude of the heat transferto the ambient is set to give a spei�ed duty yle of the AC ompres-sor when the engine runs at 1400 rpm. The temperature in the ab isontrolled inside a hysteresis band by swithing the ompressor betweenthe ative and the inative state. In the ative state the AC ompressoris onneted to the rank shaft via the belt transmission. In the inativestate an eletromagneti luth releases the belt pulley of the ompressorand the ompressor goes to standstill. The power onsumption of the ACompressor depends primarily on the state of the luth and the enginespeed. In the simulation, the power onsumption is alulated with twolook-up tables, one for the ative state and one for the inative state.In Sania vehiles, it exists two versions of the ontrol of the limatesystem: the old version is ontrolled via a thermostat while the new ver-sion involves an eletroni ontrol unit. The old version is tuned to alwaysgive a satisfatory dehumidi�ation. If this would yield a too low tem-perature, air heated with the ooling system has to be mixed with theair blown into the ab. The new system normally works in an auto modewhere primarily the temperature is ontrolled. This operation often yieldsa satisfatory dehumidi�ation. If not, the system an be set to run in adry mode where the operation is similar to the old version. The di�erenein ontrol priniple results in a rather signi�ant di�erene in duty yle.Tests performed at Sania indiates that with the new ontrol priniple,the duty yle will go down from approximately 50% to 20% at a temper-ature about 25◦C and normal humidity. Aordingly, in the simulation



26 2 Energy Consumption of Auxiliary Unitsthe duty yle of the AC ompressor is set to 50% for the old version and20% for the new version.Oil pumpThe oil pump primarily provides lubriation of moving parts in the en-gine. Seondarily, the �ow of oil is used for ooling speially exposedomponents inside the engine. Therefore, it is required that the pumpan provide both a ertain pressure and a ertain �ow in order to main-tain a safe operation of the engine. The pump is diretly onneted tothe engine rankshaft via a �xed gear ratio and the only ative ontrol isa pressure regulated bypass of oil internally in the pump whih is ativeat high engine speeds. Hene, with oil whih has a ertain visosity, thepower onsumption of the pump will be a funtion only of the enginespeed. In the simulation model, the visosity of the lubriant oil is as-sumed to be onstant and orrespond to the oil in the engine at workingtemperature. Consequently, the power onsumption is alulated througha speed-dependent look-up table.Power steering pumpThe power steering provides a steering assistane whih is essential es-peially at low vehile speeds. The steering assistane is aomplishedthrough a hydrauli pressure reated with the power steering pump. Thepower onsumption in the pump depends on the speed of the pump andthe steering pressure. The speed of the pump is proportional to the enginespeed, sine the pump is belt driven. The steering pressure depends onthe steering ativity, the load on the steered axles and the vehile speed.In the model, the steering pressure is simulated as a stohasti proess.The de�nition of the probability density funtion of the stohasti pro-ess originates from measurements on truks performed at Sania duringthe 1990's. In the measurement the steering pressure on a 4x2 trator-semitrailer ombination was registered during driving of roads with dif-ferent haraters. In �gure 2.10 the histogram of the steering pressureduring highway driving is shown (note the logarithmi saling of the z-axis). When driving on the highway, small steering pressures are usedduring a vast majority of the time. In the �gure, it is also notieable thathigher steering pressures are used when the speed of the engine, and thuslikely the vehile speed, is lower. For the simulation, a realisation of theonditional probability density funtion is implemented.
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Figure 2.10: Power steering pressure registered on a 4x2 trator withsemitrailer during highway driving.2.6 Simulation ResultsThe energy onsumption of the auxiliary units is evaluated using thesimulation priniple and models desribed above. The ontribution fromeah of the auxiliaries onsidered here is simulated in the two spei�eddrive yles. The simulation indiates that the total part of the fuel on-sumption that an be derived from the onsidered auxiliary units is in therange 4.7% to 7.3%. Distributions of the relative fuel onsumption of theauxiliaries, raux de�ned in (2.3), is shown in �gure 2.11 and �gure 2.12.The onsumption of the individual auxiliaries ranges from 1.4% to 0.4%in the Koblenz�Trier route and from 1.7% to 0.45% in the Södertälje-Gothenburg route. In the German drive yle the auxiliaries representa smaller part of the total fuel onsumption than in the Swedish yle.The reason for this is that the average load on the engine is higher inthe German yle, due to the greater road inlinations. Therefore theauxiliary power represents a smaller fration of the total driveline power.
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Figure 2.11: Distribution of the auxiliaries part of the fuel onsumption,
raux, simulated on the Koblenz -Trier route. The bars represent the mostreent versions of the auxiliaries.Yet, the relation between the studied auxiliaries does not hange verymuh between the driving ases. The relation between the systems givean insight in there relative in�uene on the overall fuel eonomy.The water pump plus the ooling fan, and the air ompressor showthe largest variation in absolute onsumption between the drive yles.The onsumption of the ooling system is higher in the German ylewhere the engine and the retarder output more power and thereby moreheat than in the Swedish yle. The onsumption of the air ompressorwith the novel ontrol is lower on the German yle ompared to theSwedish one. The reason for this is that the ontrol sheme whih utilisefree energy when running with negative torque in the driveline is moree�etive in the more hilly route.In table 2.2, the mean power onsumption, P aux, the mean fuel on-sumption, faux, and the relative part of the fuel onsumption raux are
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Figure 2.12: Distribution of the auxiliaries part of the fuel onsumption,
raux, simulated on the Södertälje - Gothenburg route. The bars representthe most reent versions of the auxiliaries.summarised. The table shows the total onsumptions of the auxiliariesin the studied drive yles. The absolute onsumptions of the auxiliariesare rather similar between the drive yles. The reason for this is thatthe auxiliaries are delivering a ertain output that is rather independentof the driving yle.The omparison between variants of the auxiliaries shows that someonsiderable improvements have been done in the newer versions. In to-tal, the improvements represent 1.32 and 1.69 perentage point loweronsumption in the German and the Swedish drive yle, respetively. Inabsolute �gures this orresponds to redued fuel onsumption of 0.44 and0.53 litre/100 km, respetively. The new version of the fan luth witha lower idle speed gives roughly a halving and two-third redution ofthe onsumption of the ooling system in the German and Swedish driveyle, respetively. The improved ontrol of the air ompressor is most



30 2 Energy Consumption of Auxiliary Unitse�etive on the hilly German drive yle where it yield a 22% dereasein onsumption. In the Swedish yle, the e�et of the improved ontrolis onsiderable lower. The re�ned ontrol strategy of the AC ompressorresults in a 59% redution in onsumption in both drive yles, whih isapproximately equal to the assumed redution of the duty yle.The performed survey gives an upper limit on what fuel saving thatan be ahieved if the auxiliary units are redesigned. Clearly one annotexpet to gain more than the total fuel onsumption of the urrent sys-tems. Rather the auxiliaries are there to provide a work that is neededfor the operation of the vehile. From this study it is not possible todiretly estimate what the potential improvements are if the auxiliarieswere eletrially driven or redesigned in other ways. In order to asses thepotential, the relation between the onsumption and the useful outputof the auxiliaries must be further investigated. However, the followingdisussion illustrates some aspets regarding the potential for further im-provements.The onsumption of the generator is proportional to the inverse of thee�ieny. In the simulations, the e�ieny of the generator is assumedto be 65%. Thus, 35% of the onsumption represents losses that ouldbe redued with an improved design. Further, if the other auxiliariesshould be driven eletrially, the eletrial onsumption would inreasesubstantially and the e�ieny of the generator would be orrespondinglymore ritial for the onsumption of the auxiliaries.The slip speed in the fan luth produes losses. These losses wouldbe removed if the fan speed ould be ontrolled diretly with an eletrialdrive. Further, if the speed of the water pump and ooling fan ould bebetter ontrolled, the blending of the oolant �ow and the air �ow ouldbe adjusted to obtain a better total e�ieny of the ooling system. Inthe ase study presented in hapter 4, an eletrially driven water pumpand ooling fan are used to redue the onsumption.In the air ompressor, the power losses in the inative state of on-stitutes roughly 40% of the total onsumption. If the ompressor waseletrially driven, the onsumption in the inative state would be elimi-nated. The orresponding e�et an be ahieved with a mehanial luthinstalled between the engine and the ompressor.The AC ompressor is deativated with a luth mehanism. There-fore, the power onsumption in the inative state onstitutes a few per-ents of the average onsumption of the AC ompressor. In omparison tothe air ompressor, the potential for further improvements is thus lower.The urrent design of the oil pump is a ompromise between the



2.6 Simulation Results 31Drive yle P aux[kW℄ faux[l/100 km℄ raux[%℄Koblenz�Trier 8.79 1.59 4.66do. with old versions 10.67 2.03 5.98Södertälje�Gothenburg 8.36 1.79 5.62do. with old versions 10.51 2.32 7.31Table 2.2: Summary of the simulation result obtained on the Koblenz�Trier and the Södertälje�Gothenburg routes. The total onsumption ob-tained with the most reent versions of the auxiliaries is ompared withthe total onsumption obtained with the older versions. The olumnsontain the mean power onsumption P aux in kW, the mean fuel on-sumption faux in litre/100 km, and the relative fuel onsumption raux in%.pressure required for lubriation and the �ow required for ooling. Theontrol freedom obtained with an eletrial drive of the pump, or a hybridbetween a mehanial and eletrial drive, ould be used to separatethese requirements. If the oil pressure and the oil �ow ould be ontrolledtighter to the required limits, the onsumption would be redued.The power steering deliver very little useful output during most partsof the high-speed driving but the onsumption is not negligible. At higherspeeds orresponding to highway driving, most of the hydrauli oil isbypassed internally in the pump . This results in energy losses. In apure eletrial or a eletro-hydrauli power steering these losses, wouldbe removed.





Chapter 3Modelling of EnergyConsumptionIn this hapter vehile models that an be used to evaluate energy on-sumption of the auxiliary units are presented. With aid of the simulationmodels, the potential energy savings of new designs an be assessed. Herethe ideas behind development and maintenane of a omprehensive modellibrary are presented. The library is developed in Modelia, ([Mod02℄).Modelia is an objet oriented modelling language well suited to desribebehaviour of omplex systems ontaining parts from di�erent engineeringdisiplines, e.g., mehanis and eletronis. Figure 3.1 shows the ompo-sition of the model at the highest level. The development of the Modelialibrary is a ontinuous ativity at Sania whih branh o� into some dif-ferent diretions. In the models of the library, the vehile is set to drivea road with varying topology and speed limit that have been obtainedfrom reordings of real roads. The vehile is assumed to run on ruiseontrol and with omputer-ontrolled gear shifting (automated manualtransmission). Algorithms from the prodution version of the ontrol areinorporated in the simulation model. The priniple for how the driveyles are de�ned and how the ontrol of the drive line is done is furtherdesribed in setions 2.2 and 2.4. Prior to this work, the vehile modelhas been validated with respet to the energy onsumption of the om-bustion engine and losses suh as rolling resistane and air drag, [San01℄.In�uenes from the ooling system, and other auxiliary units, were onlyinluded as a lumped e�et on the net fuel onsumption. The work pre-
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Figure 3.1: Modules of the simulation model.sented in this hapter re�nes the desription of the ooling system.In setion 3.1, the purpose of this type of simulation models is dis-ussed. The organisation of the model library is desribed in setion 3.2.Setion 3.3 desribes the modelling of the ooling system in some detail.Sub-models are built from physial priniples, resulting in grey-box mod-els with parameters identi�ed from various tests in a laboratory environ-ment. Assembling of the sub-models into a omplete model is desribedin setion 3.4. Measurements from tests in a wind tunnel are used to tunethe performane of the total model. The model is validated against datareorded from a dynami drive yle in the wind tunnel.3.1 Seletion of Model StrutureThe prime goal with the vehile model is to serve as a tool for studye�ets on the fuel eonomy from alternative designs of sub-systems. Themain quantity that is studied is �ow of energy between various parts
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Figure 3.2: Classes of models used in the automotive industry.of the vehile. To give an aurate estimate of the energy balane, themodel must over the whole vehile and desribe proesses involved inthe energy onversion with a signi�ant level of detail. Besides desriptionof physial phenomena, it ontains ontrol software and various look-uptables. We refer to this type of model as simulation models sine it (inontrast to simpler models of sub-systems or blak-box models of om-plete proesses) might not be possible to summarise the model in a set ofmathematial equations. In the literature this type of models sometimesare referred to as software models (f., [Lju99℄). Although the modelmight be omprehensive, by neessity it must in many parts be a roughapproximation in order to keep the omplexity on a reasonable level; fastdynamis and other e�ets not relevant for the study may be negleted.Models used in vehile development an be lassi�ed in three groups a-ording to whih level of detail they use to desribe the physial world,see �gure 3.2. The most detailed models, referred to as speial-purposemodels, are used for the design of hardware omponents. In this ategoryone �nd models of the ombustion proess, 3-D models of the suspensionet. On the other extreme we �nd models used for ontrol design. Sinetheir limited extent allows for an analytial desription in losed formwe denote these models analytial models. Often analytial models rep-resent an abstrat image of the physial world. Parts may be lumped intoa single quantity, e.g., total inertia of bodies whih are mehanially on-neted to eah other, blurring out the interfaes between omponents inthe system desribed in the model. Similarly to speial-purpose models,analytial models typially over a limited part of the vehile.



36 3 Modelling of Energy ConsumptionSimulation modelsIt is more and more important to perform simulations overing the om-plete behaviour of the vehile as ontrol funtions beome more inte-grated. Beside this, overall performane parameters as fuel onsumption,eletri energy balane and ooling apaity have beome more ritial invehile design. Models inluding relevant desriptions of major parts ofthe vehile tend to grow in omplexity. To assemble the total model in alosed form of equation might not be possible. Moreover, often not onlythe input-output behaviour of the model is of interest. Internal signalsmay be just as important to study. Therefore it is preferable to split upthe model in omponents orresponding to physial objets and derivesub-models from �rst priniples. Strutured in this way, simulation mod-els are intrinsially multi-domain. Although all the lasses of models playa spei� part, it is advantageous to organise the modelling e�ort in anintegrated way. Clearly, there exists a possibility to utilise results gainedworking with one type of model also for other type of models. From theperspetive of simulation models, an outline of interations with analyt-ial and speial-purpose models might inlude:1. When assembling simulation models, time will be saved if modellingparadigms and measurement data an be adopted from the teamsworking with speial purpose models.2. Analytial and simulation models an share databases for parame-ter values. In ase either of them work with a lumped de�nition ofparameters, it may be possible to implement translation rules fortransferring one type of parameter set to the other.3. Control algorithms developed based on an analytial model an betested together with a simulation model ontaining more detailsbefore the ontrol is applied in a real vehile.4. To gain insight in dependenies between parts of the model or todo sensitivity analysis of parameter in�uenes when working withomplex simulation models, one often have to resort to a simpli�edanalytial model.5. The work with simulation models an give useful input to the hard-ware design. Results from a omplete vehile simulation an beused to de�ne operating pro�les for the omponents suh as aver-age speed, time spent on a ertain load, et.
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Figure 3.3: Struture of the Sania Modelia Library.3.2 Model LibraryA library of simulation models is developed aording to the priniplesdesribed in the previous setion. In ontrast to the Modelia StandardLibrary, the library is not organised in di�erent engineering disiplines.Instead it is organised after the parts of the truk. The library onsistsof four main branhes: Interfaes, Components, Modules and Examples.The prinipal struture of the library an be viewed in �gure 3.3. TheInterfae branh ontains lasses desribing onnetions between modelomponents. Although the library relies heavily on onnetor lasses de-�ned in the Modelia Standard Library, some unique onnetors are de-�ned. One example is the CAN onnetor, used to mimi the information�ow between ontrol units in the truk. Further, under the Interfaessub-library Media, base lasses for thermodynami and hydrauli modelsare found. These base lasses are mainly used in models of omponentsin the ooling system. In the thermodynami and hydrauli base lassesmany of the modelling ideas used are adopted from the Modelia libraryThermoFluid developed by Tummesheit et al. [TEW00℄. However, here asomewhat simpler struture and less extensive desription of media prop-erties are used. In the Components branh models of all physial partsneeded to build up the omplete model of a truk are gathered. Mod-ules, in the next branh, are a higher level of abstration, and ontainmore ompound models. The idea is to de�ne a set of generi modules
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Figure 3.4: Parameterisation of the model exempli�ed with the oolingmodule.with well-de�ned interfaes that an be used for simulations with vari-ous purposes. In the last branh a number of working examples is builtthat an be used diretly for simulations. Figure 3.4 illustrates how themodels are parameterised to obtain modules that orrespond to physialmodules. In the �gure, the parameterisation of the ooling module is ex-empli�ed. Eah omponent ontains a plaeholder for a set of parametersof a de�ned struture. Parameter sets with values desribing various ver-sions of the omponents are gathered in sub-libraries. When modules areput together, the generi plaeholders are replaed with the parameterset of the urrent versions of omponents.3.3 Cooling System ModuleThe ooling system is one of the modules of the vehile library. Energyonsumers in the ooling system are primarily the ooling fan and thewater pump. In heavy vehiles, these units normally are mehaniallydriven. The model orresponds to the urrent design of a Sania trukwhere the water pump is diretly driven from the rankshaft while theooling fan is onneted to the shaft via a visous luth enabling a passive
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Figure 3.5: Components in the ooling system module.speed ontrol. However, the basi struture allows for hanging the modelto desribe other ways of driving and ontrolling these auxiliaries.Cooling system omponentsIn �gure 3.5 the struture of the ooling system is depited. The modelmainly onsists of two adjoining �ows of mass and energy: the �ow ofoolant �uid and the air�ow. A more detailed desription of the ool-ing system is given in setion 2.5. The main parts of the ooling systemare modelled using the thermodynami and hydrauli base lasses in theMedia sub-library of the library. The modelling is rather standard andessentially follows the priniples in ThermoFluid [TEW00℄. The thermo-dynami models are built up with alternating ontrol volumes and �owmodels. Prinipally, mass and energy balanes are de�ned in the ontrolvolumes, while relations between the pressure drop and the �ow are de-termined in the �ow models. Series of alternating ontrol volumes and�ow models an be aggregated to form a omposite model. In �gure 3.6the priniple of alternating ontrol volumes and �ow models is illustrated.
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Figure 3.6: The thermo-hydrauli models of the ooling system are builtup with alternating ontrol volumes (CV) and �ow models (FM). Seriesof ontrol volumes and �ow models are aggregated to omposite models(CM). The e�ort variables in the interfae between the models, e.g. T ,are determined in the ontrol volume and �ow variables are determinedin the �ow model.The Modelia de�nition of the onnetor lass de�ning the interfae be-tween the models is:onnetor BaseHoseSIunits.Temp_K T "temperature";SIunits.AbsolutePressure p "absolute pressure";SIunits.Spei�HeatCapaity p "heat apaity";SIunits.Density rho "density";�ow SIunits.MassFlowRate mdot "mass �ow";�ow SIunits.Power Qonv "onvetive heat �ow";end BaseHose;In the subsequent desription, the variables de�ned in the interfae willbe denoted with T , p, cp, ρ, w and Qc, respetively. The e�ort variables inthe interfae, e.g. T and p, are determined from equations in the ontrolvolumes while the �ow variables, w and Qc, are determined in the �owmodels. To distinguish between the types of models, non-�lled ions areused for onnetors to ontrol volumes while �lled ions are used foronnetors to �ow models. Consequently, omposite models have one non-�lled ion at the side neighbouring to the �rst ontrol volume in the modeland one �lled ion neighbouring to the last �ow model inside the model.
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Figure 3.7: Class diagram of the base lasses used in the ooling system.Composite models (CM) are an aggregate of ontrol volumes (CV) and�ow models (FM). Seletable properties of the ontrol volume and the�ow model are de�ned in replaeable sub-models.A lass diagram showing the deomposition of the thermodynamibase lasses is shown in �gure 3.7. The ompound model is aggregatedfrom ontrol volumes and �ow models. The ontrol volume ontains astandard set of balane equations present in all thermodynami mod-els whih inherits from the base lass. Relations spei� for the atualtype of omponent is plaed in replaeable sub-models. Analogously, thebase �ow model ontains the ommon �ow equation while spei� �owharateristi resides in a replaeable sub-model.Control volumesThe balane equations inluded in all ontrol volumes, as illustrated in �g-ure 3.7, de�ne the mass and energy balane. Let ṁ and U̇ denote the timederivative of mass and internal energy, respetively, and V the volume ofthe ontrol volume. For a volume with one upstream and one downstream



42 3 Modelling of Energy Consumptiononnetion to the surrounding omponents, the balane equations are
ṁ =wu − wd

U̇ =Qu
c −Qd

c +Qe − pV̇
(3.1)Here wu and wd denote the mass �ow in the upstream and downstreamonnetion, respetively. Analogously, Qu

c and Qd
c denote the onvetiveheat �ow in the onnetions. Heat transferred to the volume through forexample ondutane is denoted with Qe.The replaeable sub-model MediaModel showed in �gure 3.7 make itpossible to selet the type of media and the state representation thatshould be used in the ontrol volume. The state transformation from theprimary mass and energy balanes is de�ned in the replaeable modelStateModel while the properties of the media ontained in the ontrolvolume is de�ned in MediaProperties. Thus, ombining instanes of State-Model with instanes of MediaProperties, a wide variety of medias withvarious state representation an be realised. In the sub-model, HeatModel,the heat exhange with the surrounding is de�ned, and the model Geom-etry de�nes the geometry of the volume. Models of heat exhange withsurrounding omponent is desribed in the sequel setion on heat on-dutane. The geometry in most of the omponents set to onstant.For the air�ow, pressure, p, and temperature, T , are hosen as statevariables. The dynamis whih are implemented in the StateModel of theair�ow then beome
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∂ρ
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∂ρ
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ṗ+m

∂u

∂T
Ṫ

(3.2)The boundary onditions of the air�ow in the front and the rear of thetruk ab are desribed as a speial variant of StateModel whih do notontain dynamis. Instead the pressure and temperature is de�ned in re-lation to the ambient. The wind speed gives rise to a di�erential pressureat the air intake and outlet relative to the ambient pressure. The tem-perature is assumed to be equal over the boundary. In the model, thepressure di�erene depends on the wind speed, v, the air density, ρ, andthe non-dimensional oe�ient of air drag CD.



3.3 Cooling System Module 43The expressions for the pressure and the temperature at the air intakeand outlet are
p =pa ± CD

ρ

2
v2

T =Ta

(3.3)where pa and Ta are the pressure and temperature of the ambient, re-spetively. The plus sign in the equation in (3.3) orresponds to the airintake while the minus sign orresponds to the air outlet. Thus, the dif-ferential pressure in the front and the rear of the ab ause the air�owto inrease through the ooling system. The sub-model MediaPropertiesof the ontrol volume ontains expressions of the partial derivatives andthe density ρ in the state equations. Sine the air is regarded as an idealgas, the expressions in (3.2) beome
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(3.4)Here M denotes the molar mass and cv the spei� heat apaity atonstant volume, respetively, while R is the molar gas onstant. Thestate equations and the media properties used for the oolant are similarto equation (3.2) and (3.4), although only the temperature is hosen asstate variable. The pressure of the oolant is determined purely fromstati hydrauli relationships de�ned in the �ow models.Flow modelsIn the �ow models, primarily relations between the pressure and thevolume �ow are desribed. The relations depend on the atual type ofthe model and are for that reason implemented in a replaeable sub-model of the �ow model. Equations that determine the volume �ow rateand the onvetive heat �ow are given in a base lass whih is ommonfor all the �ow models. For a �ow model with one upstream and onedownstream onnetion to the surrounding omponents, the volume �owrate is expressed as
qd =
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ρu
if wu > 0

wd

ρd
otherwise (3.5)



44 3 Modelling of Energy Consumptionwhile the onvetive heat �ow is given by
Qd

c =

{

wucupT
u if wu > 0

wdcdpT
d otherwise (3.6)Here the super-sripts u and d refer to variables assoiated with theupstream and downstream onnetor, respetively.The pressure-�ow relation determines the pressure di�erene ∆p =

pu − pd between the onnetions of the omponent. Mainly two types ofpressure-�ow relations are implemented in the �ow models: pressure lossesand pressure inrease in pumps and fans. For the air�ow, pressure lossesin the omponents along the �ow path are modelled as an exponentialfrition loss
∆p = c|q|we (3.7)The fritional pressure losses in the oolant path is modelled with seondorder polynomials

∆p = c2|q|q + c1q (3.8)The pressure rise in the pump and the fan depend on the �ow throughthe omponents and the angular veloity of the shaft. In the model thefollowing equation desribes the operation of the pump:
∆p = R1ρ|ω|ω + 2R2ωw −R3|q|w (3.9)The operation of the pump is modelled with
∆p = R1|ω|ω + 2R2ωq −R3|q|q (3.10)In equations (3.9) and (3.10), ω denotes the angular veloity in themehanial interfae of the pump or the fan. The torque in the interfaeis derived through the relation

∆p q = ηTsω (3.11)where Ts denotes the torque on the shaft. For both the pump and thefan, the e�ieny η is modelled as
η = η0

(

cη2

q2

ω2
+ cη1

|q|

|ω|
+ cη0

) (3.12)
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Figure 3.8: Illustration of heat ondutane between parts of the model.Heat soures (HS) is onneted to heat apaitanes (HC) and thethermo-dynami models in the engine and the retarder. In the thermo-stat, heat is transferred between the oolant �ow and a heat apaitanerepresenting the dynamis of the thermostat. In the radiator, heat istransferred between the oolant �ow and the air�ow.Heat ondutane modelsIn �gure 3.8, the heat ondutane inluded in the model is illustrated.Heat ondutane is taking plae between the air�ow and the oolant�ow in the radiator, and between the oolant �ow and external heat a-paitanes in the engine, the retarder and the thermostat. The heat a-paitanes represent storing of heat in bodies not inluded in the thermo-dynami models and are ontributing to the overall dynamis of the ool-ing system. The dynami state of the heat apaitanes is the tempera-ture, whih is obtained through the following integration of the net heat�ow
cpbmbṪb =

∑

i

Qi (3.13)Here cpb and mb represent the spei� heat apaitane and the mass ofthe body, respetively, and Qi is the heat transfer in the i:th onnetionto the body. The heat apaitanes in the engine and the retarder modelare onneted to the oolant �ow and to heat soures representing the



46 3 Modelling of Energy Consumptionheat emitted from the ombustion and the retarder braking, respetively.In the thermostat, heat is transferred between the oolant �ow and a heatapaitane representing the wax body inside the thermostat. The heatsoures shown in �gure 3.8 are heat losses that need to be ooled away.The engine emits heat to the ooling system both diretly into the engineblok, whih is heated up by the ombustion, and through the oolingof the harge air. The amount of heat depends on the urrent torqueand speed of the engine. In the model the heat �ows are alulated fromlook-up tables. The tables are obtained from measurements done in testells. The heat emitted to the ooling system from the retarder is diretlyproportional to the braking power.The heat ondutane in the engine, the retarder and the thermostatis assumed to depend linearly on the di�erene in temperature of the heatapaitanes and the oolant in the orresponding omponents. Thus, theamount of external heat, Qe, entering the balane equation (3.1) of thethermo-dynami model is expressed as
Qe = λ(Tb − T ) (3.14)where Tb and T is the temperature of the heat apaitane and the ontrolvolume, respetively.The model of the heat ondutane in the radiator is more omplex.It is based on the spei� heat transfer per unit of temperature di�er-ene between the oolant �ow and the air �ow entering the radiator,respetively. The spei� heat transfer, denoted Qs, is assumed to be afuntion of the air mass �ow and the oolant mass �ow. Let the entrytemperatures of the oolant �ow and the air �ow be denoted with Tc and

Ta, respetively. Then the net heat transfer in the radiator, Qe, an beexpressed as
Qe = (Tc − Ta)Qs(wc, wa) (3.15)where the wc and wa denotes the mass �ow of oolant and air, respe-tively.The spei� heat transfer Qs(wc, wa) is alulated through interpola-tion of tabulated data. The spei� heat transfer is measured as a stan-dard proedure when the radiator is designed. However, the measurementdata typially do not overs the omplete range of mass �ows that an beexpeted in the simulation. During design of the radiator, the main fousis on the maximum apaity and onsequently data is normally availableonly for high mass �ows while data for low mass �ows are laking. Inorder to ompensate for this, a physial model of the heat exhanger is
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Figure 3.9: Measured spei� heat transfer in the radiator (irles) om-pared with heat transfer predited by the non-dimensional model (thiksolid) and the PDE-model (thin solid).used to generate values of Qs for the range where no data are available.This means that the model will be used outside the range where theparameters were estimated. This is generally doubtful sine very littlean be said about the agreement between the model output and the be-haviour of the real system. In order to ompensate for this de�ieny, theoutputs of two di�erent physial models have been ompared. The �rstphysial model is based on a straight forward Euler disretisation of thespatial partial-di�erential equation (PDE) of the heat transfer in steadystate. The PDE is obtained by onsidering the energy balane over thesurfae of the heat exhanger. The seond model is a non-dimensionalexpression for ross diretional heat exhangers with parallel paths foundin for instane [VDI94℄. The two physial models at hand are judged to



48 3 Modelling of Energy Consumptionbe too omplex to be used diretly in the simulations. Instead the mod-els are employed to generate tables whih over the omplete range ofexpeted mass �ows. The main parameter to estimate in both modelsis the spei� heat ondutane per unit surfae area, denoted λ. In or-der to take into aount that the air�ow is unequally distributed overthe surfae, a orretion fator for the air �ow is introdued. Employ-ing the orretion fator, ra, the air�ow used as input to the models is
w′

a = rawa. Consequently, the parameters that are estimated from theavailable measurement data are λ and ra.Figure 3.9 shows the measured spei� heat transfer and the pre-dited output of the models. A good agreement is obtained in the re-gion where measurement data is available and both physial models givesimilar preditions for mass �ows where measurements are laking. Thenon-dimensional model from [VDI94℄ is the one that is used to generatethe data whih is put into the simulations.Equivalent expressions for the heat transfer in heat exhangers areused in for instane the simulation software Kuli [Ste04℄ whih is a spe-ialised tool for simulation of automotive ooling systems. An alternativemodelling paradigm for the heat exhanger is the use of the log-meantemperature, see e.g. [PG84℄. For ross diretional heat exhangers theanalyti derivation of the log-mean does not diretly apply but the on-ept ould be extended to this type of heat exhangers by introduingorretion fators whih typially is estimated from measurement data.However, in transient simulations, the expressions for the log-mean tem-perature might beome singular. This is reognised in for instane thework by Tummesheit [Tum02℄ where some numerial methods to dealwith this is proposed. However, sine this is less straightforward and isnot expeted to yield a better auray, the use of expression (3.15) isjudged to be a preferable solution.Parameter estimationSome of the parameters in the sub-models represent basi quantities suhas mass or volume. No expliit estimation of these parameters is needed,sine they ould be found in the tehnial spei�ation of the ompo-nents. Other parameters, typially desribing the behaviour of the �owmodels, have to be estimated from data. For that reason, experimentaldata is olleted from tests on individual omponents in a laboratory en-vironment. For eah omponent, a small identi�ation problem is solvedtrying to �t the predited output from the models to the measurements.
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Figure 3.10: Pressure drop as a funtion of air�ow for the harge airooler model (solid) ompared with measurements (stars). Correspondingdrops for radiator (dashed and triangles), and engine ompartment (dash-dotted and irles). Pressure rise of the fan model (dotted) at 1400 rpmompared with measurements (squares).
Essentially parameters of equation (3.7)�(3.3) and other harateristisare identi�ed for eah omponent depited in the overview of the ool-ing module in �gure 3.5. Table 3.1 summarises whih parameters thatare identi�ed and what data that are used. The tests are performed inthe laboratory under well-ontrolled onditions. As a result the obtainedpredition errors are very small as an be seen in �gure 3.10, showingthe pressure drops in the air�ow path and in fugure 3.11 showing thepressure in the oolant path.
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Figure 3.11: Pressure drop as a funtion of oolant �ow for the en-gine model (solid) ompared with measurements (stars). Correspond-ing drops for the retarder (dashed and triangles), the thermostat (dash-dotted and irles) and the radiator (solid and diamonds). Pressure riseof the pump model (dotted) at 1400 rpm engine speed ompared withmeasurements (squares).3.4 Assembling the Total ModelThe modelling errors in the sub-models are very small. However, whenthey are assembled to a full model, e�ets that are not handled in thesub-models may play an important role. It may be e�ets from the in-teronnetions between the omponents suh as piping in the truk ab.Further, non-linearities may amplify small errors in the sub-models whenthese are onneted and new feedbak paths are losed. It an be shown,using a simpli�ed model of the ooling system, that the hange of tem-
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Figure 3.12: Simulated temperature of the oolant in steady state at80 km/h with full load and di�erent speeds on the engine (solid) om-pared with measurements (stars). Corresponding at 60 km/h (dashed andtriangles) and at 40 km/h (dash-dotted and irles).perature of the oolant in steady state due to a small perturbation of theair�ow is proportional to the squared inverse of the air�ow. Thus, thesimulated temperature will be very sensitive to modelling errors in�uen-ing the air�ow. Further, for the pressure build-up due to the wind speedthere exists no pratiable experiment on a omponent level. Therefore,the result of the total model is veri�ed through omparison with exper-imental data olleted in a wind tunnel. In the wind tunnel, the vehileis driven on a dynamometer with a de�ned load and speed of the en-gine and fans are used to simulate the wind speed. Results from ninesteady-state tests and two step-response tests are used to tune the modelparameters. A number of the parameters in the sub-models are assigned



52 3 Modelling of Energy Consumption

0 200 400 600 800 1000 1200 1400 1600 1800
40

45

50

55

60

65

70

75

80

Time [s]

C
o
o
la

n
t 

te
m

p
e
ra

tu
re

 [
 °  C

]

Figure 3.13: Simulated response of the oolant temperature on a step inthe engine load at 60 km/h with engine speed 1400 rpm (dashed), om-pared with measurements (triangles). Corresponding at 40 km/h (dash-dotted and irles).as slak parameters that are adjusted to �t the behaviour of the totalmodel to the measurements. In table 3.1 the hoie of slak parametersis indiated in the last olumn. The slak parameters are hosen basedon engineering pratie. Parameters that desribe harateristi where itis plausible to expet other phenomena than what ould be aptured ina test of one omponent or where no measurement data for the singleomponent is available are preferred as slak parameters. An example ofthis is seleting the parameter CD in equation (3.3) as slak parametersine this parameter annot be estimated from a single omponent test.Another rule is to only use one slak parameter to ahieve a ertain or-retion when there are several possible parameters that an be adjusted
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Figure 3.14: Simulated oolant temperature (thik) during a dynamidrive yle ompared with measurements (thin).to ahieve the same e�et. An example of the appliation of this rule isthat only the harateristi of the pump is adjusted in order to �t theoolant �ow obtained in the simulation to the measured �ow on the truk.In �gures 3.12 and 3.13 the ooling temperature obtained with the tunedmodel are ompared with measurements. The steady state temperaturesobtained with the simulation model agree well with the measurement.The dynami behaviour in the step-response show good agreement be-tween the model and the measurement but the steady state temperaturesdi�ers. As a last step of the parameter identi�ation, a validation of thetotal model is performed. Validation data is reorded during a dynamidrive yle in the wind tunnel, where the load and speed of the dy-namometer is programmed to follow a yle orresponding to a spei�edroad. In �gure 3.14 the simulation result is ompared with measurements
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Figure 3.15: Proedure of sequential modelling and identi�ation.where the dynamometer follows the pro�le of a 57 km setion of the roadbetween the ities Koblenz and Trier in Germany. The validation showsthat the model is apable to apture the main dynamis of the oolingsystem while it does not desribe the small osillations observed in themeasurements. The osillations around 80◦ C most likely have its ori-gin in the hysteresis in the thermostat due to frition. The model of thethermostat is a rather rough approximation and do not give rise to theorresponding osillations around the opening temperature. Despite theobserved di�erenes, the model should be su�ient to evaluate the energyonsumption of the auxiliary units in the ooling system.3.5 SummaryThe proedure of building a model onsisting of sub-models with physi-al interpretation and performing sequential identi�ation of parametersmay be summarised with the illustration in �gure 3.15. Data olletedfrom measurements on single omponents are used to estimate param-eters of the sub-models. The experiene from this study is that a goodagreement between the simulated behaviour of the sub-models and themeasurement do not guarantees auray of the total model. E�ets notinluded in the sub-models or small errors in the parameters of the sub-models may have a large in�uene on the model behaviour. Therefore theagreement between the atual system and the simulation output may be



3.5 Summary 55poor although the sub-model them self seems to be aurate. For thatreason, it is neessary to ompare output of the omplete model withmeasurements. If a satisfatory result is not obtained, some of the param-eters of the sub-models is assigned as slak variables and is adjusted totune the behaviour of the omplete vehile. When aeptable agreementis obtained, the omplete model is validated against new measurementsin order to inrease the on�dene of the model.The asaded identi�ation allows for keeping the physial strutureof the model while the total behaviour of the model an be tuned to givea good �t to measurement data. As disussed in setion 3.1, following thephysial struture is advantageous when modelling omplex systems inorder to be able to inlude existing ontrol logi, monitor internal vari-ables et. The drawbak with the proedure is of ourse that a ompleteinstallation of the system has to be built in order to be able to olletdata that is neessary. However, with suitable hoies of interfaes in themodel based on physials priniples, the full proedure in �gure 3.15 donot neessarily have to apply to the omplete model when a sub-model ishanged. An important experiene from modelling of the ooling systempresented here is that the air�ow is ruial for the omplete model. Minorhanges in the air�ow result in a rather large hange of the obtained ool-ing temperature. Moreover, the total air�ow through the ooling systemis pratially impossible to measure. Thus, it is not possible to verify thatthe model gives a orret air�ow. Instead the ooling temperature has tobe used as an indiret indiator of the air�ow. In order to verify the in-�uene from the wind speed, the temperature has to be measured on arolling vehile or as shown here in a wind tunnel. The ooling �ow on theother hand is straight forward to measure either in a rig or on a ompleteinstallation in the truk. These measurements an be done in the labora-tory and the measurement setup is typially less omplex and ostly thanthe test done in the wind tunnel. If a redesign a�eting the oolant �owshould be studied with the model, only the sub-models involved in theoolant path have to be hanged and validated against measurements.
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Component Charateristi Datasoure SlakPump Pressure rise Rig test sPower onsumption Rig testEngine Flow resistane Rig testHeat apaitane Data sheet sHeat emissionto oolant Rig testHeat ondutane Rig testHeat emissionfrom harge air Rig testRetarder Flow resistane Rig testHeat apaitane Data sheet sHeat emission NoneHeat ondutane Rig testThermostat Opening harateristis Rig testFlow resistane Rig testDynami response Rig testRadiator Flow resistane oolant Rig testFlow resistane air Rig testOperatingharateristis Rig testHeat apaitane Data sheetAir intake Pressure build-up None sCharge air ooler Flow resistane Rig test sFan Pressure rise Rig testPower onsumption Rig testFan luth Slip harateristis Rig testEngineompartment Flow resistane Rig testAir outlet Pressure build-up None sTable 3.1: Summary of model omponents in the ooling module.



Chapter 4Energy Optimal Control ofthe Cooling SystemThis hapter presents a study on energy optimal ontrol of the oolingsystem. The on�guration of the analysed system is depited in �gure 4.1.The mehanial drives of the water pump and the ooling fan is replaedwith eletrial drive systems whih enable a ontinuous ontrol of thepump and fan speed. The eletrial power required to run the drive sys-tems and other eletrial loads is produed with the generator, whihis driven by the engine. Further, an eletrial bu�er enables storage ofenergy. The ontrolled quantities are the temperature in the ooling sys-tem and the harge level of the eletrial energy storage. Control inputsare the speed of the water pump and the ooling fan, and the eletrialpower of the generator. The objetive is to minimise the fuel used todrive the input atuators. This is argued to be omparable with minimis-ing the eletrial power of the generator at times when fuel is injetedin the engine.Control strategies like this with the objetive to minimise input powerould signi�antly bene�ts from knowing something about the future ex-ternal quantities that a�et system. For vehile appliations, a possibilityto aurately predit the future ould be realised with an onboard GPSreeiver together with digitalized maps inluding information of the alti-tude and speed limits on the travelled road. In the ontext of this study,the heat emitted to the ooling system, the vehile speed and the ele-trial loads are external in�uenes that are not ontrolled but may be



58 4 Energy Optimal Control of the Cooling System

Figure 4.1: Cooling system layout. Components in a traditional truk,but exluded in this study, are x-marked. Novel omponents added toenable the improved ontrol are grey.predited. With a vehile model, they an be simulated from the slope ofthe road and the assumed veloity.The minimisation is posed as a onstrained optimal ontrol problemin ontinuous time where predition of external variables are utilised. Op-timal ontrol theory allows for a wide range of ost riteria and systemdesriptions. A disadvantage is that solutions are often ompliated to�nd even if the omplexity of the system is low. Here a simple, but yetrelevant, model is used to desribe the physis. The numerial omputa-tions for �nding the solution of the optimal ontrol problem are reason-able. Our problem formulation �ts into the framework of model preditiveontrol, e.g., [Ma02℄, but the existing shemes seem not to be diretlyappliable. The solution here is instead based on the partiular struturesof the dynamis and the ost riterion. The derived optimal ontrol givesa measure of the ahievable performane. This is not intended for diret



4.1 System Con�guration 59implementation but an be used to evaluate di�erent physial layouts.The studied on�guration of the ooling and eletrial systems, andthe model used for the ontrol design are de�ned in setion 4.1. In se-tion 4.2 the optimal ontrol is derived. Simulation results are presented insetion 4.3. Finally in setion 4.4, onlusions from the study are drawn.4.1 System Con�gurationThe prinipal layout of the ooling system in a truk is desribed in se-tion 2.5 and is illustrated in �gure 2.6. In the urrent design of a Saniatruk, the water pump is diretly driven from the rankshaft while thefan is onneted to the shaft via a visous luth, enabling a passivespeed ontrol. The design hanges assumed in this study is depited in�gure 4.1. The mehanial drives of the pump and the fan are replaedwith speed ontrollable eletrial motors, enabling ontinuous ontrol ofthe oolant �ow and the air�ow. The eletriity is produed with a gen-erator driven by the engine. The generator is assumed to be ontrolledwith a power eletroni onverter. Its overall e�ieny is supposed tobe substantially higher than in the type of generators used in ars andtruks today. Eletri energy an be stored in a bu�er, whih ould bean eletro-hemial battery that endures frequent yling of the hargelevel and high de-harge and harge peaks. Alternatively, it ould be amodule of double-layer apaitors (so alled super aps or ultra aps),whih are inherently well suited for this kind of use. Besides the energyonsumption in the pump and the fan, other eletrial onsumption isregarded. This represents use of eletriity for lights, omfort equipment,et. The thermostat and the by-pass pipe are removed. It is assumed thatit is possible to �nd a minimal oolant �ow, whih is su�iently large toprevent the engine from running too hot at the worst spot, while smallenough so that the entry temperature to the engine does not fall belowthe lowest aeptable level. In pratie, this might not be true for thewhole range of operating onditions. However, the studied onept anwith small modi�ation be hanged to inlude an on/o� valve ating asa thermostat at low ambient temperatures.Mathematial modelIn order to apply optimal ontrol theory a mathematial model of thephysial system is needed. The Modelia model of the ooling system



60 4 Energy Optimal Control of the Cooling Systemdesribed in hapter 3 ontains a fairly detailed desription but is tooomplex to be used for ontrol design. However, it is a valuable startingpoint for �nding a simpli�ed model. The separate volumes and heatedmasses in the simulation model an be aggregated into one single bodyrepresenting the total heat apaitane of the ooling system. The singlestate of the ooling system model is thus the temperature of the aggre-gated heat apaitane. Let the state, x1, represent the temperature inthe ooling system minus the ambient temperature. The model is derivedfrom the energy balane in the ooling system: that is, ẋ1 is proportionalto the net power �ow into the system. The power �ows into the sys-tem are the heat transferred to the oolant from the engine and fromthe retarder. Let v1 represent the sum of the heat �ows into the system.i.e., this is an external variable that annot be manipulated. Further, thepower �ow out of the ooling system is the heat transfer in the radiator.In the simulation model in hapter 3, the heat transfer in the radiatoris fatorised into the entry temperature di�erene and the spei� heattransfer, see equation (3.15). Introdue the notation ∆τ for the entrytemperature di�erene and φs for the spei� heat transfer. Then, themodel of the ooling temperature an be expressed as
ẋ1 = −c2∆τφs + c1v1 (4.1)where c1 and c2 are saling onstants. The spei� heat transfer in theradiator, φs, desribes the nonlinear behaviour of the radiator depitedin �gure 3.9. It is a funtion of the mass �ows of oolant and air throughthe radiator. The oolant mass �ow is assumed be proportional to thepump speed, while the air �ow is assumed to be proportional to a linearombination of the fan speed and the vehile speed. The pump speed andthe fan speed is represented by the ontrol variables u1 and u2, respe-tively, while the vehile speed is represented by the external variable v3.The following low order rational funtion approximates the behaviour ofthe radiator depited in �gure 3.9

φs =
u1(u2 + c3v3)

c4u1 + u1(u2 + c3v3) + c5(u2 + c3v3)
(4.2)Here c3-c5 are onstant parameters �tted to the behaviour of the oolingsystem. The entry temperature di�erene, ∆τ , equals the temperature ofthe oolant minus the temperature of the air entering the radiatior. Beforeentering the radiator, the air is heated up with the heat released in theharge air ooler, see �gure 4.1. Sine x1 represent the oolant temper-ature above the ambient temperature, the entry temperature di�erene
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Figure 4.2: Coolant temperature obtained with the model used for on-trol design (thik solid) ompared with temperature obtained with theModelia model (thin solid) and with measurements (dotted).beomes x1 minus the temperature inrease in the harge air ooler. Thetemperature inrease is proportional to the heat release divided by theair mass �ow. Let the external variable v2 represent the heat emission inthe harge air ooler. Moreover, aording to previous assumptions, theair mass �ow is proportional to the linear ombination u2 + c3v3. Thus,the entry temperature di�erene, ∆τ , an be expressed as
∆τ = x1 −

c6v2
u2 + c3v3

(4.3)where c6 is a saling onstant. Now equations (4.1)-(4.3) give the following�rst order model for the ooling system
ẋ1 = − c2

(

x1 −
c6v2

u2 + c3v3

)
u1(u2 + c3v3)

c4u1 + u1(u2 + c3v3) + c5(u2 + c3v3)
+ c1v1

,f1(x1, u1, u2, v1, v2, v3) (4.4)A omparison with measurements indiates that this model is able toapture the main dynamis of the ooling system. In �gure 4.2 the modelin equation (4.4) is ompared with the more detailed Modelia model andwith the measurement reorded in the wind tunnel.The energy in the eletrial storage is modelled as an integration ofthe net power into the bu�er minus the loss in the bu�er. The powerloss is assumed to be proportional to the square of the net power. Ingeneral, the power loss will be a funtion of the power �ow and the state
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Normalised net power [ ]Figure 4.3: Power losses obtained with di�erent models of the energybu�er. The model used for the ontrol design (thik solid) is omparedwith a onstant e�ieny model (thin solid), and a iruit model at min-imum (solid-irles) and maximum (solid-stars) state of harge.of harge. When studying the energy level in the storage, a simple modelsu�es. Related models an be derived from either assuming an e�ienyfator of the storage or to model it as an equivalent eletrial iruit. In�gure 4.3 these di�erent models are ompared. The iruit model inludesa dependeny of the state of harge while the others do not. At low stateof harge and a large negative net power, the simpler models tend tounderestimate the losses ompared to the iruit model. For this study,the quadrati loss model represented by the thik line in �gure 4.3 stillseams to be su�ient.Let the state x2 represents the state of harge above the lowest al-lowed level. Further, introdue the notation ψn for the net power in theterminals of the eletrial bu�er. Then the model of the eletrial systeman be expressed as
ẋ2 = ψn − c7ψ

2
n (4.5)where c7 is a onstant parameter desribing the e�ieny of the bu�er.The net power, ψn, is the generated power minus power onsumed bythe pump, the fan and other eletrial equipment. The power produedby the generator is represented by the ontrol variable u3. Introdue thenotation ψc for the power onsumed by the pump and the fan, and letother eletrial onsumption be represented with the external variable v4.Thus, the net power into the bu�er an be expressed as

ψn = c8u3 − c9v4 − ψc (4.6)



4.2 Problem Formulation 63where c8 and c9 are saling onstants. The power onsumption of thepump and the fan, ψc, is desribed as a ubi funtion of the pump speed
u1 and the fan speed u2:

ψc = c10u
3
1 + c11u

3
2 (4.7)Here c10 and c11 are onstant parameters. Now equations (4.5)-(4.7) givethe following �rst order model for the eletrial system

ẋ2 =c8u3 − c9v4 − c10u
3
1 − c11u

3
2 − c7(c8u3 − c9v4 − c10u

3
1 − c11u

3
2)

2

,f2(u1, u2, u3, v4) (4.8)4.2 Problem FormulationThe ontrol objetive is to minimise fuel used to drive the generator,while keeping the temperature in the ooling system and the harge levelin the energy bu�er within spei�ed limits. It is assumed that the timetrajetories of v1, v2, v3 and v4 are known or an be predited for sometime ahead. In pratie this predition horizon is limited by the abilityto aurately estimate the external variables from input data. Based onthe model de�ned in the previous setion, and knowledge of the futureexternal variables, the optimal input trajetory is alulated. The ontrolobjetive of minimising the fuel onsumption is omparable to minimisingthe power produed in the generator integrated over times when fuelis injeted in the engine, based on the assumption that the both theombustion engine and the generator have a nearly onstant e�ieny.This is reasonable sine the e�ieny of the diesel engine in heavy vehilesvaries with a few perentage points in the rpm range utilised in highwaydriving. The generator ould be designed with fairly onstant e�ieny inthe orresponding speed interval. The regarded predition horizon spansfrom the present, ti, up to a �xed time tf = ti + tp, where tp is thepredition horizon. Let δ = δ(t) be a binary weighting fator that equalsone when fuel is needed to drive the vehile forward, while it is zero whenno fuel is injeted in the engine. Then, the objetive an be formulatedas
min

u1,u2,u3∈U
J =

∫ tf

ti

δ(t)u3(t)dt (4.9)subjet to the dynamis (4.4) and (4.8), and the state onstraints
0 ≤ ximin

≤ xi ≤ ximax
= 1, i = 1, 2 (4.10)
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Figure 4.4: Struture of the ontrol system. Feedbak of the ur-rent state, x(ti) and feedforward from preditions of the future exter-nal in�uenes, v̂(τ), τ ∈ [ti, tf ], are used to derive the optimal ontrol
u(τ), τ ∈ [ti, tc]. Input variables to the predition is the urrent positionof the truk, ξ(ti), and the urrent external in�uenes, v(ti).The set of admissible ontrols is equal to

U = {u : 0 ≤ uimin
≤ ui ≤ 1, i = 1, 2, 3} (4.11)The optimisation is performed in a reeding horizon sheme where onlyan initial part of the alulated input is applied. The length of the inputtrajetory that is applied in eah ontrol update is alled the ontrolhorizon and spans from ti to ti + tc, with tc < tp. When time ti + tc, isreahed, the initial and �nal time is set to ti := ti + tc, and tf := tf + tc,and a new optimal ontrol is derived. In order to fore the ontrol not toutilize the bu�ers in the end of the optimisation interval, onstraints onthe �nal states are introdued:

xi(tf ) =
ximin

+ ximax

2
, i = 1, 2 (4.12)The struture of the resulting ontrol system is illustrated in �gure 4.4.Feedbak of the urrent state, x(ti) and feedforward from preditions ofthe future external in�uenes, v̂(τ), τ ∈ [ti, tf ], are used to derive theontrol u(τ), τ ∈ [ti, tc]. The predition of the future in�uenes is basedon assumptions of the topology of the road ahead and the veloity. Inputvariables to the predition is the urrent position of the truk, ξ(ti), andthe urrent external in�uenes, v(ti).



4.2 Problem Formulation 65The optimal ontrol for the ase when state onstraints are inative,is derived from the Hamiltonian [BH75℄
H = δu3 + λ1f1(x1, u1, u2, v) + λ2f2(u, v) (4.13)where u and v denote the vetors of ontrol and external variables, re-spetively. The adjoint variables should satisfy the di�erential equation

λ̇1 = −
∂H

∂x1

= −λ1

∂f1
∂x1

λ̇2 = −
∂H

∂x2

= 0

(4.14)Hene λ2 is onstant. In the above setting, the initial and �nal states areknown, while the boundary onditions for the adjoint variables are not.Due to the onstraints on the �nal states, the �nal values of the adjointvariable, λ(tf ), is arbitrary.Sequential solutionSuppose �rst that the state onstraints are inative. The problem abovean be numerially solved with a shooting method, [Bry99℄. However,although the model involves only two dynami states, the solution ishard to obtain. The omplexity of the problem an be redued by solvingfor the ontrol of one state at a time, as disussed next.Let us �rst minimise (4.9) with respet to u3. For intervals when δ(t) =
0, the optimal u3, is dependent only on the sign of λ2. It is straightforwardto see that λ2 should be negative. This gives the ontrol

u3 =







sat+(sgn(−λ2)), δ = 0sat+ (
1 + c8λ2

2c7c28λ2

+
c9v4 + ψc(u1, u2)

c8

)

, δ = 1
(4.15)where sat+(α) = 1, if α > 1, 0 if α < 0, and α otherwise. Note that when

δ = 1, not only the sign of λ2 is of importane. Here λ2 should be hosensuh that the onstraints on x2 are satis�ed.



66 4 Energy Optimal Control of the Cooling SystemIf u3 does not saturate when δ = 1, the Hamiltonian beomes
H =







λ1f1(x1, u1, u2, v) + λ2[c8 − c9v4 − ψc(u1, u2)

− c7(c8 − c9v4 − ψc(u1, u2))
2], δ = 0

ψc(u1, u2)/c8 + λ1f1(x1, u1, u2, v) + h(λ2, v4), δ = 1

(4.16)where h(λ2, v4) is a known funtion. If δ(t) = 1, ti ≤ t ≤ tf , the ontrols
u1 and u2 that minimise H are obviously independent of u3, λ2 and
x2. When δ(t) = 0, ti ≤ t ≤ tf , the minimising ontrols u1 and u2are independent of u3, and x2, but depends on the sign of λ2 (whihis known to be negative). This suggests separation of the ontrol of x1from the ontrol of x2: �rst u1, u2 is derived from (4.16), then ψc(u1, u2)is plugged into equation (4.15), giving u3. However, if δ hange in thepredition interval, λ2 must be known when deriving the ontrol of x1.The optimal ontrol problem for the ooling system orresponding to theHamiltonian in (4.16) an thus be formulated as

min
u1,u2∈U

Jc =

∫ tf

ti

{δ(t)ψc(u1, u2) − (1 − δ)λ2c8[ψc(u1, u2)

+ c7(c8 − c9v4 − ψc(u1, u2))
2]}dt (4.17)subjet to the state equations (4.4) and (4.8), and onstraints in equa-tion (4.10) and (4.12). Due to the dependene of λ2 in (4.17) and u1,

u2 in (4.15), the ontrol of x1 and x2 annot be separated from eahother. However, here the approah is to solve for the ontrol of x1 and x2in sequene, and iteratively update the parameters linking the ontrolstogether. The simpli�ation this yields is onsiderable sine only one-dimensional problems are solved at eah step. The iteration sheme andonvergene properties of the iteration are disussed in the next setion.Iteration of the sequential solutionThe ooling optimisation problem in equation (4.17) is solved with aninitial guess of the onstant λ2. If this value oinides with the solutionto equation (4.15), or if δ(t)u3(t) = 0, ti ≤ t ≤ tf , an optimum ofthe original optimal ontrol problem (4.9) is found. If it does not hold,the sequential solution an be iterated until the optimality ondition issatis�ed.



4.2 Problem Formulation 67This approah gives the following algorithm:Algorithm 4.11. Set λ2 to an initial guess (e.g., −1/c8).2. Solve the ooling optimisation problem in (4.17) with the urrentvalue of λ2 to obtain u1 and u2.3. Find a new λ2 suh that the onstraints on x2 are satis�ed andapply equation (4.15) to obtain u3.4. Terminate if the urrent λ2 is lose enough to λ2 used in 1 or if
δ(t)u3(t) = 0, ti ≤ t ≤ tf , otherwise jump to 1.There are two interesting speial values of λ2 that should be onsid-ered when seleting an initial guess. These orrespond to a zero ost pol-iy (u3 = 0 whenever δ = 1) and a onstant harge poliy (λ2 = −1/c8giving f2 = 0). With the zero ost poliy, the bu�er is harged when

δ = 0, and the stored energy is utilised when δ = 1. If it is possible tosatisfy the onstraints with this poliy it will indeed be optimal. With theonstant harge poliy, the produed power exatly ompensate for theonsumption. This poliy will be optimal whenever δ(t) = 1, ti ≤ t ≤ tf .Solving for the ontrol of a single state implies �nding the initial value ofthe orresponding adjoint variable while the ontrol of the other state isgiven from the previous iteration. As a measure of the deviation from theorret initial values, one residual is de�ned for the ontrol of x1 and onefor the ontrol x2. The residuals are evaluated in the end of the time in-terval where the shooting method is applied and should equal zero whenproper initial values are found. The residuals are derived from the ondi-tions at the �nal time tf , or at times when the states entering or leavingthe onstraints. The optimal ontrol is a funtion of x, λ and t. Further,for a given time interval the initial ondition of x is �xed. Therefore, theresiduals will be funtions of the initial ondition of λ and the end pointof the onsidered time interval. If ts and te denote start and end pointof the time interval, respetively, and the notation λis , λi(ts), i = 1, 2is introdued, the residuals an be expressed as ri(te, λ1s, λ2s), i = 1, 2.Let r1 represent ondition on the ontrol of x1, while r2 represent on-dition on the ontrol of x2. In eah iteration, k, the initial values of λ1and λ2 are updated so that λk+1
1s is the solution of r1(te, λ1s, λ

k
2s) = 0,while λk+1

2s is the solution of r2(te, λk+1
1s , λk

2s) = 0. Loal onvergene of
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Figure 4.5: Relation (4.18) as a funtion of the mean of δ(t)the algorithm 4.1 is obtained if
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∣ < 1 (4.18)holds in a neighbourhood of the optimum. Thus, loal onvergene isobtained if λ1s mostly in�uenes the ontrol of x1, and λ2s mostly in-�uenes the ontrol of x2. An analyti proof has not been obtained forthat relation (4.18) holds when the ontrol does not saturate. Neverthe-less, numerial analysis indiates that this is the ase. To illustrate this,

µ is evaluated as a funtion of the mean of δ(t). The result is shown in�gure 4.5. Here the external variables are held onstant and onstraintsare not onsidered. It exists ases when (4.18) does not holds, for in-stane when the ontrol inputs saturate over large parts of the preditionhorizon. These situations are deteted and handled in a speial manner.Handling of state onstraintsThe solution to the ooling optimal ontrol problem desribed in equa-tion (4.17) is straightforward if the state onstraints are not enountered(as desribed above). However, if the state onstraints are ative the solu-tion is somewhat more ompliated, as disussed next. The adjoint vari-able an be disontinuous at time instanes where the state onstraintsgo from being ative to non-ative, or vie versa. Therefore the optimaltrajetory x∗1 must be divided into onstrained and unonstrained ars.Consider the ase when δ = 1, and assume that the optimal trajetoryonsist of the three parts illustrated in �gure 4.6: an unonstrained ar,
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x∗1(t), ti ≤ t ≤ t1 ending on a onstraint, say x1max

, a onstrained ar,
x∗1(t) = x1max

, t1 ≤ t ≤ t2, ending at t2 when the state leaves the on-straint, and an unonstrained ar, x∗1(t), t2 ≤ t ≤ tf ending at the �nalstate value x∗1(tf ) = (x1min
+ x1max

)/2. The optimal ontrol that keeps
x∗1(t) = x1max

is
[
u1

u2

]

=argmin{ψc(u1, u2) : u ∈ U, f1(x1max
, u1, u2, v) = 0}

,g(x1max
, v) (4.19)In this ase the ost funtion an be re-written as

Jc =

∫ tf

ti

ψc(u1, u2)dt

=

∫ t1

ti

ψc(u1, u2)dt+

∫ t2

t1

ψc(g(x1max
), v)dt+

∫ tf

t2

ψc(u1, u2)dt

=

∫ t1

ti

ψc(u1, u2)dt−

∫ tf

ti

ψc(g(x1max
), v)dt

︸ ︷︷ ︸

Jc1

+

∫ tf

t2

ψc(u1, u2)dt−

∫ tf

t2

ψc(g(x1max
), v)dt

︸ ︷︷ ︸

Jc2

+

∫ tf

ti

ψc(g(x1max
, v))dt

︸ ︷︷ ︸

Jc0

(4.20)Sine Jc0
is independent of u, t1 and t2, the problem an be dividedinto two separate optimal ontrol problems over unonstrained ars. Thetimes t1 and t2 are free parameters. Hene, the optimisation should beperformed over open time intervals. The ondition on the �nal state (4.12)is now replaed by the ondition that the orresponding Hamiltonianshould equal zero when the state is entering or leaving the onstraint,[BH75℄. The disussion above an easily be extended to a general asewhen the state trajetory enters and leaves the onstraint several times.The ost funtion then beomes
Jc = Jc1

+ Jc1
+

∑

k=3,5,7,...,N

Jck
(tk, tk+1) + Jc0

(4.21)
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Figure 4.6: The the optimal trajetory x∗1 is divided into onstrainedand unonstrained ars.Consequently, the optimisation an always be separated into independentproblems over unonstrained ars. In the numerial solution this is doneiteratively, searhing over the predition horizon for trajetories that sat-isfy the ondition that the Hamiltonian is equal to zero at the entry andexit to the onstraints.4.3 Simulation ResultsThe optimal ontrol strategy is simulated with input data olleted fromthe experiment in the wind tunnel. The external variables v1, v2 and v3are measured on the truk when the load and speed of the dynamometerare programmed to follow trajetories orresponding to a spei�ed road.Simulations are performed over two road setions with altitudes depitedin �gure 4.7. The �rst simulation runs over part of the road betweenKoblenz and Trier in Germany. The seond simulation runs over part ofthe road between Södertälje and Norrköping in Sweden. These are two57 km long setions of the routes used in hapter 2 where the onsump-tion of all the auxiliary units is evaluated. The German route ontainsrather steep downhill slopes where a lot of heat is emitted to the oolingsystem from the retarder. The setion of the road in Sweden ontainslong �at setions with some moderate uphill slopes where the engine pro-dues heat that have to be ooled away. The predition horizon is setto tp = 600 seonds and the ontrol horizon to tc = 100 seonds. It is
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Figure 4.7: Road altitudes used to ollet external data. The used partof the Koblenz-Trier road is shown in the upper plot and the used partof the Södertälje-Norrköping road in the lower.assumed that the ontroller has exat knowledge of the external variablesover the predition horizon. The parameters of the eletrial omponentsare hosen to realisti values. In �gures 4.8 and 4.9, the simulation resultsare shown. Simulations where optimal ontrol is applied (thik lines) isompared with measurements on a traditional truk (thin lines). In theupper plot, the temperature obtained with optimal ontrol (thik) andmeasured temperature (thin) is shown. The seond plot shows optimalontrol of the pump (thik solid) and the fan (thik solid-stars) omparedwith the speed of the pump (thin solid) and the fan (thin solid-stars) inthe traditional truk. The third plot shows simulated state of harge inthe energy bu�er. The forth plot shows optimal ontrol of the generatorand indiates the intervals where δ(t) = 1 as a bar on the time axis.The lowest plot shows the energy taken from the engine (when δ = 1),with optimal ontrol (thik) and with traditional ontrol (thin). For the



72 4 Energy Optimal Control of the Cooling Systemoptimal ontrol, the plotted energy onsumption equals the ost funtionin (4.9) divided by the e�ieny fator of the generator. The energy on-sumption in the traditional truk is alulated as the sum of the energyonsumed in the pump, the fan inluding the luth, and the generator.The generator is assumed to have the same e�ieny as in the novel sys-tem where the optimal ontrol is applied although the existing generatoris less e�ient. Note that with the optimal ontrol, the energy saving issigni�ant in both �gure 4.8 and 4.9. The optimal ontrol utilizes theadmissible range of oolant temperature and state of harge. Thereforemost of the eletriity an be produed when δ(t) = 0, i.e., at times twhen no fuel is injeted in the engine and auxiliary loads an be addedwithout any ost. This an be seen in the forth plot of the �gures wherethe bar on the time axis indiates when δ(t) = 1. The variables δ and u3are simultaneously non-zero only in the interval 800 to 900 s in �gure 4.8and in the interval 350 to 800 s in �gure 4.9. As a result, the aumulatedost to drive the auxiliary systems, shown in the lowest plot of the �gures,inreases only in these intervals. All other times, the auxiliaries are runwithout ost.Note that neither of the optimal or the traditional ontrol is able tokeep the temperature within the required limits in the �rst simulation(�gure 4.8). With the optimal ontrol, the eletrial bu�er is empty andthe generator is saturated when that happens at about 1000 s, and thus,the temperature onstraint annot be satis�ed. However it is notable thatthe optimal ontrol solution prepares for this situation and lowers thetemperature as muh as possible before this ours (the temperature isequal to x1min
= 70◦C at t = 900 s). This an be done sine the ontrollerknow about future external in�uenes.It should be notied that the fan luth installed on the truk in themeasurements is of the older type ontrolled with a bimetal and with rela-tively high idle speed (≈ 700 rpm). The other type of fan luth availablein the urrent design of Sania vehiles is eletronially ontrolled andhave lower idle speed (≈ 250 rpm instead of ≈ 700 rpm). The two ver-sions of existing fan ontrol is further desribed in setion 2.5. In order toompare the optimal ontrol with a system with the eletronially on-trolled fan, the simulation priniple desribed in hapter 2 is applied. Thepart of the fuel onsumption, raux, the mean power onsumption, P aux,and the mean fuel onsumption, faux, of the ooling and the eletrialsystem are alulated aording to the priniples desribed in hapter 2.The alulations are performed for the measured operation of the systemwith the fan ontrolled by a bimetal, and simulated operation with the
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Figure 4.8: Simulation results on the Koblenz-Trier road. The variablesare explained in the text.
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Figure 4.9: Simulation results on the Södertälje-Norrköping road. Thevariables are explained in the text.



4.3 Simulation Results 75Koblenz�TrierAuxiliary P aux[kW℄ faux[l/100 km℄ raux[%℄Bimetal ontrol of fan luth 4.62 0.43 2.45Eletroni ontrol of fan luth 2.85 0.20 1.13Optimal ontrol of omplete system 3.40 0.01 0.07Table 4.1: Comparison of the onsumption for the ooling and eletrialsystem obtained on the Koblenz�Trier route with di�erent ontrol strate-gies.The olumns ontain the mean power onsumption P aux in kW, themean fuel onsumption faux in litre/100 km, and the relative fuel on-sumption raux in %. Södertälje - NorrköpingAuxiliary P aux[kW℄ faux[l/100 km℄ raux[%℄Bimetal ontrol of fan luth 4.62 0.43 2.45Eletroni ontrol of fan luth 2.85 0.20 1.13Optimal ontrol of omplete system 3.40 0.01 0.07Table 4.2: Comparison of the onsumption for the ooling and eletrialsystem obtained on the Södertälje�Norrköping route with di�erent on-trol strategies.The olumns ontain the mean power onsumption P auxin kW, the mean fuel onsumption faux in litre/100 km, and the relativefuel onsumption raux in %.eletronially ontrolled fan and the optimal ontrol derived here. The ef-�ieny of the generator is assumed to be the same in all three ases andthe trajetories of the vehile speed, engine torque et. are taken from themeasurement in the wind tunnel. The result is summarised in table 4.1and 4.2. The alulated mean fuel onsumption further illustrate thatthe optimal ontrol utilise the bu�ering apaity in the system. Energyis taken from the engine mostly when it does not in�uene the fuel on-sumption, i.e., when δ = 0. In omparison with the ooling system witheletronially ontrolled fan, the energy saving with the optimal ontrolis lower but still onsiderable.



76 4 Energy Optimal Control of the Cooling System4.4 ConlusionsOptimal ontrol of eletrially driven auxiliaries in the ooling system ofheavy vehiles is derived. The result shows that ontrollable omponentsin onjuntion with predition of external in�uenes o�er a potential tosave fuel in this type of appliation. The saving represents a fration(1-2%) of the total fuel onsumption, but improvements of this order isertainly worth onsidering sine fuel eonomy is one of the most impor-tant performane fators of long haulage truks.



Chapter 5Summary and Future Work5.1 SummaryIn the thesis the energy onsumption of the auxiliary units in heavyvehiles were analysed. Studied auxiliary units were
• Eletrial generator.
• Cooling fan.
• Water pump.
• Air ompressor.
• Air ondition ompressor.
• Oil pump.
• Power steering pump.The potential bene�ts of driving the auxiliaries eletrially were investi-gated. With eletrial drives the output of the auxiliaries an ontinuouslybe adjusted to the desired level and losses present in today's mehanialdrives an be removed.The thesis started with an introdutory survey over the auxiliary unitsas they are designed today and how they in�uene the overall fuel eon-omy of the vehile. The simulation indiated that the total part of thefuel onsumption that an be derived from the onsidered auxiliary unitsis in the range of 4.7% to 7.3%. The performed survey gives an upper



78 5 Summary and Future Worklimit on what fuel saving that an be ahieved if the auxiliary units areredesigned. Clearly one annot expet to gain more than part of the to-tal fuel onsumption of the urrent systems. The study illustrates therelation between the energy onsumption of the auxiliary systems.A model library, whih an be used to evaluate novel drive systems andontrol priniples for the auxiliary units, was developed in the modellinglanguage Modelia. The library ontains a mixture of models developedfrom physial priniples and models �tted to olleted data. Modelling ofthe ooling system was desribed in some detail. Simulation results areompared with measurement data from tests in a wind tunnel.A ase study on energy optimal ontrol of the ooling and the ele-trial system was presented. Optimal ontrol theory was employed toderive the ontrol of the eletrial generator, and the water pump andthe ooling fan, whih both were supposed to be eletrially driven. Theoptimal ontroller gave a signi�ant energy saving. The assumptions onthe eletrial omponents are preliminary, in order to give more preiseestimates of the ahievable energy saving, re�ned models need to be de-rived in future studies.5.2 Future WorkIn this setion some proposals for future work are disussed. The disus-sion is organised aording to the hapters in the thesis.Evaluating energy onsumptionThe simulations performed in hapter 2 gives estimate on the fuel on-sumption aused by the auxiliary units. In order to inrease the aurayof the estimation, some of assumptions that de�ne the operation of theauxiliaries need to be further veri�ed with measurements. For instane,more statistis on the operation of the auxiliaries ould be gathered fromtruks running in daily operation. Further, the de�nition of the drive y-les of the vehile should be extended to inlude engine idling. Statistisolleted in long-haulage truks in �eld operation indiates that the idlingtime onstitutes a non-negligible part of the total operating time, up to�ve to ten perents. An adequate amount of idling time should be in-luded in the drive yles used in future investigations in order to obtainresults that better re�et the average onsumption of the auxiliaries inreal-life operation. If idle time is inluded, the relative onsumption ofthe generator and the air onditioning ompressor are likely to inrease.



5.2 Future Work 79Modelling energy onsumptionThe model library presented in 3 should be extended to inlude modellingof all of the auxiliary systems. The work with the simpli�ed models inhapter 2 an serve as a good starting point when developing models inModelia for the library. Simultaneously, there is a need to inorporateless a omplex model of the ooling system in the Modelia library. Thepresented model in is omputational expensive in relation to the rest ofthe vehile model. The level of detail inluded in the model may not beneeded in simulations where only the total e�et of the on the fuel on-sumption is of interest. For this purposes, a model like the ooling modelused in hapter 2 is preferable. On the other hand, for spei� studies ofthe ooling system, the model in hapter 3 is not detailed enough. Forinstane, e�ets from exhaust gas reirulation (EGR) are not expliitlyhandled. Hene, it is desired that the library ould be extended withmodels with various level of detail.Deriving energy optimal ontrolThe optimal ontrol derived in hapter 4 gives an indiation on ahievableperformane, but is not intended for diret implementation. Further workon ontroller design and predition of the future in�uenes are needed inorder to implement a similar sheme in the vehile.To be able to implement an energy optimal ontrol of the auxiliaryunits it is important to onsider the onstraints imposed by the avail-able hardware in vehiles. It is not foreseen in a near future that a trueoptimal ontrol strategy an be implemented in the vehile. Thereforesuboptimal strategies have to be onsidered. One possible strategy in-ludes simplifying the system dynamis with a time disrete and piee-wise a�ne system, see e.g. [BABH00℄. In this setting it is possible toderive an expliit solution. However, the expliit solution is not prati-able with a predition horizon of any onsiderable length. To solve themixed integer problem resulting from this problem formulation online isprobable not possible either. Another possible way to proeed ould beto apply dynami programming, see [FB04℄. Unfortunately, disrete dy-nami programming does not seem to sale very well to larger systemswith several states. Perhaps ontrollers of traditional struture an betuned to ahieve performane lose to the optimum. An issue to addressin future work is then how preditions of the future an be inorporatedin suh a struture.Predition of external in�uenes used in the ontrol sheme an on



80 5 Summary and Future Workpriniple be realised as outlined in hapter 4: GPS reeivers are beom-ing ommon in vehiles as they are utilised in navigation and anti-theftsystems. With the navigation systems follows digitalised maps overinglarge parts of the road net. Predition of the external in�uenes an in beobtained if a vehile model is simulated on the road ahead. However, howto get an aeptable auray of the preditions might not be straight-forward. Future work is needed to analyse auray and implementationissues of predition algorithms.
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