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Abstract

As one of the most promising approaches for reducing automotive fuel consumption
and emissionsthe emergence of the powertrain hybridization technology, has inspired
extensive research efforts on hybviehicle architecture desigrparameter optimization
ard hybrid energy managemestrategydevelopmentHowever, thehigh complexity and
considerableeconomicand timecost of constructing or physically modifyingcamplete
hybrid powertrain systenseriouslylimit the experimental investigation ahe hybrid
powertrain dynamics ad hence, greatly deterthe systematictesting, analysis and
characterizationof the hybrid powertrainoperatioml performance. As a result, gh
deficiency and inflexibility of the experimental meamwsenvironmenhasalreadyslowed
down the continuousinnovationson hybrid powertrainsystem designgcontrol and
optimization To provide an accurate and flexible hybrid powertrain emulasiod
experimentaltool, a rapidprototyping hybrid powertrain research platform, which
employs a trasient hydrostatic dynamometer that emulates the dynamics of various
hybrid power sources and hybrid architectures, is proposed. dBsignwill greatly
expedite the research on various hybrid architectures and control methodologies, without
physically buiding the complete hybrid powertrain systéfn.accomplisithe design and
control of this hybrid powertrain research platform, research work in three levels (low
level, middle level and high level) has been proposed and carried out.

First, in the low levesystem, as the basic physical hardware ingredient in the
research platform, a hydrostatic dynamometer with an electronically controlled load

sensing mechanism was designed and implemeRtedhe modebased control design,



the high-order, physicsbased dynamic models ofthe dynamometersystem were
formulated identified and validated with experimental data. Totoal the dynamometer
enginesystemto follow the desiredspeed/torque profiles, systematic nonlinear tracking
control strategies (nonlinear mhelbased inversion control, and state feedback control
via feedback linearization) were investigated and implemented. Less-Bfantidcking
errors for engine speed control have been realized in experiments.

Secondwith the wellcontrolled transient dyamometers aflexible torque source
the hybrid powertrain simulation and control architecture was designed for
experimentallyrealizing the hardwarm-the-loop (HIL) hybrid powertrain operation
emulation. Particularly, corresponding to the midélel system (hybrid powertrain
control and HIL simulation systemjhe systemdecoupliy based hybrid powertrain
SISO controlwasfirst designed, and furthentegrated with an adaptive driver model, a
dynamic programming (DP) energy optimization stratégigh-level system contro))
and a nonlinear dynamometer torque contrdliew-level system camol). The driving-
cycle HIL experimentalresultshavedemonstrate that the overall control system based
on the SISO midlevel control is capable to realize theatively accurateoperation
emulation of the targetedybrid powertrainsystem Further,the overall dynamics of the
powersplit hybrid powertrain systenwere analyzed and consequently,the most
important characteristics of its dynamiiehaviorswere extracted. On this basisto
overcomeheinherent limitation®f the SISOmid-level controlon transientesponsand
further improve the transiérengine operatiorfspeed/torqudracking, a multivariable

controllerwas designed tastrategicallycoordinatethe enginetorquecontrol and hybrid



torques control during the hybrid powertrain operation emulatiarhe experimental
resultshavevalidatad that the design and implementation of thaltivariable midlevel
control is capable todevelopa good balance ofhé optimized engine speed/torque
profiles tracking durindast transientg the hybrid powertrain system

Third, on the basis of precise hybrigherationemulation the highlevel system
designin this research platfornfocuses on the hybrid energy nmmeagement strategy
developmentThe researchemphasesre laid on making use of the redime optimal
controls tocompensate the transient loss of both the fuel efficiency and ensissioich
areinduced by the dynamic modsimplification (rder reductiohto fit for the usagef
the DP/SDP algorithms including 1) On the one handio develop a fast andhore
accurate hybrid energy management strafegyhe realtime fuel consumption optimal
control, astochastic dynamic programmingextremum seeking (SBDBS) optimization
algorithm,was developedavith both the system states and outputs feedback. First, this
SDRES algorithm utized a SDPstatefeedback control as a reference feedback term for
the approximate globalenergyopt i mal i t y  statedof chaage t(S0Cly 6 s
sustainability. Then more importantly, this algorithm injeeda Al ocal 6 f eedba
viathe ES, which is a normodetbased nonlinear optimization meatscompensate the
control commands from the SDBY leveraging the redime measurenm# of system
output(fuel consumption)Consequently,nis SDRES optimization algorithngeneratd
more fuelefficientengineoperation points along the specifiattery SOC sustaining line
2) On theother hand, targeted at achievinthe transient emissits reductionwithout

significant loss onthe global energy optimalitya fitwo-mode hybrid energy



management strategyas designed based on @ntrotoriented autoregressive (AR)

diesel engine emission model I n t he Af uel ef fi cilgerithmy | mpr
was used to seek the global optimization of the fuel economy and enthedattery
SOCsustainability; while in the HAemission
utilized a linear quadratic regulator (LQR) to locally optimize the surgingssions due

to undesired engine torque transients. At
locally optimized engine operatiowas driven back to match the globally optimized
trajectory, i . e., the initial fmades DHi st
seamless integration of the two modeas realized the reduction of the high local
emissions without losing the global fuel efficiency optimality and battery SOC

sustainability.
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Chapter 1
Introduction and ResearchQOutline

This chapter presesnthe researchbackground, motivation and tleverall research
achievementsin Section 1.1, théasic concept and characteristics of the automotive
powertrainhybridizationwill be introduced and owesearclobjectivewill be preseted.

In Section 1.2,by analyzingthe challenges of the hybrid powertrain technology
developmentour proposedsolution of developinga rapid prototyping hybrid research
platform will be presented Around ths solution Sectios 1.3, 1.4,1.5 and 1.6will
review the existing resultsand provide an overview of ouesearchobjectivesand
contributionsin three levels: lowevel, middle level andhigh level, respectivelyFinally,

theresearch achievements in every chapter will be outiim&#®ction 17.
1.1 BACKGROUND

With the rapid growth of personal transportatedhover the world improving fuel
efficiency and reducing emissions has become the main target for automotive powertrain
researcl1]. In recent yearshe everincreasing demand for reducing fuel consumption
and emissions hastrongly driven the research of new powertrain concepts and
technologiesincluding hybrid powertrain, advanced combustion, efficient and compact
transmission, alternative fuels, gaseous padiculate emission reductioand so on
Those new concepts and technologies greatly increase the degrees of freedom to optimize
or even, completely transform the design, operation and control of the automotive
propulsion system. However, the dynamichdeéors of the proposed innovations and
their interactions with the vehicle are often much more complicatedtbae int od ay 6 s
automobiles As a result it becomesvery difficult to precisely quantify the associated
benefits and limitations dheseinnovationsin a realistic operating environment

Powertrain hybridization has been widely accepted as one of the most promising

solutions for addressing éhenergy andenvironmentalissues in both personal and
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commercial transportatiof?]. The basic idea of a hybrid powertrain is to introduce an
alternative power source besides the traditiontdrnal combustionengine (ICE) and
further,to coordinate the operation of the ICE and the alternative power souasetso
improve tte fuel efficiency and driving performance of the overall systel®]. These
powertrainsystems aresuallyreferred to as electrical variable transmission (EMT or
hydromechanical transmissionHMT) [5] since they replace the conventional
mechanical transmission by adding electrical or hydraulic actuators that form the hybrid
transmission.In recent years, in terms of the types of the alternative power source,
various hybrid vehicle (HV) concepts have been proposed, including hybrid electric
vehicles(HEVs) [6]-[7], hydraulic hybrid vehiclegHHVS) [5], [8]-[9], and pneumatic
hybrid vehicles(PHVs) [10]-[11]. Typically in the HEVs, the alternative power source
refers to theelectricgenerataimotor fed by the battery; vilb in the HHVs, the hydraulic
pump/motor fed by the hydraulic accumulator is employed as the alternative power
source. Compared with tloly ICE system, the hybrid powertrain system can reduce the

fuel consumptiorby means of2], [12]-[13]:

1 Engine downsizing since the alternative power source can provide part of the
traction power during the acceleration phases so as to reduce the demand of peak
power of the ICE, thengine in a hybrid vehicle can be designed to be of a smaller

size and thus, with betterfuel efficiency.

1 Operation optimization since the alternative power source has the capability of
storing (or,supplemering) the excess (odeficien) power,the operating points
(torque/speedpf the ICE can be adjusted and maintained around the-high

efficiency area in the engine map to maximize the fuel efficiency.

1 Regenerative braking the alternative power sourcean capture part of the
vehicle kinetic engyy when the vehicle is deceleratibgaking, so as to reduce

the waste energy.

However, 1 is worth noting thatas a typical case of the advanced automotive
technologies listed above, thaultidisciplinary natue and complex dynamic behasaof

the hybrd powertrain make it difficult to accurately quantify and therefore, leverage its
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inherentadvantages and eliminate its potential disadvantdgaesexample within a
hybrid vehicle, the enginenay shut down and restart much more frequently than a
convenional vehicle to save fugll3]; however, the frequent restart of the engine may
have a negative impact on emissions and driveline vibrftijn

Consequently, to realize the desired benefitshefnibvel powertrain technologies
without losing the gains in other aspects, accurate performance analysis based on
experimental investigation becomes especially important, which in turn asks for a rapid,
flexible and precise research platform for testinggasurement and analysis. With
developingthe advanced hybrid powertrain asdinal target, to develop suchrasearch
platform is exactly the focus of thisesis

1.2 RESEARCH OBJECTIVES

1.2.1 Challenges of the Hybrid Powertrain Research

Driven by the great expectationfor the powertrain hybridization technology,
extensive investigations drybrid powertrain design and control have been conducted in
recent years, and variotschnicalsolutionshave been proposed (see Section 1.4.1 and
1.5.1 for details However,as introduced in the last section, the seamless usage of the
powertrain hybridization technology in the vehicle is challenging due to the effect of the
complexsystemdynamic. Derived from this factwo technical barriershat seriously
limit the capabilityof accurately testing and further researching new hydmétlitecture

andcontrol methodologiesnclude
1 Transient and | nterconnectedDynamics

Under real drivingenvironmeng, the transient and inteonnected dynamicsf the
hybrid powentain system(typically, the dynamic interactions between the ICE and the
alternative power sources, dynamic interactions between the ICE and the driveline, the
internal combustion dynamics of ICE, and so baye significant impacts on the fuel
efficiency, emissions and driving performancgheseinterconnected dynamicssually
cannot be captured with low order modeidiich make it difficult toprecisdy control

and optinize therealworld hybrid powertrain operatioanly with the purly simulation
3



based mvestigation. Thus, the experimental validation and investigation become
especiallymportantfor the improvement of the hybrid powertrain technologies.

1 Complexity and Cost of Constructing a Physical Hybrid System

Conventionally, a physicdlybrid powertran testbedincludesthe whole powertrain
system ICE, alternative power sourcg energy storage unithybrid transmission,
driveline and vehicle load. Usually, only the vehicle load replaced with a
dynamometer Obviously, it is very timeconsuming andcostly to build such a
complicated testing systerAny further modification of the architecture or sizing of the
hybrid system(for example, the size qrowerof the electric motor, the gear ratio of the
planetary gear setyill require significant redesig and reconstruction of the testing
system.This barrierseriously slows down the experimental investigation of various
hybrid powertrain architecture designs andoptimizatiors. Thus, the experimental
investigation based on a plyehysical system is alsproved tobe inefficientfor the

rapid improvement of the hybrid powertrain technologies.

1.2.2 Proposed Solution: Rapid Prototyping Hybrid Powertrain

Research Platform

Based on the analysis in Section 1.2.1, on the one hand, the research based on the
ffully virtuald hybrid powertrain (which is, tgurely simulate the whole powertrain
system including the engingéransmission and driveline dynamics theans of some
software packaggscannot provide accurate enoudgedback to guide the research
activitieson the hybrid powertrain; on the other hand, the research based tiullyre
reab hybrid powertrainis actuallyinefficient and too costly to a large extent. Them, t
greatly expedite the investigation of hybrid powertragmtrol a fisemtvirtuald hybrid
rapid prototyping concept proposed in thigshesis by which thehybrid powertrain
designandoptimizationprocedure can be significantly simplified.

As we know the combustiordynamicsof the IC engine which directly determine
the engine fuel efficiecy and emissia) aretoo complicated to be modeled with a low
order mathemati@pproximation to the contrarythe dynamics of the alternative power
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sources,hybrid transmission, driveline and vehicle load can be described with well
developed modelS herefore, it is feasible to repla@l the hybrid power sourcehybrid
transmission, driveli@and vehicle load with high-bandwidth emulation tooHere we
referthetesbed of t hi svikitrudal ashyfsgedamio. Bigualconstr
hybrid testing is based on the actual engine,-tiéa¢ measurement of fuel consumption

and emissions, and higldelity mathematical models of hybrid power sources and powe

transmission systems

Virtual driver model » Hybrid energy management

N\ o

Virtual hybrid
Dynamometer powertrain Engine
speed/torque 9 (Hardw?re-ln-the- “ speed/torque
controller Loop simulator) Yo controller
_ O irtual
=T || - 2% coupling
- 'y el \

Dynamometer | =4l = 1
(hydraulic pump, e .
motor, valves and v IC Engme

electric control unit)

Actual coupling

Fig. 1.1 Structure diagram of the hybrid powertrain research platform

Following the concept of théisemivirtual hybridb, a rapid prototyping hybrid
powertrain research platform based on a transient hydrostatic dynamonuesigisel,
as shown in Fig.1.1Since a hydrostatic dynamometer system (see Setti®nhas
superior power density and higher bandwidthis an ideal candidate to enabilee
transientemulationcapability, so as to precisetrack fastvarying torque/speed profiles.
This research platform employgs highbandwidth hydrostatic dynamometer to emulate
the dynamic behaviors of ttaternativepower sourcesdrivelineand vehicle loads, and

interact with a multcylinder IC engine in redime. In this platform, the engine fuel
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efficiency and emissions can be measuregtattime andhence the associated benefits
and limitations of various hyll powertrain architectures and control methodologies can
be precisely quantified and systemaliig investigatedby means of experiments

The design of therapidprototyping hybrid powertrain research platform
successfullyovercanes the two technical b#ers discussedn Section 1.2.1, with some

unique advantages as follows:
1 Costeffective andTime-efficient

Without building most of the physatsystemsan important advantage of thapid

prototyping research platformathat itis much more cdseffective and timeefficient.
1 High Precision

In contrast to a Af ul | yroposedesearah patfotms b r i d |
capable oensuringhigh fidelity and precision in experiments as a result @fimeng the
engine, the combustion control systeand other relevantinstrumentation for precise

characterization ahe fuel efficiencyand emissions.

Based on the design logic described abdke control architecturef this hybrid
powertrain research platforms built, as shown in Fig. 1.2With the hydrostatic
dynamometer and engine (in red in Fig2) as the control target, theverall hybrid
powertrain control and simulation system (in black in ER).is the core part of the
research platformlhe control flow within the research platformgisen by:

First, he driver model will produce desiredoutput power corresponding tbe
desired cycleas t he dr icomemandfer the welnidehen, in the high level
system, with this desired power as the reference, the hybrid powertraigy ener
management system will generate an optimal engine operating trajectory based on the
reattime fuel consumption and the SOC (state of charge) of the energy storage unit.
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Fig. 1.2 Control architecture of the rapid prototyping hybrid powertrain research platform

In the middle level system, given the optimized endorgue and speed as the
reference, the virtual hybrid torque controller manipulates the virtual hybrid torques
(electric generator/motor torques) to drive the engine to operate along the optimized

torque and speed trajectory. Meanwhile, the hybrid tressaomn/drivelinehardwarein-
7



thelloop HIL) simulator is simulating the target hybrid system using the-aealeloped
dynamic models (including the alternative power sources, hybrid transmission, driveline
and vehicle load), to produce the hifighelity dynamic responses (primarily, the engine
loading torque) like a reatorld powertrain systenin the low level system, given the
virtual engine loading torque produced by the HIL simulator as the reference, the
dynamometer torque controller will control thgnamometer to emulate the desired
engine loading torque, so as to drive the engiyreamometer system to track the
optimized engine torque and speed profiles. With the combination of theomtttdled
engine torque and engine loading (dynamometer) toripgeengine will operate at the
virtual hybrid modes.

To construct thaedesigne hybrid research platform, three levelsrefearchtasks
need tobe achieved,ncluding 1) Low level: design and control of the transient
hydraulic dynamometer, which willrpvides the hardware ingredient for ttesigne
platform and essentially ensure the dynaneicailationcapability of the whole system;
2) Middle level and system integration: control and HIL testing of the-s&taal hybrid
powertrain, and also, contrahtegration of the inteconnected low/middle/high level
systems in the researphatform; 3) High level: design and experimental validation of the
optimal hybrid energy management stratefyy fuel consumption and emission
optimization which can beconsdered asa demonstration of the designed hybrid
powertrain researchlgdform and more significantlyan advanced study in the core area

of the hybrid powertraidevelopment

1.3 LOW LEVEL: DESIGN AND CONTROL OF A
TRANSIENT HYDRAULIC DYNAMOMETER

The tansient hydrostatic dynamometer is the basic hardware ingredient and critical
dynamic emulation tool of the proposed hybrid powertrain research platihather
this dynamometer has the sufficigrdansient torque/speed tracking capability to emulate
the dynamic behavior of the realvorld hybrid powertrain will be cruciato the
implementation of the proposed platform. Thus, with tdrget of developing a precise

8



and fastresponse hybrid dynamiemulating tool, the emphasis of the researckthe
low level is laid onthe design, modeling and control of the hydrostatic dynamometer
[15]-[17], which will besummarizedn Sectionl.3.2

1.3.1 Literature Review

Dynamometes have long been used to temitomotive powertrain systerby
emulating the loading conditions that may be experienced irwadd driving scenarios
[18]. As a loadhg/motoringunit t he dy namo meproeide ,fi aibfs omr ebme s(so
torque from (orto) the engine. Driven by the combustion force and the dgraater
torque, the enginecan follow desired speed and acceleration profilaad hence
operating at desired torquspeed conditionsfor fuel efficiency emissions and
performance testinglraditionally automotive powertrain research has been conducted
with electromagnetic dynamometeHowever, arimportantconstraintthat degrade the
transienttracking capability ofthe electromagnetic dynamometexists, which isthe
limited power or torquecdt weight ratio. As the torque or power of a dynamometer
increases so does the inertiithe electromagnetic dynamometerBhis fact makes it
very difficult to precisely emulate the transient behavairthe powertrain systems that
are experienced in thealworld driving scenario. The bulky size also makes it hard for
reconfiguration for different testing purposes.

As mentioned before, a lot of rapidgmerginginnovations on the automotive
propulsion systemequiresignificant flexibilities and tranent capabilities of thdesting
tool. This calls for a new generation of transient dynamometers that are fast, precise and
flexible. Given its superior power density, low inertia, and high bandwidth, the
hydrostatic dynamometer is an ideal candidate Her iext generation dynamometers.
The hydrostaticdynamometer drives the engine with thalrostatictorque generated by
the fluid pressure, which provides it with large traction torque but very small angular
moment of inertia (which is, much less than #lectromagnetic dynamometer with
similar output torque)19]. Some studies othe design control andimplementation of

the hydrostatic dynamometghave beemeported as follows:



Existing Hydrostatic Dynamometer Architectures

The research onhe highbandwidth hydrostatic dynamometstarted from late
198Gs [20]-[21]. The development of the dynamometer architecture design is mainly
demonstrated by various actuationthoels for the hydraulic torque contrand the
increasing complexity of the hydraulic loop design. In early 1990s, Schenck PgfHsus
designeda hydrostatic dynamometer composed of a primary flow compensation
pump/motor anda secondary torque absorbing pump/mo@iren a constant pressure
drop, the dynamometer torgwas only controlled by modulating the displacement of the
secondary pump/motof22]. Ghaffarzadeh et al. [23] proposed ahydrostatic
dynamometerwhich employeda variable pump displacementontrol unit anda relief
valve that controls the pump outlet pressungth a fixed inlet pressure control; while
Dorey and Wang[20] proposed another hydrostatic dynamometer which employed a
two-stage servaontrolled load valvdor pumpoutlet pressure control and a tstage
boost relief valve for pump inlet pressure high/low adjustment, with a fixed pump
displacement. Both of the twadynamometere&mployed two variables (including at least
one pressure control) to establish the hydraulic torque as engine loads, which improves
the flexibility and bandwidth for the dynamometer torque control.

In [22],[24]-[25], Babbit et alpresentda high bandwidthhydrostatic dynamometer
for powertrain transient tas. A pressure relief valve and servo valves are employed to
control the pump/motor inlet and outleepsures respectivel@n this basis, aasingle
cylinder engindesting tool, anothetransient hydrostatic dynamometgas designedy
Lathi et al.in [26]-[28]. Specifically, wth a highbandwidh servovalveit separatd the
system intoa motor circuit anda pump circuit togeneratethe high/low inlet pressure
corresponding tonotoring/absorbingorqueconditionsrespectively so as to optimize the
power efficiency and dynamic response. Thdgnamometeraims to drive a single
cylinder engine tgroducethe instantaneous speed trajectory as a raylinder engine
Recently, a hydrostatiabsorptiondynamometeincorporating a twesection gear pump
and a pressure relief valvmas beerdeveloped i[29] for testingsmall to medium sized

engines
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Existing Hydrostatic Dynamometer Control Desigrs

Rapid and precise control of the dynamometer torque/speed is the primary
requirement of the hydrostatic dynamometer controlgiedihis requiremenpresents a
serious technical challenge since the system involves multivariable nonlinear dynamics,
which cannot be easily modeled with a linear approximation. In addition, the system
variables (torque, pressure, speed and flow raee)cksely coupled, and therefore a
simple reduction in their dynamic interactions is not feasible. Some research work on
control design for electromagnetic dynamometers has been redda&g(B0]-[32].
However, few papers have been published on the modeling and control of hydrostatic
dynamoméers Dorey and WangR0] proposed a modeeferenceadaptive controller for
the hydraulictorque cotrol. It simplified the system model by designing a proper PID
controller toleadto a closedoop system response like a first order system, and then,
designed the adaptive control law with respect to the simplified model to achieve the
torque control. Bhabit, et al. [22] designed a PID controller for the hydraulic torque
control with the linearized model around some typical operating pdiiskwa and
Lathi [28] designed cascaded feedforward gus>D controllers for the hydraulic torque

control with the cascaded nonlinear model.

1.3.2 Research Summary

The designand controlof the hydrostatic dynamometttat meetthe needs of the
proposed hybrid powertrain research platfonave been achieved Some unique or
significant contributiongn the lowlevel system desigare summaredas follows:

1) Unique architecture design modeling and systemdecoupling of the
hydrostatic dynamometer

Different from theexistingdynamometer architectures reviewedhe last section, a
threecontrolvariables hydraulic system with an electronically controlled load sensing
mechanism isdesigned[16]-[17], as shown in Fig 1.3, to provide more control
flexibilities and maintaira good balance between system controllability and respOmse.

this basis, ghysicsbased 9tkorder nonlinear model is constructed and validated with
11



experiments. The decoupling of this system, which is critical to the successful

implementation of the nonlinear coats, is realized by leveragintg unique structure.
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Fig. 1.3 Schematic diagram of the designed hydrostatic dynamometer

2) Systematic nonlinear controk for the transient hydrostatic dynamometer

We developa state feedback control via feedback linearizationctoeae precise
and fast response tracking control for the engine speed. As a benchmark, a nonlinear
inversion plus PID control is also implemented. Moreover, we apply Kalman filtering to
obtain smooth signals of engine speed/acceleration, which is nifectivef than the low

pass filter or other type of observers for this application.

1.4 MIDDLE LEVEL: HYBRID POWERTRAIN RESEARCH
PLATFORM ARCHITECTURE DESIGN AND HYBRID
POWERTRAIN CONTROL INTEGRATION

With the transient dynamometer and its related comstystem as the basic torque
tool, thehybrid powertrain platform design focuses on constructing a whole set of virtual

hybrid powertrain simulation and control system, and integrating it with the
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dynamometer control system and engine control system iphyscal level, to realize
the hybrid powertrain dynamics emulatioand hence, enable the experimental
investigation of the targeted hybridrchitecture and control strategie$33]-[34].
Particulary, the experimental investigation of powersplit hybrid architecture (Toyota

THS) usingthe rapid prototyping platformas been conducted
1.4.1 Literature Review

Existing Hybrid Powertrain Architecture s

Various hybrid architectures can be accuratelydeted and HIL simulated in the
hybrid powertrain research platform. In termstloeé mechanical architecture, HVs can be
dividedinto three categories: parallel hybrids, series hybridspamersplit hybrids[2].

The serieshybrid architecture[35]-[36], as shown inFig. 1.4 (a), converts the
overall mechanical energy from the ICE into the electric energy stored in the storage
battery, and further, converts tldectric energy into the traction power by a traction
motor to drive the vehicle. It igctuallyequivalentto add an ICKJjeneratotto a battery
powered pure electric vehicle (EV) as the primary energy sodrce. prominent
advantages of the series hybarthite¢ure includes: 1)mechanial decoupling between
the ICE and the vehicle which provides the absdietability for the engine to operate
at the very narrow optimal area with high fuel efficiency; 2) betwguespeed
characteristic of the electric tramh motor, especially in the launching phase. However,
an obvious drawback for the seriaschitectureexists, which is, the double energy
conversions induces more energy lossdduce theoverall powertrain efficiency In

addition a large energy storagéement isneed.
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Fig. 1.4 Diagram of the typical hybrid powertrain architectures

The parallelhybrid architecturg37], as shown irig. 1.4 (b), allows both the ICE
and electric motor to supply the traction power to thehicle through a mechanical

coupling.Eitherthe mechanical and electpower path can drive theshicle individually
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or collaboratively. Tis parallel design greatly redisdbe energy loss due tonecessary
energy conversion from the ICE to electric motblowever, it cannot maintain the
ergine operating points in the optimal higFiciency area because of the mechanical
coupling (i.e., speed coupling) between the enginelakhicle

The powersplit hybrid architecture[12], also known as serigzarallel hylid, as
shown inFig. 1.4 (c), combine the advantages of both the two previous architectures. It
employs a planetary gear set to split the engine power into two parts: one part is
transferred to the driveline directly and the other part passesigtreersor-battery
motoro pathto the driveline With the specific mechanicabnfigurationof the planetary
gear set, the engine speed and vehicle speecbarpletely decoupled, which allewo
flexibly adjustthe engine operating poitd an arbitrary positioin the engine map, to
improve the powertrain fuel efficiency.

Among the three typical hybrid architectures, the pespdit transmission &s some
more distinguished advantages, but also brings more complex control problems due to its
higher degree of frelm. In thisthesis we dedicate to emulate the operation of the
Toyota THS powersplit hybrid architecture and on this basis, investigate the
characteristics of the various hybrid architectures and cangtiiodologies

Existing Hybrid Powertrain Control Algorithms

In the powekrsplit hybrid powertrain system, the desired vehiclepeed and
optimizedenginespeed/torquevill be realized by controllingpoththe engindorqueand
hybrid torques(usually, torquesfrom the electric machingsThe design of tlsi hybrid
powertrain control will decide whether the optimized engine operation and designed
vehicle operation can @multaneouly satisfied and further, to a large exteletermine
the energyoptimality and drivability of the hybrid vehicles. Therefothe study of the
hybrid powertrain control will be significant in the hybrid powertrain development.

Reference [38] first proposed theystemdecouplingbasedcontrol strategy(SISO
controls) of the electric hybrid torqueshich makes use of the electric generator to
control the generator speed (equivalently, engine speed) and the electric motor to
compensatéhe driving power of the whole vehicle. [h2] the SISO based controlgere
further impraved and applied to cooperateith different energy management strategies.
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Further, the limitations of the SISO based contré®iminimum phaseissues) in the
automotive powertrain wasdirectly unveiled in [39], and a MIMO control was
designed to overcome the undesired dynamic responses on vehicle speed control based on
a continuously variable transmission (CVT) system. On this basieference[40]
discussed some simil@nornminimum-phasezera phenomena in the powseplit hybrid
powertrain systemanddesigned a centralized (MIMO) torque congodto eliminate the

transient inverselectric generatailorque
1.4.2 Research Summary

1) Architecture design and controllers integration of the hybrid powertrain
research platform

In order to achieve the retine hybrid powertrain emulation, we devedojthe
control architecture to integrate thhysicalsystems (dynamometer, engine, etc) and the
virtual hybrid powertrain simulator and controllerghe control flow is weHldesigned to
not only guarantee the operation of the research platform close to tiveor&hhybrid
powertrain operation, but also make the whole systensistenand stableln terms of
control design, arresponding to theeach level in the hybrid powertrainresearch
platform an adaptive driver model, a DP based energy management strategsteen
decoupling basedhiddle-level control, and a feedbadikearization based dynamometer
torque control are designead integratedespectively.

2) Dynamic analysis of thenybrid powertrain system andmultivariable middle-
level control design

The analysis of thelynamic interactions between theybrid powertrainsystem
outputs and inputsoncludes thathe decouplingbasedSISOhybrid powertraincontrols
have some inherent limitations on transient engine speed tracking, due to the existence of
the electric constraints and some negative interactions within the system dynemics
solve this problem and further improve the transiengiree operationa multivariable
middle-level controller is designed to make full use of the transient engine torque to
compensate the deficiency of the drive torque when the engine jumpsri®operating

point to anotherso as to produce a good balant¢éhe engine transient speed and torque
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tracking with relatively moderate usage of the electric power

1.5 HIGH LEVEL (ENERGY OPTIMIZATION ): DESIGN OF
THE REAL-TIME SDP-ES ENERGY MANAGEMENT
STRATEGY

Among the various related technologies on hybridwertrain, the energy
management strategy playgrical role. The main objective of the energy management
strategies is to minimize the fuel consumption and other significant performance index
(for example, emissions) by determining the power split etwthe ICE and the
alternative energy sourcels. essencethe energy management is a global optimization
problem along a finite time horizon (driving cycle). In principle, it is not necessary to
minimize the fuel masBow rate at each instant of timeutorather the total fuel
(emissions) consumed duritige whole driving missionln order to leverage the existing
modetbased globabptimizationtool (stochastic dynamic programming) and the-non
modetbased reatime optimizdion tool (extremum seeking)a SDPES energy

management algorithm designed41] and introduced in Section 1.5.2
1.5.1 Literature Review

In recent years, ost of the researchen the hybrid powertrain areay their
emphasis on the optimal algoritrstrategy of energy management and extensive
simulation or experimental investigations in this aheae been conductgd?2]-[13],
[37]-[45]. The existing optimal approaches are grouped into three categories.

Rule-based management strategies

Many existing energy management strategies arebased[42]-[46], because of
the ease of # switching control among various operating modes, without huge
computational burdens. The red@sed control employs a set of evarggered rules to
ontline manipulate the operation of the hybrid powertrain with respect to different driving

scenarios,dr exampl e, Astart o, Acrui seo, Ahard
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which are defined by the values of current

brake pedabndaccelerator pedal. The decision about the pespét ratio depends on
the pre-defined rules corresponding to the current driving scenarios and the state of
charge (SOC) of the storage up®]. The rulebased control strategy usually produces
relatively high but not absolute optimal fuel efficiency

Infinite (finite) horizon optimal management strategies

As the most importanbptimizationtool for the global hybrid powertrain energy
control problem, dynamic programming (DP) which globally optimsizine fuel
efficiency and reduce the emissiofy searching through all feasible control actions
backwards along the givedriving cycle for all the states which presents the energy
status and operating situations. Because of the huge computational burden and
requirement for the future information, thé?based algorithm loses the capability for
reattime implementation. Thus, extensive compromised suboptimal algorithms for real
time implementation are introduced. Lin et pl3] designeda DP based rukbased
strategy thaextracted the neaoptimal rules from the DP optimal results for some typical
driving cycles. Kolmanovsky, et a[47] and Lin, et al.[48] proposeda stochastic
dynamic programming (SDP) energy mamiagnt strategy, which extracts the optimal
control policy based on the power demand statistics of multiple driving cycles, iwith a
assumption that the power demand of the driver can be presented by a underlying Markov
process. Liu, et al[45] developed the SDP algorithm for the tdegreeof-freedom
powersplit HEV, Meyer, et al.[49] developed the SDP algorithm for the HHV
application and Moura, et al. [50] applied theSDP algorithm to the Ipg-in hybrid
electric vehicles (PHEV). Further, Tate, et al[51]-[52] proposed the shorteptth
stochastic dynamic programming (SBP), which introduced some more statheat
represenafit er mi n al iato theoonigihal tSDRo algorithmso asto absorb the
system dynamics to this terminékéy offo) condition in the iterative process but without
discounted future cost, amgiantify the penalty for the deviation of thieal SOC from a
set pointonly at key off conditionThis kind of improved SDP algorithm offers a more
natural formulation of the optimal control problem. Moreov@pila, et al.[53] further
incorporag the divability metrics intothe SRSDP @timal drateg.
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As an alternative of the reaime optimal algorithm, Borhan, et 4b4] proposed a
model predictive control (MPC) based optimal algorithm for minimizing the fuel
consumption based on arritive prediction of the model outputs along a finite future
time horizon, forthe HEV application Dappen, et al[55] improve this MPC optimal
algorithm for the HHV application.

Instantaneous optimal management strategies

Compared with the infinite (finite) horizon optimal algorithm, the instantaneous
optimal algorithm focuses on locally optimizing the instantaneous energy efficiency point
by point, instead of the global optimizatidraganelli et al.[56] proposed a equivalent
consumption minimization strategy (ECMS), which converses the instantaneous electric
power into estimated equivalent fuel consumption, so as to realize the instantaneous
minimization of the gross fuel consumptions. Gmistbasis, Musardo, et aJ57]
improved an adaptive ECMS {BCMS) algorithm which adaptively estimates the power
equivalent factor with the record for the past information and the prediction for the future
conditions, to fit ér various driving conditions. Theoretically, Serrao, e{%8] proved
ECMS can be treated as a realization of F
powertrain control. Liu, et a[12] improvedthe ECMS algorithm for the twedegreeof-
freedom powesplit HEV and compared the optimal results with the SDP algorithm.

In addition, many other optimal algorithms, for example, the variable structure
control based on Pon t[59)yfazgyilogi§60], arificalineutalm pr i n

networks[61], are &0 published in recent years.
1.5.2 Research Summary

Based onthe existing hybrid energyoptimal algorithms some studies on the
advanced optimal control are achieved. The main contrilBisummarizeds:

Design and development of the real-time SDP-ES energy optimization
algorithm

A stateplus-outputfeedback SDRES energy management stratedyas been
deweloped, to get a bettdralancebetweenoptimality and realtime controlbehaviors

This strategycombines a statfeedback based global energptimizationtool (SDP)
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[62]-[64] asareferencecontoller to ensure the approximate global energy optimality and
batterySOC sustainabilityand a outpufeedback based local energgtimization(ES)

as a compensatiorcontroler to compensate the control commands from the SDP and
generate more fuddfficient operation points along the specific SOC sustaining Trhés
design actually Al oosenso the precision
to reduce the computation burden by model simplification.

16 HIGH LEVEL (EMISSION OPTIMIZATION ): TRANSIENT
EMISSIONS MODELING AND DESIGN OF THE TWO-MODE
ENERGY MANAGEMENT ST RATEGY

Due to the complex physical/chemical nature of the engine combustion process, the
engine power conversion and the gaseous/particulate emissions generation have quite
different dynamics. Therefore, it is difficult to simultaneously and precisely optimize
both the engine fuel efficiency and emissions, especially when we realize that the
transient engine behaviors have significant influence on the emisdibiss.issue is
especaally amplified by the potential wide application of the diesel engine in the hybrid
vehicles design, because of its higher fuel efficiency but more serious emissanky,

NOx and soot]65] at both steadgtates and transiés (the latterin particular,is worth
studying [66]. Targeted at achieving both the global energy optimization and transient
emissions reductiobased on a diesel hybrid electric vehicte twid-moded hy br i d
energy manageme strategy iglesigned based on a dataven diesel engine emissions

dynamicmodel[67], as introduced in Section 1.6.2.
1.6.1 Literature Review

Large amount of work has been reported on optimizing the fuel efficiencyaolyste
state emissions in the hybrid powertrain system. However, relatively fewer studies are
conducted to reduce the transient emissions of the diesel engine or diesel HEVs. Typical
transient emissions control methods include: 1) controlling the tempeetfect (for
exampl e, l' i miting the fAengine offo ti me
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controlling the torque effect (smoothing the engine torque trajectory to avoid the sharp
torque changes). The latter method has already been used in thd wgbicle
supervigry strategy desigrin [68], the abrupt engine dynamic behaviors are reduced by
compensating the torque demand with an electric motor in abased strategy.
Referencd69] optimized the soot emission of an ISG diesel HEV by using a transient
emission modebased optimal control strategy, in which a model predictive control
algorithm was designed to realize the optimization for fuel efficiency and emissions.
Recently, a selfearning neuredynamic programming algorithm is proposed to minimize
the fuel consumption and transient NOx/soot emissions for a series hybrid hydraulic
vehicle, based on the higitder transient emission dynamic modgr®]. Reently,
reference[71] investigates and demonstrates the NOx and Soot emission optimization
performance with the quastatic and transient emission models considered in the
dynamic programming. In R¢72], by correcting the engine torque based on mean value
models for theengineEGR dynamics and NOx formation, ttransientengine torque is
limited so as to produce a significant NOx reduction with limited increase in the fuel

consumption.
1.6.2 Resarch Summary

As a significant attempt on the development of the hybrid energy management
strategy for reducing both the fuel consumption and the (dynamic) emissions, some
contributions have been achieved as follows

Formulation, identification and validation of a control-oriented engine emission
dynamic model

A controloriented diesel engine emission model is first investigated based on large
amounts of experimental daaifferent from the statienappingbased fuel consumption
model, the emission model ntuswvolve transient dynamicso reflect the complex
physical/chemical process during combustiohs meet the needs of the modbased
emission control and optimization, a relative {ovder, controloriented mathematic
model with wellselected input varides isdesignedby employing an autoregressive

(AR) modeling approaghbased on the usage of theperimentatiata.
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Design and &perimental investigation of theiTwo-Modeo energy management
strategy for emission control

On the basisof the datadriven engne emission dynamic modea fiTwo-Moded
hybrid energy management strategy designed implemented and analyzedin
experimentsl n t he Af uel efficiency improvingo
algorithm is used to seek the global optimization of tred &conomy and ensure the
battery SOC sustainability; while in the
strategy utilizes a linear quadratic regulator (LQR) to locally optimize the surging
emissions due to undesired engine torque transients. At theodnd t he fAemi ss
reducingo mode, the |l ocally optimized eng
globally optimized trajectory, i .e., the i
A mo d'lee seamless integration of the two modes will realize reduction of the high
local emissions without losing the global fuel efficiency optimality and battery SOC
sustainability.

1.7 RESEARCH OUTLINE

In the following chapters of tb thesis all the researchachievementswill be
presentedhn details, agollows:

Chapter 2 (low level design) This chapterpresents the design, modeling, control
and experimental validation of a transient hydrostatic dynamonast¢he physicdevel
task of the proposed research platfoldased on the detailedynamic moded, two
nonlinear controllers and a Kalman filter based observer are designeédhe
experimental results demonstrate thia designé nonlinear controllersre capable of
fast and precise tracking dfa desired engine speed profile. The low level cosirstem
design in this chapter provides a set of fundamental control tools for the research in the
succeeding chapters.

Chapter 3 (middle level design and system integration)rhis chaptempresents the
architecture design, control developmeamtd experimetal investigation of the hybrid

powertrain controkystem, as the systelevel task of the proposegsearch platform.
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To facilitate thehardwarein-the-loop experimentthe detailed dynamic models tfe
virtual hybrid powertrain system are built. Omstbasis, with an adaptive driver model, a
closedloop control systemconsists of three level controlleis designed andhe
experimental restd demonstrate the capability of the proposed hybrid powertrain control
system for the hybrid operation emulati€®©n this basis, the transient dynamics of the
powersplit hybrid powertrain system is fully analyzed and some unique dynamic
characteristicsinverse transienlynamics andransientengine speettackingissues are
investigatedIn order to better impnee thetransient performancef the control system, a
multivariable middle level controller is designed to pursue a good balance of fast
transient engine speed/torque tracking and moderate usage of the &begtrépower
within the capabilies of the kectrical system

Chapter 4 (high level design real-time energy optimization): This chapter
presents thelesign of aSDP-ES energy management strateghich synthesizea SDP
statefeedback control as &gl obal 0 f e e d lnaESkoutputfeadimack a n d
optimizationasa Al oc al 0 to genatdieaccekiueleffecientnoperating points
by leveraging the redime measurement of fuel flow and emissiofBe simulation
results show the SDBS algorithm can provide desirable improvement of fuel economy
based on the original SDP.

Chapter 5 (high level design transient emission optimizatior): This chapter
presentghe controtoriented diesel engine emission madgland design o& two-mode
modelbasedhybrid energy management strategly. t he nHedmuey iemprinaevi n
mode, the management strategy makes use of a dynamic programming (DP) algorithm to
seek the gl obal optimization of the fuel
mode, the management strategy utilizes a linear quadratic regulat®) (fioQocally
optimize the operating trajectory generated by the DP in a short time horizon, to reduce
the high transient emissions induced by the sharp engine torque charges.
experimental results demonstrate that the proposed modeling and contegystran
considerably reduce the local soot emissions but still maintain the high fuel efficiency
and battery SOC.

Chapter 6 (Conclusion) This chapterdiscusses and concludes all the research
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work achieved in this thesis, atdsed on the curremiccomplshments analyzes the
possible improvementnd potential innovationa the future.
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Chapter 2
Transient Hydrostatic DynamometerDesign,

Modeling, Control and Experimental Validation

2.1. RESEARCH OBJECTIVE

Aimed at building a hybrigpowertrainrapid prototyping and researgtatform, a
hydrostatic dynamometés designedcontrolledand experimentally investigated in this
chapterWith its low inertia and fast respondbe dynamometer can be used astaal
power source or loading unit temulatethe torquespeed profile of any hybrid power
source (e.g.electricalmotoror genertor), so as to support the research of various hybrid
powertrain architecturg$]-[11] and control methodologig42]-[13], [37]-[61] without
building the actuahybrid system, as shown in Fig. 2.This will be extremely cost

effective and timeefficient forthe hybrid powertrain research.
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Fig. 2.1 Diagram of the hybrid powertrain research platform

Section 2.1 prests the hydraulic system design, whichchearacterizé with the
application ofan electronically controlled load sensing mechanism. Load sensing is

essentially a selfeedbacKoop with the load pressuras thefeedback signal to adjust the
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supply pump tsplacement to meet thead demand.Then, b realize the precise tracking
performance of such a nonlinear and multivariable hydrostatic dynamometer system, this
sectionpresents a detailed nonlinear model and two systematic nonlinear control designs.
In Section 2.22.4, a 9th order physiesased model for the system was developed and
further, decoupled into two stdystems for the operating pressure control and the power
output control, by leveraging the unique architecture of the hydrostatic dynamometer.
Furthermore, the system parameters are identified and validated with experimental data.
In Section 2.5, dr the power output control subsystem, a state feedback nonlinear
controller isdesigné, which employs feedback linearization to offset the nonlityeafi

the system and a state feedback stabilizer to achieve the system stabilization and precise
tracking performance. As a benchmark, a nonlinear rAoastd inversion plus PID
controller is also designed and implemented. For the operating pressurel contro
subsystem, a PID regulator is designed to control the operating (inlet) pressure. In
addition, a Kalman filter based observer is designed to estimate and smooth the engine
speed and acceleration trajectories in-teaé. In Section 2.6, xensive testhavebeen
conducted to demonstrate the precise tracking performance of the proposed transient

hydrostatic dynamometer.
2.2.SYSTEM DESIGN

The architecture of the hydrostatic dynamometer is shown in Fig.2.2. The system
includes three parts: the hydraulicsem and accessories (including tih&d power
transmission componenénd actuatods the test engine and accessories, and the control
system (including the redilme control unit and multiple sensors).

The host computer employs Matlab/SIMULIRKfor desgning, compiling and
downloading the control algorithm to the control target, as well as, thdimsaldata
monitoring andparameteregulation. A UEY reattime control module is utilized as the
reattime control target. The hydraulic systemeludes théhydraulic pumgmotorvalves,
electric motor, oil tank and cooling systerm KC engine is connected to the hydraulic
pump/motoras the test engindén our project, aFord Falcon &ylinder 4.0L gasoline

engine and a John Deerecylinder 4.5L diesekngire aresuccessivelyused as the test
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engine. A speed/torque transducer is mounted on the engine shaft for /spged
measurementA group of pressure/temperature sensors are placed at both the hydraulic
system and the test engine for parameter measureanenbperation monitoring. A

detailed picture of the main actuators and sensors is shown in Fig.2.3
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Fig. 2.2 Diagram of the hydrostatic dynamometer
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Fig. 2.3 Picture of the main actuators and sensors
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The hydraulic system is the most important part of the hydrostatic dynamometer, as
shown in Fig 2.4 The main hydraulic components inclu@oost pump andnengine
load (EL) pump/motor(both are variable displacemepiston pumpg a load sensing
control (LSC) valve (proportional valvi and a high speed contr@HSC) valve fwo
stage valve, showim the bottom right corner of Fig. 3.4
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- dls lactemeltlt _ pressure
-1 ! adjustmen ' Ll

Fig. 2.4 Architecture of the hydraulic system for the dynamometer

As shown in Fig. 2.4,he hydraulic systentonsists obne fluid supply Q,..,) and
two loops: theengine loathg andmotoringloop (Q, ) ard load sensing feedback loop (
Q_s)- Poweredby an electrical motor, the boost pump prositleid Q. for both loops.
The majorityof the fluid, Q, enters the main loop as the enginedloehile a small
portion of thefluid, Q 5 flowsinto the feedback loop to generate a feedback pressure for

the boost pumpisplacementontrol.
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In the load sensing feedback loop, theCL®alve generatea proper feedback

pressureP, as an input tothe flow compensation mechanisrthis mechanism,

consisting of twoflow compensatorsis integrated into the boost pump. The pressure

limiting compensator is used for limiting the operating pres®Rreinder the safety

threshold. More importantly, the load sensing compensatoused to adjust the
swashplate angle, and hencegulatethe boostpump displacemento ensure that the
supplied fluid meets theengine demandand regulate the inletrgssure ofthe EL
pump/motor P, .

In the engine loadg/motoringloop, the HC valve controls the outlet pressure of

the EL pump/mota P, while the displacement adjustment mechanisontrols the
displacemenof the ELpump/motoD,, . Since he dynamometetorque is a function of
the displacemenD,, and pressure drop,, - R,, we can manipulate the dynamometer

torque to Acoun tue byaentroflingtheraloveactuagdrsand further,r q
drive theengineto preciselytrackthe desiregpeed profile

There arewo main characteristics for thigdraulic circuit design:

1) Torque Control with T hree IndependentControl V ariables

For the maintorqueinput/output component, the engine loading (EL) pump/motor,
the torque output can be controlled with three independent control variables (the inlet

pressurd. , the output pressurg ,, andthe displacerant D,, ). The output pressurg,
is controlled by the HSC valve, as a primary contaiablefor high-bandwidth torque

control; the inlet pressur®. is controlled bythe load sensingmechanism, for the
flexible adjustment of the pressure drBp, - R, with different dynamometer operating
modes (loading or motoring)he displacemenb,, is further independentlycontrolled

for the flexible adjstment of the pump/motor displacement to coordinate the relationship
between the flow rate and output pressure under some meclamstintsespecially
at some extreme operating phases (low speed with high torque, or high speed with low
torque).
2) Introduction of the Load Sensing Mechanism for Inlet Pressure Control
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Load sensing is essentially a skdédback loop which utilizes the load pressure as
the feedback signal to adjust the supply pump displacement to meet the load demand.
Different from theconventionalapplicationwith the load sensing mechanism, which
usually places the load sensing control (LSC) valve in the main loop to control the
hydraulic flow rate, the design in thibesisadds a bypass loop (feedback loop) in
parallel with the maimoop, and places the LSC valve in the bypass loop. In this case, the
load sensing mechanism will control the inlet pressure of the main loop instead of the
flow rate. In terms of the sp®l research objectives of tldynamometesystemin this
thesis this loadsensing based hydraulic loop design has a series of advantages,
including:

1 Pressure Contral this designreplacesthe hydraulic flow control with the

pressure control, which meet the needs of the EL pump/motor torque control.

1 Seli-feedback Contralcompare with the direct valve control for the inlet pressure
[22], the load sensing mechanisoonfiguration provides us hetter balance
between system controllability and respangkis design makes use of the self
feedback chracteristic of the hardware system to regulate the inlet pressure
corresponding to the constant command from the LSC valve. It avoids the
possible conflicts between the inlet and outlet pressure controls, and further,

providesa unique structure for theadel decoupling in the next sectifk6]-[17].

1 Low Power Losssince the LSC valve is settled at the bypass loop through which
a very small portion olfiydraulicfluid passes, the power loss is relaty smaller

than the case when the LSC valve is settled at the main loop.

With regards to the power efficiency, a typical case study can be used to
demonstraté¢he speciabdvantage of the modified load sensing feedback Mamen the
inlet pressure isegulated at 7@ars, which means the loading sensing feedback pressure
is around50 bars, the flow rate passing through tload sensingeedback loopvill be 2-

3 L/min based on the valvepecificationsMeanwhile,if the EL pump/motoroperates at
the sped range of 802000 rpm with a maximumdisplacemenbf 107cc/rev the flow

rate passing through the main loapll be 85.6246 L/m. Then, the total flow rate
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provided by the boost pump will be 87264 L/m, and the waste flown the load sensing
feedbacKoopis only 1.2%- 2.8% of the total flowThis ismuch more efficienthan the

regular loop design based on the application of the relief valve.

2.3 SYSTEM MODELING

2.3.1 Dynamic Modek

1) Dynamic Model of the Fluid Supply System

As the fluid power sudp, the boost pump providethe flow Q. for both
hydraulicloops.The majoritypart Q,, enters thengine loading/motorintpop, whilethe
otherpart Q ¢ flowsinto the feedback lood-he operating pressurow dynamics in the

hydraulic fluid supplyaregiven by
V,

Fe Pin = Qotal -QS Qn (21)

where,
Qotal = r-]P DPmaxf P /IZV (22)
Qs = CoAWis | =( P, - ) 3

V,, is thevolume between the hydraulic power supply and the two hydraulic loops,
b, is theeffective bulk modulus n, is therotational speed of the electric motd, ..,
is the maximum displacemenf the boost pumpf, is the percentage of the actual
displacement to the maximum displacement of the boost pagps the volumetric
efficiency of theboost pumpC, is the discharge coefficient is the massdensityof
the fluid, A sis the maximum orifice areaf the LSCvalve w, g is theopen areaatio of
the LSC valvei.e., he ratio of the open orifice area to the maximum orifice, aned P,
is theoutlet pressuref theLSC valve, i.e. the inlet pressure of the restrictor val@, is

the flow entering the engine loading/moiagy loop, which will beformulatedin the next
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section
2) Dynamic M odel of the Engine Loading/Motoring Loop

The engine loading/motoring looponsists of the EL pump/motor, the HS@lve
and the test engine.

Becausethe test engine is rigidly connectedthvithe EL pump/motor, the shatft
dynamics is neglected due to its high stiffness. Thentatgpiespeed dynamics of the
enginedynamometer systearegiven by

Jw=T, -T, T, (2.9

lyna

wherewis theengine rotationaspeed J, is the totaimoment of inertia of the engirand

EL pump/motor,andT,, T, and T, arethe engine combustion torquenginefriction

yno
torgue and dynamometer torque, respectively.

The engindriction torque is represented as:
T, =T, H.W (2.5)

cou

whereT

cou

is the Coulomb friction torque anf| is the viscous friction coefficient.

The dynamometer torque, i.e., the fluid torque from the EL ponojaft, isgiven by

D
Tdyno = 5'!/'( Pout - Pm)h MM (26)

out - Pin

Where%(P ) is the ideal torque generated by the EL pump/motod/A,,, is

the mechanical efficienogf the EL pump/motqgrderived as irf73]:

w P.+P
h,., =1 C,_ 2 c,nou 2.7
. . F?n - Pout f Fi)n - Pout ( )

where C_, is the dimensionless damping coefficiemtis the absolute viscosity of the
hydraulic fluid and C, is the internal friction coefficientof the EL pump/motor. The

second term in the above equation describes thheedoss for shearing the viscous fluid,
which is proportional to the pump/motor rotational speed. The third term describes the
torque loss due to the friction force in the bores of the piston opposing the motion of the

piston, which is proportional to thgressure acting on the piston area.
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Theflow-pressure dynamics of the HSC vaaregiven by:

\% F.?)ut

e

=Qu Qu Qn Qus (2.8)

where,V,,is thevolume between the outlet of the EL pump/motor and the HSC valve,
Qg is the ideal flow rate passing throutife EL pump/motorQ,. is the internal (cross
port) leakage flow rateQ,, is the external leakage flow rate whishgoing fromthe
pump/motoroutlet chambey past the pistonandto the case drain, an@®,,s. is the flow

rate passing through the HSC control valve, i.e., the outlet flow rate from the vélume

These flow rates are further written as:

D
L= 2.9
Q 2 w (2.9)
Qm = (:lm( in Pout) (210)
Qem = CemPOL” (2'11)
Qe = CoPrsWig |~ Py 212

whereC, and C,, are the internal and externalleakage coefficiest of the EL

pump/motoy respectively,w, s is the open arearatio of the HSC valveA g is the

maxmum orifice area of the HSC valvBue to the relatively high bandwidth of the HSC
valve (for the pilot valve, about 155 Hz as measyréul valve dynamics can be
temporarilyneglected in the pressure dynamic model.

As the connection between the dynesniof the hydraulic fluid supply and the
engine loading/pumping loop, the relationship:

Q=Q Q &.PR %;—W G{R R} GuR (213)

describes the interactions between the flow rat#ary spee@nd pressures in the engine
loading/pumping loop.
3) Dynamic M odel of the Load Sensing Feedback cop

Theload sensing feedbadtop consists of thélow compensatiomechanism inside
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the boost pumg(including theload sensingompensator, pressure limiting compensator
and swashplatejheLSC valveand the restrictor valve.

As mentioned beforeg small portion othe fluid from the boost pum ; passes
throughthe LSC valve andherestrictor valvein seriesin the feedback loopThe flow-
pressure dynamics of the two valves are given by

V. .
f PRe = QLS _QR( (2'14)

e
wherev,,is thevolumeof the pipes/connectothatcomect the LSC valve, the restrictor
valve and the load sensing compensator. The flow rate passing through the restrictor

valve Qg satisfies that:

Qre = F(Pre | v (2.15)
where, the functiorF is obtained by theumeical fitting of the measuredharacteristic

curveof the restrictor valvel .. is the current command to the restrictor valve.
Furthermore, thelynamics of the spool in the load sensing compensator is given by
mi,= -fL, kL., (P, Ps P)-S (2.16)

c-sp

where, L is the load sesing spool displacement from the neutral position to the left

hand side of the chambem,, f_, k. and S, are the mas®f the spoaql the viscous
friction coeffident, the spring rate andhe chambés cross sectional areggspectively.
P, is the load sensing standby pressure, i.e., the ratio of the springddhsechamber
area$S, at the neutral positionl(, =0). As a default factory settind®, is designedo
be20bars
Besides the spool dynamics, tliew-pressure dynamics of the load sensing

compensatorare given as follows The compensatoflow rate Q.. flows from the
internal chamber of the compensators to the control piSiocethe chamber volume of

the compensators can be neglected when compaithe volure of the control pistgn

theflow-pressure dynamics are:
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LisS-conro+V ~ i
. i bt | = PLS = QCP _SP control I‘pis (217)
where,
e L, [2
[CAT2 (R R) Ly
Qer =1 i (219

L
C,A = 2R, L,00
L, \ 7

—_ — —

L is the displacement of the control piston frdme tight end to the left hand side,

S .ol 1S the crosssectioral areas of the control pistoN,, is theinitial piston volume

whenL =0, andS; ., Lpisdenots therate of clangeof the control piston volume.

L, and A are the maximum width and maximum area of the main orifice of the load
sensing compensator, respectively. Specialljaenthe spool of the load sensing
compensatorsi to the left of the neutral position, i.e,, >0, the central port of the
compensator is open to the right chamblee @rea filled with horizontal bams Fig. 2.4

© with the pressurd, ), so the first orifice equation i(2.18) is used todescribe the
flow-pressure relationship; when the spooltasthe right of the neutral position, i.e.
L., ¢ 0, thecentral port is open to the left chambtre(area filled with vertical baigs

Fig. 2.4, connectedo the tanl, so the second orifice equation in takes effect instead.
In (2.17) and (2.18), the flow-pressure dynamics in the pressure limitig

compensator isegleced, because it almost never affects the flow@gteand pressure
R, unlessthe operating pressur@, exceeds the safetfireshold

Finally, the dynamics relataed to the boost pumpdisplacement adjustmeris
analyzedThe dynamics ofhe rotaty motion of the swashpla@oundits pivotaregiven
by:

l.g= 4, g dpgkdo(tan g tan )
+0o( RsSh conror T S-tiad

where g andg,, are the current andmaximum swashplate angs, d, is the distance

(2.19)

35



betweenthe central axisof the control piston and swashplate piv8t,,,..is the cross

1 bias

sectioral area of thebiaspiston f,,1 andk; arethe equivalenangularviscous friction

coefficient rotarymoment of inertiaandbias spring rate dhe swashplaterespectively.

Sincegq is relatively smalljt is reasonable to assurtiet

L, =d.(tang, -tang 8,( tan g } (2.20)
Substituting (2.20) into (2.19) yields:
N A d.2
Lpis - -l_Lpis _]'L( kPLpis PLéSP control PinSI2 bi (221)
P P

Furthermore, the percentage of the actual displacement to the maximum
displacement of the boost pump is given by:
L is
fo=1 —>— (2.22
d, tang,,
The variabls 7, and Q ¢ are the connections between the dynamics of the fluid

supply system and the load sensing feedback loop.

Based on theinherent physical properties and multiple measurements of the
hydrostatic dynamometegs well & the data from the related literature about the
components in usethe majority of the parametersn the dynamic models can be

determined with relatively high fidelity, as shown iable2.1.
2.3.2Experimental I dentification of the SystemParameters

Besdes the known omeasurablgarameters, therare some important paramesger
which cannot be directly obtained’hese parameters are identified wekperimental
data. To simplify the experimentdynamometemotoring mode is used, where the fluid
power mobrs the engine at the desired spesd, T, =0.

1) Engine Friction Torque Related Parameters

From (2.4) and (2.5), in steady state, the Coulomb friction tordiig,and viscous

friction coefficient f  satisfy:
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TABLE 2.1 Determinate parameters in the dynamic model

Symbo Quantity

Je engine inertia 0.15 (kg-nf)

Be effective bulk modulus 1.3x10(pa)

Rus HSC valve coefficient 1.05x10%(m%sec/pd?)
where Rys-CoAvns(y )"

Ris LSC valve coefficient 5x10°(m¥/sec/pd?
where R s-C4A () )

\ pipevolume 6.9x10% (m’)

Vi pipevolume 2x10*(m®)

Vig pipevolume 9.6x10° (M)

Np electrical motor speed 1770(rpm)

dpv boost pump volumetric efficiency 0.95

d, specific distance in swashplate 0.0945m)

dn maximum swashplate angle 30(degree)

Dpmax boost pump displacement 131(ccl/ev)

m mass of spool (LS) 9.718x10 (kg)

fe viscous friction coefficient (LS) 26.19 (N/(m/sec))

ke spring rate (LS) 36000 (N/m)

S crosssectional area (LS) 3.1619x10 ()

I swashplate rotary inertia 0.021 (N-m-sed)

f, angular viscous frictiosoefficient 1.458x10 (N-m?/(m/sec))

Ko spring rate (bias piston) 31250 (N/m)

Lor orifice width (LS) 0.0018m)

S-control crosssectional area (control piston) 10° (m?)

Soobias crosssectional area (bias piston) 3.674x10 (m°)

Vo initial control piston volume 10°(m°)
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T =T

wno  Feou TV (2.23)
Since the parametei, andf . appear linearly in the parametric model, a standard
least square algorithm is used to estimate the unknown parameters.
Based on &etof experimental data of, and w, with the least square fitting, the
friction torque related parameters are obtainedTgs=17.56¢N-m and f, =0.149C

N.m/(rad/sec) as shown in Fig. 2.5.
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Fig. 2.5 Least square fitting for engine friction torques vs. engine speed

2) Pump/motor Mechanical Efficiency Related Rirameters
From (2.4)-(2.7), in steady state, the relationship between the viscaogoidg

coefficient C, mandtheinternal friction coefficientC, is given by:

8, =C; G,/ (2.249)
where
T ) _

g = — Pl B~ R (2.25)

DM (Pln + Pout) Pin +I?)ut

w

= 2.26
ai in + Pout ( )

With the least square algorithm, the mecbahefficiency related parameters are
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solved asC,/m= 7269.zPal(rad/secand C, =0.031(, as shown in Fig. 2.6.
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Fig.2. 6 Least square fitting for the mechanical efficiency related parameters

3) Pump/motor Volumetric Efficiency Related Parameters

From (2.8)-(2.12), in steady state, the relationship betwderinternaland external

leakage coefficiestof the EL pump/motorC,, andC,_is given by:

h) = Cem Q-C:Im (227)
where
— RHSWHS DM

b, = w (2.28)

\I I:33ut Zszut

R - P,

—_in" “out 229
b == (2.29)

out

Based on &etof experimental data, we still adopt the least square algorithm to

identify the paameters,C,, =2.46 310* m’/sec/PaandC,, = 6.46 310" m’/sec/Pa as

shown in Fig. 2.7.
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Fig.2.7 Least square fitting for the volumetric efficiency related parameters

The experimental data show some nonlineéeces, which cannot be completely
captured with a linear relationshideverthelesssince the system dynamics are not very
sensitive to the variations & and C,,, the identified valueare acceptableas shown

by the system validation in the followirsgction
2.3.3 Experimental Validation of the SystemM odel

To validate the developed mathematical models, experimental data at both steady
state and transient operations are compared with the metkttiors.

1" Model Validation in Steady Sate

For these experiments, we maintdie inlet pressure at @flars Then, a series of

engine speeds corresponding to different outlet pressures are obtained. Fig.2.8 shows that
the modepredictionmatches the experimental data very well.
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Fig. 2.8 Comparison of the speed vs. outlet pressure in the steady state

Z° Model Validation during T ransients

Not onlyin steady state, comparisons of step responses and frequency responses are
also used to validate the system model during transient operatt@msthis nonlinear
system, the frequency responses are obtained around a specifitngppaent (about
1150rpm).

Fig. 2.9 shows the step responses in both experiments and simulations, for a step
input of 0.1volt (control command of the HSC valvealompared with the simulation
data, a slight delay and unedmmped characteristics can béserved from the
experimental data. It is mainlgue tothe unmodeled dynamics (thehaft dynamics,
variations of fluid compressibility, ejc.In addition, gnamicsof the Kalman filter(see
Section2.5) also contributéo this phenomenon.

The frequencyesponses are shown in Fig. 2.10, fareh ofsinusoidal inpug with
amplitude of 0.1volt (control command of the HSC valva} a frequency range from
0.06Hzto 4Hz, around the givenoperating point.

Based on the experimental validation, teelopedmathematical model is shown
to be an accurate representation of the actual system dynlaoticat steady state and

duringtransients, and will be used for control systesignin Section 2.6.
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Fig. 2.10 Comparison of the frequency responses

24 DYNAMICS ANALYSIS A ND SYSTEM DECOUPLING

Precise speed profile tracking of the hydrostatic dynamometer is recasrede
primary control targetThis presents a serious technical challenge since the system

involves multivariable nonlinear dynamics, whicéinnot be easily modeled with a linear
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approximation. In addition, the system variables (torque, pressure, speed and flow rate)
are closely coupled, and therefore a simple reduction in their dynamic interactions is not
feasible.

By analyzing the unique rsicture, a system decoupling approach is accessed
without losing the main dynamic interaction among the important system variables.
Although the overall system model is" Qorder, the dynamics ofthe engine
loading/pumping loop are only connected to thedflsupply system and the load sensing

feedback loop through variabl€¥ andP,. Furthermore the operating (inlet) pressure

P can be measured directly a@, can be calculated based the measureme, ofP,

ut

and w. This will allow usto decouple the dynamometer into two subsystetims
operating pressure control subsystémcluding the hydaulic fluid supply and load
sensing feedback lopmnd the power output control subsystem (including the engine

loading/motoring loop) as shown in Fig2.11.

Operating pressure control subsystem Power output control subsystem

[ . e | ]

| Restrictor LSC valve | | Operating |
pressure

|

| Compensators Boost | | .

| pump |<—| engine
* Flow rate

| Swashplate [----- ! | |

L - - L

Fig. 2.11 Schematic diagram of the decoupled systems

For the operating pressure control subsystem, the sewatgh dymmic model is:

o ~

~ be a L is
Pin = e DPmaxé —= &V VQ RLS WLS\/ Pin PRe Ve_le
tl t1

v, " @ G tang,
5 — be Q
PRe__ RLSWLS\I Pin - PRe Ve QF
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I—-sp: fc Lsp l(il—sp (P-ln PRTa Ps)i
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b.C L Za;eLsp+ Ly Lo o 2 S L
' e dA;ror 7? 2 Lsp in”~ TSD‘ LS 8' Q P control —pis
P —-—
- I‘pisSP— control + V[D
A A QLZ . )
I‘pis - I_Lpis | ( P-L pis I:)Lésp control I:)inSFl bi ( 30)
P P
For the power output caml subsystem, the secowdder dynamic model is:
1+C. |D, (t 1-C t
CoDy () | (1+Cr) By (1) T ( f)DM()Rn(t)
2pJ, 24, Je 2 b,
: b.D,, (t
I:z)ut: = M( )W bECdA_B WHS E Poul _Q(Cim Ctn) Pout _£C|mp|() (231)
2PV, Vi r o\, V>

where, T_(t) =T, -T,, . is the net torquérom the enginewhich includes both the

cou

enginebébs combustion torque and internal fr
25 CONTROLLER DESIGN

Fast andaccuratetracking of the desired engirspeedvia precise controlof the
dynamometer torqués the primarycontroltarget forthe hydrostaticdlynamometerAs a
result ofthe system decouplinip Section 2.4, only the dynamicd the power output
control subsysterm (2.31) needs to be considered for #eginespeed tracking, as long
as the inlet pressure can be measured as avanyeng input.

The operating(inlet) pressure control subsystem only concered with the
regulation of the inlet pressur.is a highordernonlineardynamic system described by
(2.30). However,with the benefis of theself-feedbackcharacteristicef the load sensing
control mechanism,the stability of this nonlinear system has begmranteedby
mechanical design itself. On this basisPE controller is designed to regulate the
operating pressure (i.e., adjust griilibriumpoint of thenonlinearsystem)

In thepower output control subsysteaithough there are two actuators availdiole
the dynamometer torquedntrol, thebandwidthof the solenoid for displacement control
of the EL pump/motor is much lower than ttandwidthof the HSC valve.Therefore,

we choose the HSC valve as the primary actuatéeanwhile, he solenoid for
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displacement contrakorks as the secondary actuator, whlonly used to regulate the
steady stateelationship between the engine speed and thletquressure, if necessary

[15]. Thus, vith the open area ratiof the HSC valvew,4 asthe input u, the engine

speedw and outlet pressurg

out

as the stateg and x,, the model igjivenas:

o= Cormull, (1+C)D 0, LU (1,-2)2(05%“)
_b.D,(t) bc Ass
=% ffu—cm @) fcmfz()
Y=X

(2.32
To achieve precise trackimaf the above nonlinear system, two types of nonlinear
controllers a nonlinearmodetbased inversiorplus PID control anda state feedback
control via feedback linearizatioare designed and implementdd. order to provide
smooth engine speed and acceleration signals for control implementation, a Kalman

estimatoiis first designed.
2.5.1 Kalman Estimator for E ngine Rotational Speed ard Acceleration

Engine speed and acceleration are imporsystemstates ad feedback variables
for the tracking contrder. As mentioned in sectioR.2, anopticatencodetbased speed
transducer is used to generate the pulse sttingse frequencyepresents the engine
rotational angle. However, it is impossible to obtain the exact and smooth speed and
acceleration by numerically differentiating the measured rotational angle.

Because of thengineinertia, the engine speemtofile is relatively smooth irthe
time domain Assuming that the third derivative of the engine spsedp)is normally
distributed around zero and remains constant between sampling[8tgpthe engine

dynamics can be expressedhe following discrete form:
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whereq(t, ), w(t), a(t), j(t.)andd(t,)are the rotational angle, speed, decaion,
second derivative and third derivative of spéedhich are, jerk and snag@it timet, ,
respectively T is the sampling time.

Sinced (tk) is assumed to be normally distributedwand zero, it can beonsidered

as the process nois&(tk)with the covariance matribQ [74]; while the measurement

noise will be defined as(t ) with the covarnce matrixR. In this case, statgt, ) can

be estimated using a Kalman filter/estimator. Since the rotational angle is the only

available measurement, the output is defined as:

y(t)=[1 0 0 dx(t) (1)

(2.39)
=Cex(t) (1)
The Kalman filter/estimator is described by:
(t +T/ LC | & t/ L
i +T/t) $A LK/ L T L) 239

Ht/t)=g -ALC Bt/ T) ATLY(1)
where, ¥t +T/t) and ¥t /t,- T) are the predicted stateat timet, andt - T,
respectively.ﬂtk/tk) is the current state estima#t timet, . The gain matrixL is

deermined by solving a matrix Riccati equatigi].
The ratio ofQ and R will decide the performance of the Kalman estimator. A high

value of Q/Rwill resutlt in a faster but not so smooth state estimate. Sinaaalgaitude

of the process noise is much higher than measurementincike real world a large
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Q/R(about 16) is adoptto get a compromise betwe#re smoothness arithe respnse

time of the Kalman estimator.
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Fig. 2.12 Estimated and numerically differentiated engine speed
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Fig. 2.13 Estimated and numerically differentiated engine acceleration

Fig. 212-2.13 show the estimated speed and acceleration signals using the above
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Kalman estimator. Obviously, the estimated speed and acceleration signals baegdme
smoother than the numerically differenéidt data, which is critical for control
implementationMoreover,there is no significant time delay between the estimated data

andthenumerically differentisgéd data.
2.5.2 Nonlinear Modeklbasedinversion plus PID Control

At first, a nonlinearmodetbased feedforwargdlus PIDcontroller is designed based
on the nonlinear inversio[¥6]. With regards tathe minimumphasenonlinear system

describedn (2.32), the idea of the feedforwarbntrol is to make use of the dynamic
model to calculate the desired statgwith the known reference spee(ﬂt) (i.e., the
desired statex, ), and furthermore, to calculate the desimmhtrol input u with the
calculated statex, and x, . With respect tdhe controlleimplemented in thigroject the
necessary preconditions for feedforward control are satisfied, as follows:

1) r(t) and its time derivatives(t)andi'(t)are bounded fot2 0, andi'(t) is a
piecewise continuous function of

2)r(t), r(t) andi(t)areall available

By replacing the state with the reference (t) in the first equation of the dynamic

modelin (2.32), we get the desired state corresponding to the referenc

20 .
b, (1§07 %) g () (& )R
%> _des = (236)
- 1+C,

Furthermoresubstituting(2.36) into the second equation (8.32) yields the desired

input:
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u=-b:X2_des %r(t) @im(Pm(t) X'Z_des) Cat_ aes

2
Cd A-!S\/ Xz_ des

PV ay :
{ beDM(t)(1+Cf)sJer(t) Te(® Hb 1+C, e, Y

LS VG 23000 293 (CutCa) @
¢ 2 + U(t)
gvo.(1+C,) m,/m(1 <€) D.o(1 &)

e 2ov,Db,( 20(C.*C,) 2 = eD,(t) C,AC, +C,) @
+ébeDM2(t)(1+C ) D (t)(l -IC) -q;() -E 2p ' 1+C, B(t)

e 1-C, @ 7}
+éC|m '(Clm EEem)ﬁ lE‘)m( t) } eC A, 5 des :
e fd é a

(2.37)
Equaions (2.36)-(2.37) represent the feedforward control la®ince the actual
system has unmodeled dynamics, and tlaéseexist someanput/outputdisturbances, a
PID controller isadded in paralleio reduce the tracking error both in transient and steady

state definedas:

Cu(9)= KUZ% +T—1S %, (2:39

Finally, the diagram of the nonlinearodetbasedinversion plg PID controller is
shown in Fig. 214.

Nonlinear controller

_______________ :
Feedforward | Input# | pynamometer J’(x’L
controller +, : model x2_

[
PID controller :
_______________ ]

Fig. 2.14 Schematic diagram of the nonlinear model-based inversion plus PID controller

In the actuakxperiments, the PID parametaretuned asK, ; =1.8 310° 1/rpm
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T,  =0.044secand T, , =0.055sec

2.53 State Feedback(Feedlack Linearization) Control

As an alternative téhe nonlinear moddbasedinversionplus PID control a state
feedbackcontrol via feedback linearizatioms designed to make the nonlinear system
more tractable and further, to use the wdelVeloped lineacontrol methodologiesto
realize the system stabilization and reference tracking

1) Feedback Linearization

Unlike theJacobian linearizatiofiocal linearization)the feedback linearizatias a
global representation of the original nonlinear model othex entire set of operating
conditiong[77]. Thismethodhas been appliei various applications involving nonlinear
systemg78]-[80].

The main idea behindeedbacklinearizationis to formulate a nonlinear state
feedbacKaw thatin effect transforms theriginal nonlinear system into a linear forrat

first, the nonlinear system (2.32) will be rewrittenin the formof,

x=f(x +9(Qu y #X (239
where
& CurD, ), (1+C)B 0 o (LC)B O,
e Zp‘]e 2Ia]e ‘]e 2 )we ¢
W0 0. & b ¢
E&%Xl_ E(Qm -}Cem) % ;‘/:Clm in(p E
a 0 ¢
90=2 6CAs [2 [ «
A
h(x) = % (2.40

In order to buildthe normalform, the coordinatéransformatioris given bythe Lie

algebra operatian

FO=( 9 M) £HR Ly (2.41)

wherethe Lie algebra iglefined by
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IO LG € T (2.42)
3% K =+

(}
In the new coordinates, the states are defined as:
x=Ax) &""h(x 1 & 2 (243
Then,we can get the normal foras:
X =h(x) =

_Cy./1Dy, (1) X (1+Cf ) D, (t) TE—(Q @;Cf)DM_(t)

X2: f(:th(X) ZpJe Zﬁﬂe X2 Je 2 )a) |n(°
).(2=(1+c ) 6.RsD, (t)\/Zu JURIC b () .0
Zp‘]e t2 Zp] ‘]e
_ae, 1G Caa By (OTe(D
s 2 0 0% By S 20
(1+¢,).C,,Du () C,2mD, (1) . (L C;) C M, (1Y
oy, O ) g K
(1- /) CparmD, (1 (1) D, 0" (1 €) £,.Du®
' 4937 () 483N, T 2 4V, %
=a(xT. 0. R) (% Q) u
(2.44)

wherea(x Tz, D,, R )andb(x, D, ) are both functions of the original states and time

varying paraeters.

Now the transformed system can be represented as:

ex ;aeo lexe 0 16
8% 0 &, ulg a g y[1:0]£
or x=A xB(bu 4 (2.45)
y=Cx

2) StateFeedbackController for the Transformed System
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With the reference tracking as the control target, it is moreenientto replace the

transformedstate x with the speed tracking err@r, which is[81]:

esy-r x r

YA (2.46)
é=x, -f

where,r is the desired engine speed reference.

Then, the norml form in (2.45) can be further transformed to the tracking error

dynamics asfollows:

B> B
i
o
XD~
o
D
coe
+
DN @5
coy
DR
(e

Or, (247)

where, the stat& :[e 'e]T, andvis the control input for the transformed linear system.

With regard to the control target, the feedback controller shoalddea linearizing
compmentu:%(v -a H) and astabilizingcomponentv= KE =ke k' In other
words, the state feedbackntrollaw is given by:

u:%( ke ke a ) (2.48)

where, k andk,are both positive.

Substituting the stte feedback control law into the tracking error dynamig2.4v)
yields:

E=(A -BK)E (2.49)

It is not difficult to showthat A- BKis Hurwitz wherk andk, are both positive.
Then, the transformed system is globally asymptotically stable. Consequently,
y(t)- r(t)ast- =.

However, for practical applications, imodeled dynamics are unavoidable. To

further reduce the tracking error, the state feedback control law is modified as:
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u:i( ke ke /fe a) (2.50)
b
where, / is a positivegain The integral term / fgis added into the nominal control law

in (2.48) to reduce the tracking err@rin steady state.

Finally, the diagram of the stateedbackbasednonlinear controller is shown in
Fig. 215.

Nonlinear controller

. Feedback
Stabilizer " linearization U Input #| Dynamometer| _ ¥61)
v=—ke-ke-7|e u =(v—a+i~')/b | model X2

A A |
I

Fig.2.15 Schematic diagram of the nonlinear controller based on feedback linearization

In the actual experiments, the controller parametars tuned ask, =10050sec?,

k, = 250.2se¢" and / =2000sec’.

26 EXPERIMENTAL RESULTS

To demonstratéhe transient capability of the dsamometer, extensivengine speed
tracking experimentshave been conducte8or the engine speed trackirexperiments,
the federa testing procedure (FTP), whidh a typical engine operating speed trajectory
for evaluatingthe automotivefuel economy and emissions used as the reference speed
profile.

Test Case 1Partial FTP driving cycle, gasoline engine

First, the speed tracking experiments for part of the FTP cycle are conducted based
on the lowinertia gasoline engineFig. 2.16-2.18 show theengine speed tracking
performance witlthe nonlinearmodetbasedinversion plus PID contrtdr. To compare
the tracking performance in different operational modes, the dynamometer is running in

the Adyno mot or i dygamonmitetdrque, bw hoecongbustioh ®rque
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drives the engine to track the desired
dynamometertorque and the combustion torque drive the engine;dgmeamometer
torgue mainly serves as the loading torquegpectivelyCorrespondinglyFig. 2.19-2.21
show the engine speed tracking performanedth the state feedback(feedback
linearization) controller in different operational modes.

Based on the experimental resulisFig. 2.18 it is clearthatthe nonlinearmodel
basedinversion plus PIDcontroller can achievdast and precise referenceprofile
tracking. In most casesthe magnitude of the acking errois is less than3% of the
referencesignal. The t r ac ki n gdyne loadiog s mo cebvichstydarger
t han t haognemdtnortihregoi mode. Th a tformesnodeadahen | y
combustion torque from the engine is not as smooth as the torque from the hydraulic
system, which brings iengine speedscillations and thusgextra tracking gors bothin
thetransient angteady statd=romFig. 2.21, it can be concluded th#ie statdeedback
control via feedback linearizatiooan also achievefast andprecisereferenceprofile
tracking (with less than 5% tracking errors). The charactesstif the transient tracking

errors are very similar to the case with tlomlinearinversioncontroller.
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Fig. 2.16 Engine speed tracking trajectory (Nonlinear inversion plus PID controller, fdyno
mot oringo mode)
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Fig. 2.17 Engine speed tracking trajectory (Nonlinear inversion plus PID controller, fdyno
loadingd mode)
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Fig. 2.18 Engine speed tracking error (Nonlinear inversion plus PID controller)

55



- Reference speed
2000} Experimental speed
£ :
g
o
O !
© 1500
(]
o
c
[=)
c
w 1000¢
0 20 40 60 80 100
Time /sec

Fig. 2.19 Engine speed tracking trajectory (Feedback linearization controller, fdyno
motoringd mo de)
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Fig. 2.20 Engine speed tracking trajectory (Feedback linearization controller, fdyno
loadingd mode)
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Fig. 2.21 Engine speed tracking error (Feedback linearization controller)

However, theransienttracking errorswith the statdeedback controlleareslightly
larger tharthose withthe nonlineamodetbasednversion plus PID controller. The main
factor that resul in this phenomenors the unmodeleddynamics in thesystem.Even
though there are not obvious advantages for the tracking control via feedback
linearization from the current experimental results, the effort on this area is still
significant and promising. The introduction of the feedbacledrization provides
opportunites to apply the wellleveloped linear and robust contneéthodologes so as
to provide the greater possibility to further improve the tracking accuracy in both
transient and steady states.

Test Case2: Complete FTP driving cycle, diesel engine

With a highinertia diesel engine, the speed tracking experiments along a complete
FTP cycle are also conducted, with the #t@ak fuel consumption measurement. The
characteristics of the tracking performance are similar to thevadisegasoline engine.
Thus, only the tracking performance and fuel consumption witmdménearinversion

based control aidyno loading mode are shown in Fig. 222.24.
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Fig. 2.22 Engine speed tracking trajectory for the complete FTP cycle
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Fig. 2.23 Engine speed tracking errors for the complete FTP cycle
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Fig. 2.24 Engine fuel consumption trajectory for the complete FTP cycle
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Fig. 2.25 Hydraulic pressure trajectories for the complete FTP cycle

2.7. CONCLUSION

This chaptempresents the design, modeling, control and experimental validation of a
transienthydrostatic dynamometer. A"®rder nonlinear model is constructed, and the
system parameters are identifieddavalidated by experiments. Based on its unique
architecture, the dynamometer system is decoupled into two subsystems to simplify the
control design. Modebased nonlinear controllers and a Kalman filter based observer are
designed to enable the transieapability of the dynamometer. The experimental results
demonstrate that the nonlinear metaked inversion plus PID controller and the state
feedback controller via feedback linearization are capable of fast and precise tracking of

the desired engine spd profile.
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Chapter 3
Hybrid Powertrain Research Platform

Architecture Designand Hybrid Powertrain

Control

3.1. RESEARCH OBJECTIVE

To greatly expedite the investigation of hybrid powertr@iontrol a rapid
prototyping hybrid powertrain research platform based on a transient hydrostatic
dynamometer iproposedn this thesis as siown in Fig.3.1. The combustiomynamics
of the engine is too complicated to be modeled with adoder approximationto the
contrary,the dynamics of the alternative power sourd¢sdyrid transmission, driveline
and vehicle load can be described witlelivdeveloped models. Thus, this research
platform employs a highandwidth hydrostatic dynamometer to emulate the dynamic
behaviors of the hybrid power sources (e.g., electric motor/generator) and vehicle loads,
and interact with a mukgylinder IC engie in realtime. In this platform, the engine fuel
efficiency and emissions can be measuregtattime andhence the associated benefits
and limitations of various hybrid powertrain architectures and control methodologies can
be precisely quantified argystematially investigatecdby means of xperiments, without
buildingthe completghysicalhybrid powertrain system

Hardwarein-the-loop (HIL) testing has been applied in the study of both the
traditional or advanced powertnai In recent years,0ose systematic researcéfforts on
the enginan-theloop testing for a parallel hybrid powertrain system using an AC
electric dynamometer have been repof&f], for evaluating hybrigoropulsionconcepts
and transient emissionBor this work with a highbandwidth hydrostatic dynamometer
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as the torque tool, ourresearchis targeted at experimentallgvestigatingthe torque
control basedhybrid powertrain operation, for a typical powsplit hybrid vehicle.
However,to realizethe targetechybrid powertrain dynamicemulationis actuallyvery
challenging, sinceit combines a series of complex dynamic systems (engine,
dynamometer and simulated alternative power sources, hybrid transmission, etc.) which
brings in great difficulty taealize the precise system control, especially for the engine
torqgueor engine loading torqueontrol. Also, the two degree of freedom of a poslit

hybrid system further increases ttmmplexityof the powertrain control.

Virtual driver model # Hybrid energy management

N\ %4

Virtual hybrid
Dynamometer powertrain Engine
speed/torque “ (Hardwz.lre-ln-the- “ speed/torque
controller Loop simulator) Yo controller
l p— O irtual
| 7l ) coupling
!. / Ve iy A

Dynamometer

(hydraulic pump,

motor, valves and
electric control unit)

v
IC Engine

Actual coupling

Fig. 3.1 Structure diagram of the research platform

In order toovercome the above technical challenges and fully realize the hybrid
powertrain emulation based on the proposed rapid prototyping regdaifcinm, Section
3.2 presentshe design and function analysistbe control architecture of the resga
platform. With the powersplit hybrid architecture in Section 3.3,a Toyota electric
hybrid vehicle is modeled asan emulating targefor the HIL simulator.Section 3.4

presents the control design for every level of ibsearch platformAt first, an adaptive
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driver model is designed tmanipulatethe required power to match the desivethicle
speed. Then, the controllers for thiegel system are designed, includindnigh-level
controller forhybrid powertrain energy management, a mideiel coriroller for engine
torque contrqglhybrid (electric) torque control and hybrid transmission/driveline HIL
simulation, and a lovievel controller for dynamometer torque conti@brrespondinly,

in Section 3 the experimental results show thiais hybrid powertrainrapid prototyping

and control systens capable temulae the dynamics of theargetedhybrid powertrain
systemfor both the partial and full driving cycle. Thenecion 36 and Section 3.7
analyzethe dynamic interactions of the whole clddeop systen and on this basis,
analytically validate the effectiveness of the SISO middle level controller design and
more importantly, unveil the dynamic issues connected with the current middle level
controller design under transients. 3olve these yhamic issues anbetter coordinate

the transient engingpeed and torgugacking, Section 3.8resents a newultivariable
controler for the redesign of the middlevel control system, taeach a good balance of
transient engine operation(speed/torgue control Finally, in Section 3, the
experimental resultdemonstrate the improvements on transient engine operation control

of themultivariablemid-level controlles comparedvith the SISO midevel control
3.2. ARCHITECTURE DESIGN

The architecture bthe overall hybrid powertrain rapid prototyping and research
platform is shown in Fig3.2. With the hydrostatic dynamometer and engjimered in
Fig. 3.2) as the control target, the hybrid powertrain control and simulation sy@tem
black in Fig3.2) is the core part of the research platforms Ibuilt as thredevel closed
loop control architecture

Given an desired vehicle speed trajectorythe driver model will produce a
correspondingpowertrain output power as ther i vcentrd action fo the vehicle;
then, n the high level systemwith this desired power as theference, the hybrid
powertrain energy management system will generate an optimal engine operating
trajectory based on the re@he fuel consumption and the SOC (state of chpajf the

energy storage unit. This optimized operating trajectofyrther used ashe reference
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for the midlevel control.
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Fig. 3.2 Architecture of the rapid prototyping hybrid powertrain research platform

In the middle level system, given the optimized engine torque and speed as the

reference, thevirtual hybrid torque controller manipulates the virtuddybrid torques
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(electric generator/motor torque) drive theengineto operate along the optimized
torque and speettajectory. Then, thevirtual electric machine controller and engine
throttle controler will control both the hybrid power sourcéslectric machinesand
engine toproducethe desired torques. Meanwhilaethybrid transmissiddriveline HIL
simulator is simulang the target hybrid system using the wedlveloped dynamic
models,to prodwce the highfidelity dynamic responsefrimarily, the engine loading
torque)like a realworld powertrain system.

In the low level system, given the virtual engine loading torque produced by the HIL
simulator as the reference, the dynamometer torque atientrwill control the
dynamometer to emulate the desired engine loading torque, so as to drive the engine
dynamometer system to track the optimized engine torque and speed profiles. With the
combination of the weltontrol engine torque and engine load{dgnamometer) torque,
the engine will operate at the virtual hybrid modes. Consequently, measurement and
analysis of the fuel consumptions and emissions will give an accurate evaluation for the

performance of the proposed hybrid architecture or energggeanent strategy.
3.3 SYSTEM MODELING

To ensure the dynamics running the HIL testingcan be viewed as good
substitute of the real hybrid powertrain systgmrecisedynamic modehg for the hybrid
powertrain systemis crucial. Amongthe existinghybrid vehicleprototypesthe Toyota
THS system[6], [83]-[84], is usedas atypical powersplit electrichybrid configuraton,

as shownn Fig. 3.3.
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Transmission

Driveline

Fig. 3.3 Architecture of the power-split powertrain system

3.3.1 Powersplit TransmissionDynamics

The dynamicsof the power split transmission is the most important part in the
hybrid powertrain, where the planetary gear set is applied as the core mechHdresm.
dynamic models for the powsplit transmission and driveline have been vsalidied

which can beivenby:

‘JecWe = Te -Tc (31)
3, =T, T, (3.2)
'er Wm = Tr +Tm TSh (33)

ratio

where, J..is the coupled moment of inertia of engine and carrier, gkais the coupled
moment of inertia of generator and sun gely is the coupled moment of inertia of
motor and ring geafT_, T,andT, are the carrier torquesun gear torqueand ring gear
torque, respectively.T.is the enginetorque, T is the motor torqueTis the generator
toque andlis the driveline shaft torquer,, w, andw;, are the engine speed, generator

speed and motor speed, respectivély, is the gear ratio between the motor and the

driveline shaft
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Besides the dynamic equations, based on the mechamoatraints insidehe

planetary gar set, the relationstgpetween the spes@ndtorques aregiven by:

w,S+w,R=w,(R+S) (3.4)

or, WS+ WR =R B (35)
TA+T =T, (3.6)

TR=TS (3.7)

whereRand Sare the radii of the ring gear and sun gear.
3.3.2 Driveline Dynamics

The vehicledriveline is cbsely conneted with theshaft of the electric motor and
ring gear In order tofully describe the effect of the spring and dampatrivelineto the

driveline dynamicsthe dynamicquationsare represented by:

J Wy =Tg, -T,, (3.8
f.Dg = K, @T,4 (3.9)
I =T, -T, (3.10
where,
Wen = i
Kratio
Dg =¢ -}
T, = feM,9COY  oog) Rie +0.54C0g A PR, M gsif . f) R,
J,=M,R;.’

w,,is the driveline shaft speea, is the vehicle spee@ndDg s the rotaryangle of the

driveline shaft T, is the driveline shaft torqud,,is the output torquéo drive the

ut
vehiclg andT, is theoverallloadtorque of the vehicled, is themoment of inertia of the
driveline andJ, is the moment of inertia of the whole vehicle,and f , are spring

constantanddamping coefficient of the driveline shatff, is rolling friction coefficient
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of the tires,M, is the vehiclemass gis the acceleration of gravityf, ., is the grade

road

angle of the roadR,. is the tire radius/,is themassdensityof theair, C,, is thedrag

rag
coefficient andA, is thevehiclefrontal area

Sincethe driveline shaft speed, is proportional tathe motor speedy,,, they are
actually the samestate variable Thus thee is only oneindependent state, in the

drivelinedynamcs.
3.3.3 Generator/motor Dynamics

As the main alternative power sourdaselectric hybrid,the electricgenerator and
motor are introduced to realize fuel efficiency improvingnergy regeneratiomand
electricassistant or electriconly launching. The PM (permanent magnet AC
synchronous machisere usually employedfor its high efficiency high power density

andhighreliability. The dynamics of the PMA@achinesare given as followf85]-[87]:

Lly=U, Ry Ly, (3.11)

Ll =U, Ry, ALl 40 Y (312
3 .

Ta= S M@l {L, B, (3.139

where,U, andU, are the direct and quadrature axis voltages respectively, which are
used as the control inputs for the electric torques corltyand |, are the direct and
quadrature axis currents, respectively. and L, are the direct and quadrature axis
inductances, respectivelyy, is rotary speed of the electric motor (or genedatBy is

the series phase resistancg,is the numbers of pole pairs, apd is the permanent

electric machine flux.
The power limiters for both motor and generator are also usadhtargee that their
torque/speed profiles do neobnflict with their electric constraints (maximum electric

power)
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3.3.4 StorageBattery Dynamics

The electric power tdfrom the storage battery is theproduct of the power

conversion by the motor and gernteraHence, the battery power is calculated as follows:
Ru=P, #, =T h" T+ lf (3.14)

where R, is thegrosspowerthatthe batteryransfes to thepowertrainsystem; in other
words, wienR_,i s positive, the battery works in t
is chargng. P, and B, aretheelectricpower transferred from the battery to the generator
andmotor, respectively/, and/, arethe power conversion efficiency @he generator
and motor, respectively. The exponentk and k, are defined subject to the
chargédischarge statesf battery:k, =1 when T w, is positive andk, = 1 whenT,w,
is negative;k, = 4 whenT_w,, is positive, andk, =1 whenT_w, is negative.

Furthermore the dynamics of the SOCstate ofcharge in percent) of the storage

battery isdefinedto reflectthe storagenergy status

Pbatt :Vbattl batt -l batt2 Rban (3-15)
SOC= bt (3.16)

att

where |, is the battery currenQ,,is the rated capacitgf the battery,R , is the

internal resistancef the batteryandV,, is the operoop voltage of the battery.

att

Substituting (3.14)-(3.15) into (3.16) yields the straightdescriptionof the SOC

dynamics:

2 > k1
sOC= Vbatt Wbatt B 46 :rgWQ/79 -F-m W rzf @batt (317)

ZQbatt Rbatt 2 Qoatt F%att

3.4 CONTROL DESIGN

Targeted at emulatintdpe realworld hybrid powertrain peration, theontrolsystem

is designedo generate aneéxperimentallyrealizethe optimal engineperatingprofile at
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hybrid operation modesinder realistic driving scenarios.
3.4.1 Adaptive Driver Model Design

In the reatlife driving scenariosthe desired vehicle speed is only concerned with
the mind of the driver, and hence, cannot be directly accessed by the powertrain control
system. Thus the significance of the driver model design is to transfer the @siver
desired vehicle speed to the command of the powertrain output power whichrisetksc
by the commands on theaccelerator/brake pedal. Given a specific vehicle speed
trajectory the driver model should not only mimic the e mechanism of the human
behavior but also be competent to precisely track the reference vehicle spekkkjast
real experienced driver, which will guarantee the accurate driving cycle testing on the
hybrid powertrain research platform. Some PID based driver models have been
conducted irf45],[82]. To improve the tracking accuracy withdosingthe similarity of
the real humabehavior an adaptive driver model is built.

From(3.10), The vehicle drivelinelynamicsis given by

JVV’/\/ = % - ftireMngire 0.5 A Cdrag A\‘ éyareg (318)
w,

Vv

where PW

out

is the desired powertrain output powetere we assume the road grade

froaa = 0.

road
Further, (3.18) can betransformedto the eror dynamics with the speed error
& = W_ges - W, given by:
, PW, :
JVQ/: Tt ‘9_1 V\Kdes § 355 (319)

Where’sl = ‘]v’ 52 = ftireMngire1 53 = 05 QCdragAire Rires

Sincethe variables, , w, and 1,

v_des

can becapturel by the driver in real time, it is

reasonable for the driver to giweit the pedal commaisdvith the corresponding power

output:
PV\éut = K.LQ/M/V +§L.y_'/des \VVE sv '/E.i»— ?) (320)
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where, &, £ and & are the driveis estimates fos,, s,ands,. K, is apositive gain.
Substituting(3.20) into (3.19) yields:
J&= K& Wy “§ a8, (3.21)
where,$, = 5§ -E, §,= 5 -E, §,= 5 -E
To enable the stdlty of the error dynamicsthe adapive parameter tuning

dynamicsare designed Firstly, for nonlinearsystemin (3.21), a composite Lyapunov
function is given by:

1 1 ., 1 . 1, -
V(g:s)=51€ £ KT FK'S K2 (322
2 2 2 2
whereK,, K, and K,areall positive gans.

With the adaptive parameter error dynamics,
= ~ VK/ desev - £ Q, = ~ WZQ,
= -5 — = 5—*L= S -5 3.23
£=5 S B s Bshi=s 6D
The agmptotic stability of the nonlinear system (&21) is guaranteed due to the
Barbalats lemma Thus the vehicle speed error is eliminated by the adaptieerdr

dynamics. Fig. 3.4 shows the performance of the designed driver model.

40

Powertrain output power (kW)

0 200 400 600 800
Time (sec)

(a) Estimated powertrain output power
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Fig. 3.4 Estimated powertrain output power and vehicle speed based on the adaptive
driver model

3.4.2 Highlevel Control: Experiment-oriented DP-based Energy
Optimization Strategy

As a typical optimization tool in the hybrid powertrain control, dynamic
programming[12],[42], is utilized as the energy management strategy and specially
designed for experiments.

Assumed that the driver model can track the vehjppt=d very well, the dynamic
equationdescribing the vehicle speed dynamies be eliminated by replacing the state

w, with the desiredy,

v_des

and replacingthe inputT, with the output poverPW, , and

out
other inputsT, and T, [12]. Then, the remaining secondrder system(engine speed
dynamics and storage battery dynamiegh statesi, and SOC, and inputsT and T,

will be used as the system dynamiesDP computation
The cost function used in the DP based energy management stsategygnedo

minimize the fuel consumption and keep the SOC sustainelinnited bound, given by:
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1=a{Fe(W “fpn(k 3 w(Q g ek D A}
+,,. 850N -SO¢ N, g -m. BOCN -S¢C) N

where FCis the fuel consumption in a single sampling st8@C( N)and SO N

(3.24)

des

are theactual and desired battery SOC at the final sfepjs the SOCsustaining factor
and m, is the SOCvariation compensation factor. In experiments, it is too chgiten

to directly apply the conventional DP optimized results because of dtsstically
oscillating speed and torqyeoduced by DP To meet theexperimentatequirementan

engine speedscillationpenalty factorf,, and an engineorqueoscillationpenalty factor

f..are used temooththe optimized operating trajectories.

3.4.3 Mid-level Control: Virtual Hybrid Torque Control and Electric

Machine Control

In the midlevel systemthe desired vehiclespeedwy, (or correspondinglyPW, )
and optimized engineoperationT,and v, will be trackedby controlling thecommands

for engine throttle and virtual hybrid torqugg ., ,andT, Furthermoreto realize the

g_cmd*®

andT

g_cmd?

torque commands,, ., theservocontrol for the electrienachineshould be

achievedHence the midlevel control system cdpe divided into two sudystens:
(1) Virtual Hybrid Torque Control
The principal objective for the mivel control is tosimultaneouslyrealize the

desiredw, , T, and u,, which depends on the precise torque control of the electric

machines. In higtevel control,the DP optimization stratedyas generatethe optimized
trajectoriesTm des @and Ty des Which theoreticallyensure the desired hybrid powertrain
operation. However, eximental results show th#te pure opetoop control usinghe
optimized inputsTy, gesand Ty gesCannot guarantee the stability of tiwbole system It
can be attributed to the fact thidie optimization isactually built onsomesimplified
dynamic modks (without the engine combustion dynamics) the discrete time.

72



Therefore, it is significant to redesign the controlfgfand Ty to ensure both the system
stability andprecisetracking of theother important systewariables
Assumed that the enginerdttle has been well controlldzthsed on thengine map,

the engine torqud_are actually coupled with the engine spegd Thus, the control
objective is formulated into a twiaputs (T, , T,), two-outputs @, , ) control problem.

Here, ahybrid torque control stratey is designed to transfer it into two singigut,
singleoutput controls: iutilizes the generata@s a speed compensator to track the engine

speedw, (and indirectly,T,), to realize the optimal engine operatisimultaneouslythe
motor isusedas a power compensator to track the pd¥af, (equivalently,u ), to

realize the desiredehicleoperation12],[38],[88].
The generator torque (engine speed) control is criticaddtize the control target of
the midlevel system. A torque/speed feedback control law plus pole placement is
designed to address this issue. At firstr the planetary gear set, the transmission
dynamicsare giverby:
‘]ecWe:Te _To
I W, =T, -T, (3.25)
T(R+9 =T¢S
If the highbandwidth generator inertia dgmics is neglected compared with the
low-bandwidth engine inertia dynamics, then the transmission dynamics can be rewritten

as:

=T, RrSy (3.26)

ec’’e e g

where the engine torque isr@aappingof the engine speed and throttle opening, so that it
cannot be directly contra@t but can be measured. Thus, a torque/speed feedback control

is given by

S S .
Tg_cmd:RTSTe_ des ?SJ e'éy_e des K ﬁ)We M_/e )es Kﬁ A _"g)ugst
(327)

where, K jand K, are both positive gains.
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Substituting (3.27) into (3.26) yields:

Je +2* Sk e 4R_S+S|g fie, dt & (3.29)

ec e S P

where,e, =1, - 4. In experiments, there always exist some errors for the torque

control and hence, a disturbance tetlis(t) is introduced into(3.28):

. R+ S R+S . .
Jecty, +—5— Koy +—<- Kifje, dt di§ ) (329
Or, in thess-domain §is the Laplace operator),
E, (s
D:ngsg i R+ S - R+S (3.30)
J. S+ K,s Yy K,

It is obvious that this control law can eliminate the constant system disturbance or
perturbation for engine speed contfblining ofthe gainKp andK; will produce a good
poleplacement for improving the system stability.

On this basis, with theorque command,  ,in (3.27) as a timevarying parameter,

_cmd

the mdor torqueT, can be used to compensate the powertrain output power, given by:

R
PV\{)ut_des_ g Tg_ emdV o
Tm cmd: (331)
_ W
(2) Virtual Electric Machine Control
Given the torquecommandsT, . .andT ., the electric machine servo control

will achieve the torque reference tracking by controlling thephase input voltages.
Here the twephase currents, twphase voltages and rotary speed are all measurable or
can be calculated from the measured data.

Form the electric machine dynamics(8111)-(3.13), there is a nonlinear mapping

between the motor tque T, the direct axis current, and quadrature axis curreht. In
order tosimplify the electrictorque control,l ,can be regulated twerq so as to builc

linear mapping between, andl, as:
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2T
|y ges= = (3.32)
- 3y,
Then, the currentoltage error dynamics are given by:

L&, = Re f W, U

A . (3.33
I—qelq = _Ii Qq -tq lq_des &Iq des nr-)Llé/ nl d y rn- me U
where, the current erroes, = -, § =1, 4 I
The statefeedback control lavior the two inputss:
U,= n Lw,l
° P (3.34)
Uq:quq_des -RJ g des H-lrléyln d J/'H'r]n pm’
Substituting the control law i8.34) into (3.33) yields
L& = -
o Re, (3.35)
I—qelq = _R Qq

The controlled system is asymptotically stable, which ensures the elactoc (or
generator) torque tracks the desired trajectorigenerated bythe hybrid torque

contrdlers.

In summary, the physidsased SISO middle level control debed above can be

interpreted in Fig. 3.5.
3 Oe_err .

Desired engine
speed @, g o e = K0, K o, di
feedback '

. " N Feedforward generator torque
torque T, ro. =1 o
orque f. geg s et = e e T @ e

N Feedforward motor torque
Desired output '\ feedforward ™ A q Tw | Motor
power PWou Ty g =2 = | controller

W, S

+ PID controller

Generator | Us - 1
controller

HIL
simulator

I
I
I
|
=,

——— Engine

—=" map

Fia. 3.5 SISO mid-level control architecture
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3.4.4 Low-level Control: FeedbackL inearization Based Dynamometer

Torque Control

With regards to the engirgynamometer system in the low level, the control

objective is to accuratelpanipulate the dynamometer torqijeby controlling the input
W, (i.e., the HSC valvepening to mimic the torquebehaviorof the virtual hybrid

powertrain (in other words, track the engine loadingque poduced by the HIL
simulation) For the nonlinear hydraulic dynamics, faedbacKinearizationbased
controlleris designed77].

First, since that there exists a direct mapping between the dynamometerTiorque
and outlet pressur,, :

D
=_M iC
T, 2'0(1 ()P

out

D
—My 3.36
2% Gl (339)

instead of dynamometer torqg if

D
24t S)

in

It is equivalent to trackhe outlet pressur

out
only the variablesP, andw, are measureabléelhus, theoutlet pressure- flow rate
dynamicsarepresented for pressure tracking
=iy, B(c, €,)P, TR, —e-’&dAHi/Tquth
2PV Vo Vo Vs, r (3:37)
=a(u, R P D) #0( Rur) Was
where a(w;, B,,, B,, Dy) andb(R,,) are both functions of the state variables and
measurabléime-varying parameters.
Further, for a desired pressig .., (3.37) can be rewritten as the pressure error
dynamics:
&, =a(w, By Ry D)) H{ R) Wis Ry ae (3.39)
whereepom =Py Pu e

The feedback control law via feedbaltkearizationshouldinclude a linearizing

component w,s =(v -a B, .J/b and a stabilizing component v= 7,e,
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Consequently, the nonlinear feedbacktrollaw is given by:
Wi =( 116, @ P e/t (3.39)

where,the feedback gaifis positive.

Obviously, the state feedback control lawm(8139) ensureghe transformed system
in (3.38) globallyis asymptotically stablelo further reduce the tracking error from some
unmodeleddynamics, the feedback control law (3.39) is modified by adding a
integral term:

4P, dt & B/t (3.40)

Wiis :( 7.6,

out

where, /, is alsoa positivegain.
The desired output pressuRy, . used in the above control laand its related

variables can be deriveda(3.36) with the pre-calculateddesired dynamometéengine

loading)torque T,

des”

_ 2p(Td - Td_des)

G T D, (1+ C, ) (341
F-) — 2ID-ILd_des-'- DM(l -C f) l.:)in DMCda mg 3.42
out_des DM (1+ Cf) ( . )

Substituting(3.41)-(3.42) to the pressure tracking control law (8.40) yields the
final feedback control law for the dynamometer torque, given by:
20(Ty - Ty geo) _ 20/{Ts - Ty ges) It a

D, (1+C, )b D,(14C)b b
N 2pTd_des+ DM(l 'Cf) P, PuCu mw
Dy, (1+ C, )b

WHS = -/1
(3.43)

3.5 EXPERIMENTS RESULTS (DRIVING CYCLES TEST S)

To demonstrate the capability and performance ofhiylerid powertrain control
system with therapid prototyping hybrid powertrain researchplatform, extensive
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experiments on the engHiiynamometer system have been conducted. As an example,
theHighway Fuel Economy Te$HWFET) driving circleis choserand slightly modified
as the reference of the vehislgeed.

Test Case 1: PartiaHWFET driving cycle, gasoline engine

First, the hybrid dynamicemulationhas been testedn thelow-inertia gasoline
engine with part of the HWFET driving cycleFigures3.6-3.9 show the experimeat
trajectories of all thé&ey variables (including the vehicle spedide engine speed/torque
themotor and generat@peedibrque andhe SOCof thebattery etg. It is worth noting
that all the experimental results are built ondfistemdecouplingbased, pole placement

mid-level control proposed in Section 3.4.3.
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Fig. 3.6 HIL experiments (partial driving cycle): vehicle operation trajectories
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Fig. 3.7 HIL experiments (partial driving cycle): engine operation trajectories
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Fig. 3.8 HIL experiments (partial driving cycle): generator/motor operation trajectories
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Fig. 3.9 Battery SOC trajectories

As shown in Fig.3.6-3.9, the experimental results (vehicle speedgine speed,
engine loading torque and electric machine speeds) precisely track the desired
trajectories. Especially for the engine loading torque tracking in3=@), the accurate
tracking fully demonstrates thg@erformance of the torquecontrol basd hybrid
powertrain control system. FiguB8 shows the experimental generator/motor torques

vs. the DPoptimized generator/motor torques. As mentioned before, open loop control
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with the DP optimized electric torquégggersthe system instability. Thughe feedback
control for the electric torques is designed, which induces some differences in the high
frequencydomain. As a consequence, the experimental SOC of the battery shown in Fig.
3.9is also different the optimized trajectory.

Test Case 2: Comfete HWFET driving cycle, diesel engine

With the highinertia diesel engine, the hybrid dynamésulationexperiments are
also conducted with the complete HWFET driving cycle. Because of the different
distributions of the BSFC (brake specific fuel camgtion) in the engine efficiency maps
as well as different engine coefficients (fexample engine inertias)the optimized
diesel engine speed/torqtrajectoriesare quite different from the case with the gasoline
engine However, the basic logics ofd@thybrid power management of the two cases are
very similar. when the vehicle runs at thi@ccelerating mode (which meanghat the
demand power is very higghthe DP energy management strategy intends to drive the
engine runing at some high torquehigh BSFC areas to provide enough powerljoth
providing the demand powemnd charging the battery; when the vehicle runs at the
ficruisingd or Anearcruisingd mode (which meanghat the demand power is modergte
the DP energy management strategy intenddritee the engine ruring at some low
torque - low speed areas (close to tliieled state) and discharge the battexy
compensate the demand powehen the vehicle runs at tliglecelerating mode, the

battery will be charged to regenerate the brakinggne
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Fig. 3.10 HIL experiments (full driving cycle): vehicle operation trajectories

Figures 3.10-3.15 show the experimeal trajectories of theimportant system
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variables (including théybrid powertrain variables, engine fuel consumption and some
typical emission variabl@sFor the engine torqushownin Fig. 3.11(b) some tracking
errors can be observed because of the pure-lopgnengine torque control used in SISO

mid-level control
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Fig. 3.11 HIL experiments (full driving cycle): engine operation trajectories
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Fig. 3.12 HIL experiments (full driving cycle): battery SOC trajectory
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Fig. 3.13 HIL experiments (full driving cycle): fuel flow trajectory

Clearly, from Fig. 313-3.15, the engine fuel consumptiomaseous emissio(€0,
NOx) and particulate emissicare affected by the engine spgéerque to a very large
extent All of the measuremesitan be considered as the characterization of the emulated
hybrid powertrain system Wi the current hardware sizing and energy management
strategy design. The analysis of these experimental data will further stipp@nergy

management strategy design for comprehengptanizationof both fuel consumptions
and emissions.
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Fig. 3.14 HIL experiments (full driving cycle): gaseous emissions trajectories
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Fig. 3.15 HIL experiments (full driving cycle): micro soot trajectory

3.6 DYNAMIC ANALYSIS OF THE POWER-SPLIT HYBRID
POWERTRAIN

Even with the experimental validatioof the hybrid powertrain emulation, the
inherent dynamicharactestics of the hybrid powertrain system will nevettss induce
the incompetencyof the decouplingbasedSISO mid-level control under some highly
dynamic scenarios In this sectionand thereafterthe dynamic charactestics of the
hybrid powertrain system will benalyzedand on this basis, theapabiliies and

limitations of the SISOmid-level controlwill be unveiled.
3.6.1 Multi -inputs, M ulti -outputs Dynamic Analysis

To better interpret the dynamsibetween the system outputs asawhtrol inputs the
dynamic model®f the powersplit HEV are transformeihto athird-order compact form
At first, by neglecting the driveline spring/damping dynamics, the equatdil)s(3.17)
can be simplified and transformedacompactorm, given by
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I/'l(,:iTe &Tg Qaé'rm a4 ,&,

a a & 31
. _b, b, b, b,
W= T T 3T fé/ (3.44)

b ° b ° B b

k1
sSOC= Vbatt \N’aﬁ } 46 :rgWghg T_m W ﬁ @bm
ZQbatt Rbatt ZQD att R)att

where [w, w SOqT are the system states agti T, T, TEare the system inputs

that can be directly controlled in hybrid powerttaline parameters, -a,andb, - b, will

be explained in Appendix Eor the sake of conveniendde storage battery dynamics
aretemporarily neglectt and the remaining threeput (T, T,, T)) , two-output (1,
n,) system will be investigated in the following secti¢83].

Without losirg generality, the dynamics of the engine and electric machines can be

approximated using firstrder systemsith timeconstants,, ¢, andf,, given by:

1

Te = Z (Te_ cmd Te)

Tg = %(Tg_cmd 'Tg) (349
9

Tm = l,i(Tm emd _Trr)

where the variablesT

e_cmd ?

Ty ome @and T, are the torque command®r power

source.
To make use of the linear dynamic respoasalysis tool, thedynamic system
linearization is realizedAround a steadgtate y, = X, =( W, Vgo) theopenloop system

dynamics in(3.44) and (3.45) are linearizedand rewritten as theput-output transfer
function matrixin the s-domain:

—_ é,Fil(S Ffz(é E)S( $ (3'46)
978 (9 m(3 B3

where



2 Bgioda b 8,
- a _h éea% hg "
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a§+2g“a W, @els 1) sa§+2g“a W, @Ez‘s 1)
¢ - ¢ -
3 Bgipaha ba 8,
- a _b gﬁ% ha "
P12(S)_é a ~ ’ Pzz(s)_ 2 a ~ ’
a§+2€4a W, @Js ﬂ) Sae3+2§a W, 6&‘5 {L)
¢ - ¢ -
3 b,
ACE - - Pa(9= <R

5+2%a g b s 4 s+22aw s 4
¢ & + ¢ & :

where, U (s)=@T, cva(9 Toond 3 T ek );TEare the control inputsin the s

domain andY (9 =g (9 w3 Tgarethesystemoutputsin thes-domain.
For the threenput, twooutput system(3.46), the frequency respoes of all the
input-outputtransferfunctionsare shown in Fig3.16, where a typical vehicle speed,

= 30 mphis applied. It is not difcult to find that thereare someconsiderablalynamic

interactions between the vehicle speed output and everyetangut (only the gain of

Pll(s) is lower than the other two by around 20 dB, which mélaaithe dynamiceffect

of the engine torque tihe vehicle speed is relatively small); while for the engine speed

output, the interactions between the engine speed and engine/gerierqte are
obviously dominantbecausehie gain ofl323(s) is lower than the other two by 4D dB

which meanghat the dynamiceffect of the motor torque to the engine speed is small

enough to be neglected).
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Fig. 3.16 Bode plots of the open-loop transfer functions

Moreover, it is worth noting thathe transfer functioerz(s) which maps the

generator torquéo the engine speed is ndtlassicminimum-phasesystem but with an
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additional 1®8£ phase lagThis is because the generator torque inppioses the engine

b,

speed output; or more straightforwardilye parametelE:Tl is negative in(3.44). In other

words, the inpull, ., has a considerable negative interaction with outgytas well as

a posiive interaction with outputy, . As demonstratedh next sectios, this fact may

lead to the degradation of the engine speed tracking with a fast engine operation point

switching (e.g., large step commamjing toalargevehicle &celeratiofdeceleration
3.6.2 Theoretical Validation of the PhysicsBasedSISO Controls

With the linearized dynamics shown in the last section, the phyagsd SISO
control described in Section 3.4, which has been experimentally demonstrated in Section
3.5, can be further analytically validated.

In the physicdased SISO controkhe engine throttle is dedicated to ojpeap
control the engine torqud, based on a calibrated engine maphich implies
if

theoretically the inputT, can be alwaysequivalent toits desired valueT

_cmd e_des
neglecting thanertiatransientand steadystate errowhich is a basiassumptiorof the
SISO controls design). Consequently, the hybrid torque contfoiraulated into a twe

inputs (T, ., andT _.,), two-outputs (¥ andwu,) problem. Here, two singlmput,

singleoutput controls are designed: the generator is usacgspsed compensator to track

w, ; and simultaneously, the motor is used as a power compensator toutrack

(equivalently the powemutpu), as described i(8.27) and(3.31).
By comparing the physidsased SISO controls with thdynamic analysis in the
Section 3.1, it is not difficult to find out:

(1) The engine speed tracking contro(&R27) nedects the effect of inpul to

cmd

the outputw,, which matches the conclusion of the dynamic analysis that the magnitude

of transfer functioang(s) which mapsT_ ., to 1 is too small compared with the other

cmd

two inputs Also, the simplified steadstate ratio of T

e_cmd

to T, . (Which s,

90



R%S:SE) Is numerically close to thieoreticallystrict ratio(which is, - by 3.529¢t

) from (3.44). Therefore, the simplified engine speed trackimghe SISO controlss
effective

(2) The vehicle speed tracking control(B131) comprehensively combiseall the

and T

4_cma iNtO ONE

three inputs, but mergethe collective effects of inputsT

e_cmd

combinedengne-driving torque ET

g_cmd*®

Still, numerically theratio of the combined

torqueto the generator torqu@vhich is,§:2.6) is almost equal to ththeoretically

strictgain (which is,ge aé% B, pa, 2Z588€) from (3.44). Also, thecoefficientof the
g =

feedforward term (vehicle acceleration) irthe motor torqueT ., (which is,

Jy =31.943%) is close to tk strict one (which is,ﬁ:32.5345). Therefore, the

ratio a4

simplified vehicle speed tracking is algerifiedto be precise enough.

3.7 DYNAMIC RESPONSE (TRANSIENT PERFORMANCE) OF
THE POWER-SPLIT HYBRID SYSTEM

Although the physicdbased SISO cordl has been proved of relatively high
precision on reference tracking, theme still some concerns aboiis dynamic response
under transients. In this section, two main dynamic issues are analyzéd/astigated:
one istheinverse transient dynamicssue, whichhas been unveileidh [90]-[91] to be of
concerns with regards to some specific SISO controls; the mttibetransientengine
operation trackingssue {.e., electric torque/power gge issue) which eventually drive

us to furtheextend the current SISO continto themultivariablecontrol
3.7.1 Engine/Vehiclelnverse Transient Dynamics

Undesired inverse transient dynamic response describes the step response that starts
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in the wong direction and has initial undershoot during the short transidms.
phenomenon was studied [@0] as an important issue linked with the romimum:
phase zeros in the transfer functions of the continuously variablamissisn (CVT)
system. Since the powsplit hybrid powertrain can be treated as a functionality
extended CVT system, a similar concern will intuitively emerge in the transient dynamic
analysis of the hybrid powertrain systeBased onthe analysis in Sean 36.1, the

transfer functionl322(s) with the 180£ phase lagwhich maps the generator torque to the

engine speed) may brinthe noaminimum-phasezercs into the closeloop transfer

functions fromdesired referense( wy,

{ desr Wi aes) 1O the actual outputsif,, w; ), and

des
hence, bringsome potential possibilitiesf inverse transientlynamic responsen the
systemoutputs To clarify it, some analysibased on the closeldop systemwith the
SISOmid-level control structurewith or without feedforward contrglgre conducted.
To simplify the problem, let us limit the control analysis iateehicle accelerating

transient case, in wch for adesiredvehicle sped wy

v_des

(or equivalently, thedesired
powertrain output powePW, ,), the engine is manipulated to track tbptimized

reference (T

o des' W, qes) Produced by the hyll energy management strategy.

_des

Theoretically, the DP/SDP optimized engine operating refer€nce,, w, ..) would be

_des

the step signakvhile the vehicle speed commamg ... can be trated as aamp signal
due to the huge vehicle inertia in the real wddlthough the step refereneg . is also

discussed in this section for the purpose of performance comparisons

In the high level controllerfor a specific desired vehicle sped w; for

v_des
acceleration, the DP/SDP based control law will correspondingly generate a specific

desired engine operation poing( ..., W, 4,)- Therefore, in theehicle accelerating cas

_des.

study, the three referenceariableswy w, and T

v_des? e_des e_des

are bonded togetheilo

simplify the dynamic analysig, is reasonable toouplethe two reference variables with

someconstant scak k; andk, as T, .=k W g and u, .= K We(whenwu . is
a step signalor w, ,..= kK, Ws(whenw, . is a ramp signa). With this necessary
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assumpbn, theengine speedlosedloop dynamicss analyzed first.
(1) Inverse transient dynamicanalysis for thereferenceinput transfer function

f,(s)=T,( 9/ w9 and referenceoutput transfer function f,(s)=w;(9)/ w . 9
From thedynamics(3.46), since he gain ofP,(s) is much lower than other transfer

function (i.e., the effect of the motor torquette engine speed is small enough to be

neglected), the simplified dynamic equation is given by:

_b_ b
W, =2T, +2T, (3.47)
b ° Q
If we use a pure feedback controller
Tg cmd — K ( We des ) K_ﬁ Y des %dt (348)

Then in thess<domain,we have

— Mé des Mé des
Tg_cmd - K[;V’/E -K pM/g des K T K-I - (349)
S S
M/e des
. Tg_cmd+KpWe_des+K| -
ie., w, = 1 2 (3.50)
K, +K, =
S

With the temporary assumption =T, ,andT =T ., substituting(3.50) into

(3.47) yields:
T 'Kps’2 -%%kTKI K g g‘
f,(s) = 2= 92 £h (3.51)
S

For (3.51), based on the initial value theoremith a step referencey, ., we have:
Ty ene(t=0) Slim €, (S)w, 9 lims {(s)é - (352
This implies thatat the very beginning of the transient process, theoretically the

input T, has infinitenegativedynamic esponse with a step referen€ertainly, under

the actual casewe should consideéhe engine and electric nfane inertiadynamics.

By introducing the inertia dynamics
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T T
—_ e des , T = g_cmd (353)
ts+l ° s+l

e

into the transfer functio(B8.52), we get

ke e 1o Oby 1
Tg pS %TlfeS'Fl I?QTK [s4
fl(s):W = b, ) (3.59)
e_des (t,5+1) ¢ y K, s EKI
Based on the initial value theoreand final value theoremve have
. K
T,(t=0) =Slmsh,(8)w, o 9 Ifnnszi(Qé = 0 (355
g
T(t= 9 #msh(Jm, (9 limsi(s): 2k 0 (359
g s 0 1L e_des! s 0 S b3 T .

where t is worth noting thagain b, is negativeand all the other gains are positive
This implies thathe final generator torqug, will converge to a positive valufeom
the original point,but at the initial stagér, haslarge negative (i.e.inversg transient

dynamicresponse with a step referendewe use a pure feedbadontrollerin (3.48),
even with the engine and generator inertia.
However, inthe physicsbased SISO control shown in Section 3.4 8edforward

term is utilized anddded onto théeedback contiter, which isgiven by:

Tgfcmd = %Te des K r(Wg des M/)e K ﬁ VZ&- des Mt (357)
The transfer functiof3.54) will be modified as:
a b, 6, baA 1 0, 1

—“k K K K 52+ K ———
Tg gsbsT p% "Egi‘lfltes_'_l ISE;HT/KgS-H_

) b . b

e_des (t,5+1) ¢ -3 Ks =K

b b

(3.58)

Further, based on the initial value theorem, we have
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by ik

T,(t=0) Slm(9u, ou(9 Hm S (91 é‘i[_ (359)

With the feedforward control, theansient dynamic response Gf will depends on
the quantitative comparisoretween the torquspeedscalek; and proportionalgain
K,. Generallyin the hybrid powertrainwhen thevehicle acceleratesboth the engine

torqgueand engine speedill sequentiallygoes up for providing th&action power, i.e.,

k; >0 and EkT <0; in these casedhe introduction of the feedforward term greatly

reduces, if it does not fully eliminate, the inverse dynamic respufrtbe referenceénput
transfer functiorf, (s) =T,(9/u, 4 9. Only in a few cases wher®r some special

reasons(for example, the previously overaccumulated battery power needs to be
consumejl the engine torqugoes downwhile engine speed goes up, tfeedforward

termmayboost ugthe inverse dynamic resporsace k; <0 at that moment

Compared with theorque inputT,, we actually caremore about the transient

dynamics of the system output with respect to the step referen€e, ..., 1, ..)-

Following the similar steps in the last section, if we use the pure feedback comtroller

(3.48), we get thaeferenceoutputtransfer function

-EKpl‘eSZ %%kT %Kp %—K, ¢ 8 K,%
W, =
fos)=—=—= & : - (3.60)
- des (t.5+1) & b K, s b K &
¢ b h =
Then, based on the initialalue theorem, we have
i (t=0) SImet,() W ool 9 B ST,(9)- %—-Kp>0 (361)

Or, when we use the feedforwgptus feedback controllen (3.57), the reference

outputtransfer functionn (3.60) is modified as
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By e By by 8D
f3(s):'/,/'/'/e __b e %Zbl b: by ;: §6|b1 (3.62)
e_des 1 -3 K =3 o

We still hawe the transient response

i (t=0) SIme () W ol 9 EMEL(5)2 %-Kp>0 (363)

This implies thaino matterwith or without feedforward terpthere isactually not
any concern of the transient inverse dynamic respiomgbee systenoutput 1, .

In conclusion, for both the systemput T, and output i, the potential inverse

transientdynamics due to thundesired zerasan befully or partially eliminated by the

introduction of the feedforward contr(éxcept for some special casesTj). Especially

for the system oput w, that we concern morehe inverse transient dynamic effect

theoreticallynever exists

(2) Inverse transient dynamic analysis for the referenceoutput transfer
function f,(s)=1;(9)/ W g 9

From thedynamic (3.46), althoughall the transfer function®,(s), P,(s) and

F}S(s) are all minimurphase systemshere is ptential risk thatthe possible inverse
transient dynamic response Tf for engine speed controhay be transferred into the

vehicle speed control system and induce some transient dynamic isswatifyahis
concern, the similatransient dynamic analysis is taken for the vehicle speed control
dynamics.
From the system dynamias (3.44), the vehicle speed control dynamics is givgn b
i =2T, B Ry Ra B (3.64)
a a a a a
In the SISO controlsa pure feefbrward controlleris used,
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PW,, .. R
= _ouwdes Ty 3.6
K, S & (369

ratio

Where PV\{)ut = ‘]vVVv_ des v des ter \gRtlre W des G_5 ,g: dragﬁA \l//VZeB ti

Based on the analysis in Section 3.6.2, this feedforward controller can be considered

T

m_cmd

to be approximately equivalent to:

Tm cmd — = al Wv des +ta ';\V bEZ_T e des i:r g cn (366)
_ . a, °
Then in thes-domain, we have
_ & 3 9
T sw. +a +b=T —=-T 3.6
m_cmd — a4 v_des ';\V 614 e des a4 g cn ( 7)
ie.,
S 1 1
Tm:ﬁ v des (a lé/ ) Tg des % g cn (368)
a,f s+l (s 4 a, .6+1 msfilr
With introducing the inertia dynamigcsubstituting(3.68) into (3.64) yields:
_a,a 1 oa3 a 1 _ 0Os a, t,s
sw, =—= T 3 T —+— W, = a
v al(i;é; l‘mS+1 e_desTO alag rs 'H. g cmd 0+m$ Y des a st 1( %/\V )
(3.69
From the previos analysisywhen we treat the desireghiclespeedy, ., as a step

reference it will be coupled with the desired engine speed with a constant asale

v des /</ gyde

Furthermore(3.69) can be rewritten as:

(tm_ [e)s a, kT ([m' 6) aS S a, I~ 2
= 27T n T % m
SW, (feS+l)( LS 'H.) a, k\, V\V_des n$+l a g+ ms Wdes a s &( 1, -@

m

(3.70)
Substituting(3.58) into (3.70) yieldsthe referenceutput transfer functian
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VK/ des
SN PR S Y S 3.71
(s )(4s Dak, .6 &7
a b, 6, baA 1 B, 1
Dp K K K: kK
+[m' 5(?[33 ' " % (;Eiaé/T Il‘es"':l- I+S CE ' Il‘es-&ii
ns+l (z‘gs+1)s2 —%Kps % K 3 Ky

wherethe nonlinear terma—“f[—"lrl(a W+ b) in (3.70) has been neglected becauss it
a l,S

not difficult to find that tiis team has almost ndfect on the trasient dynamics.

The transient vehicle speed respofwea stepreferencewill be givenfrom (3.71)
basd on the initial value theorem,

i, (=0) =5lm &, () W uu (9 Enugg(g% 71= 0 (372

Then, for @ even more general case when the vehicle speed referenceaisp

signal,i.e., 1, .= K W, then thaeferenceoutput transfer functiowill be given by:

fs(s)‘WW\;
— ([m_ g)S ik_T y 1
(tes-'-l)( 4!8 -H')alkv ms }'I-
aby ok @ Mk ks Bk !
+(z‘m- g)sgeb3 T "% be ' f.st1 > % K [sda 1
()7 B s By 3k

(3.73
Then thetrarsient vehicle speed responsgiigen byfor the ramp reference

w,(t=0) limsf,(s) W «.(9) m§g(s)s—12 0 (3.79)

It is very obvious thaho mattemwith a step reference and a ramp referetizere is
actually not any concern of theansient inverse dynamic resporisethe systenoutput

w,. From the viewpoint of physics, this can be explained asithe r q u e
98
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effect of the electric motor. The existence of #hectric motor(with the storage battery)
provides thehybrid system with an independent powerdioe source. No matter what
dynamicbehaviors of the generator/engine are conducted for engine speed control, the
mot or c a nhe fiaasbegea tramsient generator/torque responseaatlly inject
an appropriate torque falesired vehicle operatiofihe introduction of the electric motor
(secondindependenhybrid power sourcejnto the powersplit hybrid powertrain not
only fully decouples the vehiclend engine operations at stealgte, but alsisolates
thevehicle control from théransientdisturbancegenerated from the engine control.
Further, let us discuss a new case if there istooagebatteryin the powersplit
hybrid system which is, actually an EVT (electrigariable transmissioh powertrain
system Without an energy storage elemetiig electric generator and motgpowers

P,=PR, if we assume there is no electric power transfer I¢agther, vithout

considering the electric machine inerfiéer a specific transient caseis reasonable to
assumethat there is acale between thsimultaneougeneratooperation point g, T,)

and motoroperation point @, , T,), i.e., T, =kT, and T :kiTg. Then, still with the

E
previous assumptiond)e vehicle operation dynamics @ransformed to:
aa,
W=a2T +/% '89 a" azwﬁ- (3.75)
a (;ai a a
Substituting(3.58) into (3.76) yieldsthe new refereneeutput transfer functiofor a

step vehicle speed reference

fs(s):WWVd
a1k
a s(t.st) k
& b, 5 DbA 1 B, 1
7kT 'Kp &4K| ) T
o, B : O $ ™ fsan
¢h & = (z‘gs+1)§’ %Kps2 %K,s K,
3.77)



The transient dynamic resporfee a step referends givenas:

o . . 1 8a, . a,, &b 01
t=0) sslimd,(s) w, (9 Ims$ = +H2 ka2
W, (t=0) lim (S) W ces( lm %(95 ae'*ga1 a gglf %—E:kv
(3.79)

Then, still for a more general case when the vehicle speed reference is a ramp signal,
the new refereneeutput transfer function is giveay:

w
fs(s): w .

v_des

a, s Kk

.
a, s(t.s+1) &,

+aea—3 &kE bc t s+l =h [sd41
c& a (t,5+1)s 2Kk $ 2 ks K
by b
(3.79
The transient vehicle speed response is given by:
i (1=0) SlIms, () W u(9) tim g(s)s—lz 0 (3.80)

In this special case (EVT powertrain systemith a step rierence of vehicle speed,
thepossibleinverse dynamicédepends on the quantitative relationship of the variables

the term %kT -K,) from the transfer functioanz(s) is transferrednto the vehicle

control dynamicsIn other words, only an independent (decoupled with the electric
generator) motor carabsolutely prevent the transient dynamidisturbance from

degrading théransient vehicle operationso matter what the vehicle speed reference is.

In summary,the transfer functionP,, (s) with the 180£ phase lagloes not really

induce theserious inverse transient dynamios boththetwo system ouytuts », and v,

in thecurrentpowersplit hybrid povertrain
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3.7.2 Transient Engine Operation Tracking (Transient Electric

Torques/Power Spike Issug

It has been clearlgxplained that theput-output transfer functi0|P22(s) with the

180£ phase lagn the hybrid powertrain system witlot induce the inverse transient
dynamics of the system outputs,(and 1, ); however, it may bring in another dynamic

response issuén the powersplit hybrid powertrain control, which is, the engine
operation (mainly, enginespeed dynamic response issue (or, from another viewpoint,
transient electric torques/power spike issue).

This problem is especiallgbvious when we take some transient engine operation
tracking withthe SISO controlsat the vehicle accderation/deceleration scenarjgast
like the caseve discussed in the last sectidfor a typical vehicle acceleratiaase, the
transient need of thieigh traction power usually driwthe highlevel hybrid powertrain
control to assign a sudden engine®r at i Augp @Gth engime speed ardrque
rising up as well asa surgeof the electric power as an assistant for vehicle accelerating.
This sharp engine operation is even further amplifigdthe discretetime dynamic
analysis that the DBDP usudly uses In the hybrid operation emulation experiments
shown in Section 3.8he engine operatingump-up are actually fismoothed within the
whole DP sampling periodwhich areactually, the rampresponses which in turns
triggers arelatively moderatesurge of the electric torque/power within an acceptable
threshold.

However,in the real testing scenarithe pursut of the optimality of the engine
operationsduring transienwill always ask for anasrapidaspossibleengine jumpup

(ideally, the pure step response In this fast transient casee., when the proportional

: . b, : .
gain K is very large and- EkT -K, <0, the dynamics described by theansfer

function f,(s) =T, ( 9/, 4 § will trigger an A i n v eynanein the system input
T,, andin turns a large motor torqupike T, for compensatinghis transient inverség.

This spikewill be added on the highmotor torque surgehat isoriginally used tospeed
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up the vehicle. Eventualy, this combined high motor torq{@ower spike during
transients mayinduce the extra challenges dhe desigred electric power/torque
capacity.

As the other side of a coithe electric torque/power spikesue can be also treated
asan enginetransientoperation trackingssue. f the electric power/torque capacity is
strictly limited andan extralarge motor torquespike is truncated the large generator
torgueinversecannotbe compensated any longer. In order to ensure the good track of the
vehicle peed (which is the firgbriority target for the hybrid power train controthe
large generator torquenverse has to be abandonéphrtly because of the electric

torque/power limitation of the generator itselfe., a smaller gairkK j should be used.

Consequentlythe rapid engine speed dynamic response (the short rise time for a step
reference) will be sacrificedn a word rejecting the electric power/torquspike will
simultaneouslyrigger the engine speed transient trackssyle.

It is worth noting thain these discussions tharge generator torque inverse will
never inducanyundesired inverse dynamics of theth engine speeahd vehicle speed,
as proved in Section 3.7.The existence of the larggeneratortorque inverse will
always support the fast engispeed trackingor step reference, but will slow down the
vehicle speed tracking

Theabove arguments are verified by the simulation results siowig. 317-3.20,
where the electric torques/powers are unlimitelitre various SISO controls with
different control gains fromthe most conservativene to the most aggressiveone are
used to achieve different transient engine operation tradkmg Fig. 317, with various
SISO controls the vehicle speeds arerglhively precisely trackedThen, Figure 3.8
shows the engine transient control effeddy the same feedforward budifferent Pl
controlgains with a step change between different engine operating (speed) p@nys.
obviously, the high control gairtsing on the fast and accurate engine operating points
tracking; howeverthe payment of the fast transiaartgineresponse is the overuse of the
generator/motor torqeeFrom Fig.3.19, with the high PI gainshe transient peak torque
for the generator and nwt exceed-100 Nm and 200 Nm respectively,which further

induces the huge electrical power spike for the basieoyvn in Fig 3.0.
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Fig. 3.17 Transient control simulations (SISO): vehicle operation trajectories

For the (ramp) vehicle speed tracking, there is actually nosigmyficantexcitation
thatmay triggerahuge transi ent tespk@uenpeéedle. mbherl a

essentially from the interaction betwe€pand v, . Because of the step command of the

engine speed, a large negative gemerédrque peak is excited due to the negative
interaction betweerT, and w, . Further, the positive interaction betwegnand w,
transfer this torqueeakinto the vehicle motion dynamics. Based on feedforward control
law in (3.31), the system has to generate a positive motor torque peak to offset the effect

of the generator torque peak.
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Fig. 3.18 Transient control simulations (SISO): engine operation trajectories
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Fig. 3.19 Transient control simulations (SISO): electric machines operation trajectories
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Fig. 3.20 Transient control simulations (SISO): battery operation trajectories

The inherentconflict between the rapid engine operation tracking and high electric
torques/powespikes naturally asks for a balance between thgiree transient controls
and thevehicle acceleration/deceleration power consumptwith(the consideration of
the electrical capacity constraiptg/i t h t he hi ghest priority,
vehicle acceleration must be guaranteed by theidhymwertrain system. Thus, with the
SISO controlsdue to the lack of thaccurate control of the transient engine torque
have to sacrifice the transient engine spémeaking to some extent to realize the

moderate usage of the electrical power sesirc
3.7.3 Engine Torque Dynamic Response and Stead$tate Error

Except forpursuing an appropriate tradff between the fast engine speed tracking
and moderate electric torque/powesage the desire of a good balance of the transient
engine speed andrtue tracking also asks fonaccurate feedick-based engine torque
control, instead of the purely feedforward control used in the current SISO middle level
controls. The experimental results showed that the -wve&ld engine torque/speed
mapping is actuly very sensitive to the environmental parameters such as temperature,
humidity, frictionsand so on. In many cases, the purely feedforward engine control (via

the engine throttle/ fuel injection control) based on the engine map cannot drive the
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engine toque to the desired pointsvhich inevitably éads to the steaebtate error.
Owing to the dynamic interactions between engine speed and torque, thessé¢ady
torque error will further degrade the dynamic response of the engine speed control.
Therefore,how to introduce the feedback control into the engine torque, and maintain a
good coordination of the engine transient speed and torque rather than trigger the
instability issue of the multivariable control system, will be critical for the redesign of the

middle-level control system.

3.8 MULTIVARIABLE MIDDLE -LEVEL CONTROLLER
DESIGN

Based on the analysis in the last sectidnjsi of interest to investigate if a
multivariable middle-level control can improve the engine operation transient tracking
performance The main idea of thenultivariablemiddle-level control is to introduce the
feedbackcontrol into the engine torque contsad as to:

(1) mitigate oreliminate the transient torquepike issue of the generatombtor by
increasing the engine torque compensate theaturated generatomnotor torque by the
electric constraints.

(2) more significantlyreach a good balance of the transienginespeed tracking
and torque trackingo generatefaser and more accuratengine operation trackinfpr
betterrealizing the optimal trajectory generated by the Hegtel energy control strategy,
especiallyfor realizingthe more complicated anddvanced higlevel controlsthat will
beintroduced in Chapter 4.

First, since that the decoupling {8.27) and(3.31) has been proved to be effective
and precise enough foretvehicle speed control, thidea will be maintained in the new
multivariablecontrol design.In other wordsthe vehicle speed control is still realized by

manipulatinghe motor torquél , with the feedforward control desi@8.31).

On this basis, the system dynamafsnterestwill be only the engine spe&drque

dynamics, whichare alreadysimplified by neglecting theeffect of themotor torque and
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vehicle speethased on the analysis in Sectioi. B.

w, = ETe -&Tg
;’1 B (381)
Te = [_(Te_ cmd Te)

T

e_cmd

where the system outputre w, and T, and inputs arelT and T is the

e_cmd *
comrespondingengine torquef the real system inputengine throttle contratommand.

The time constant of the engine torque dynamjcs g( gl/Te) is a nonlinear functioof

the system statesvhich are not precisely identified but can bereated within aange

It is worth noting thafl, used to be an input in the original system dynamics anatysis

Section 36.1, but now become an output e result ofthe introduction of the engine

torque dynamicdMore importanty, this change reflects ttact that the engine torqui

is essentiallyalso an importantontrol target of the engine operation trackimdnich
cannot be simply treated as @menloop mapping of the prdefined engine throttlg we
consider both the dynamic and statcque mapping error8ecause of the existence of
the engine torque steadyate errors, physicalgvenin the steadystatethe engine torque

controlinput T, is not equal to the steadyatereferencd,

_cmd e_des”

To further unveil the limitation of the SISkased midevel contro] let usstill use

theoriginal feedforward plus feedback generator torque control, given by

Tg_cmd: %Te_ des K F(W_e des W)e K ﬁ Vge des Mt

Neglecting the generatdéorque dynamics since it is much quicker thanehgine

torgue dynamicsand sibstituting this contrainto (3.81) yields:

by
b
. 1

T,-T _Z(T”d -T)

b,

(V.’é_ .Vg_des) p(M/e_ Vg_des) %Klﬁ w y/m)dt+E(Te Tg dej

(3.82)

e des™

wherethedesiredengine operationi, T. 4. aretreated astep reference.

_des?

Then, in thessdomain,we get
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¢ (- W) bws(w W o) %K.( W W) %i( g TH=0

(3.83
In the original SISO midlevel control,the engine torque contras designedased

on theopertloop mapping which implies namely, however, because there

cmd e de’
always exists thesteadystate torque error owning to the inaccurate map, targle
deviation due to the speed tracking error, the corresponding engine torque of the engine

throttle control command will be given by:
Te_cmd_Te des _e er +n‘?e (Mé_ Vg_des) (384)
whereT, .. is the engine torque error induced the map inaccuracy and m; is the

conversionfactor from the spee tracking error to the corresponding engine torque

deviation.Here m, is time-varying as the engine speed varies during transients.

Substituting (3.84) into (3.83) yields the closedbop systemdynamics(without

considering thether systendisturbancs):

: m, 0 1
52(%_ Vg_des) %Kps(vye We_des) Z%KI %4? @Ve_ M/gme) %I_(Tg des T_e & I)

e _

)

@

(3.85)
For the engine speed trackingjd obvious that wenay need avery large integral
g, + 2
gain K, (in turn, a larg proportional gairk )) to keep the coeﬂﬁcua*nbl K, +—= b 7

alwaysnegative aneliminate theeffect of the engine torque erroso as tanaintain the

system stabilityand therelatively fastspeedconvergencehoweverthe largeK , and K,

will easily induceboth the transient system vibrations dhd electric power spike issue
(as explained in Section 3.7/or the engine torque traaky, the mappingbased open
loop control can neither improving the dynamic response nor reducing the-stasely
errors

In order toimprove both the engine speed and torque trackiregmidlevel control

will be re-designedy introducingthe feedback aurol into the engine torqueontroller,
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as interpreted as follows.

At first, the system ir§3.82) is re-written in the state space form:

X% =%
VI NV o (3.86)
X, b ple’E |>%+qxz
X, = —lx 41=u
t,? ot

where the statesx, = f{We vg_des)dt y X =W- W g and X, =T, -T, 4, the input

e

u=T

e_cmd

T

e de?

which presents the feedback part of the engine torque control
command.The statespace system seems to be of a form of linear system; however, the
existence of theonlinearfunction of the system statés = g( gl/Te) makes the system a

nonlinear system witeome uncertaintysince g(We,Te) cannot be preciseigentified.

In this system,te control objective itransferred to stabilizthe stategx;, x,)to the

origins by manipulating the only inputwith a state feedback control lawhe special
system dynamics i143.86) inspire us toeverage thalesignof the slidingmode based
nonlinear controto realize the system stabilization with enough robustness to cover the
system uncertainty.

Making use of the sliding modmntroldesign a sliding mariold is defined as
S=kxl+%xzzo (k>0) 387)
In this sliding manifold, we actually have the dynamics
Y b,
kx + X KpX, K% ©O
by b

Bk % 0 3.88
Nk (3.89)

which can eventually drive the statgto asymptotically converge to the origin, as well

: a _g
e, X+ gk b K,

as the state, .

Then, a state feedbachkntrol law is designed to bring th@jectoryto this manifold
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and maintain it theréA Lyapunov function candidate :%S2 Is generated and we have

V=SS = §elg>&— zxo—éiKplx %Kl 0X+P& x——tl glq

u (3.89)

|- O: O
MCIDH
ey |NU

by h ° Z.h
b, ba 10 é
¢|S|k=2 (K, x K, 2k =
|S|‘ q( o )6)‘ M%blge Lo 9% ¢

Now we can design the feedback control law

u= sgn( )ng’( X K ¥)

=S?é<b3 % KK gk g 2
G b

sle

) (ke DA ot (3.90)

where b, is a small positiveonstant
Whenx - Oandx,- O, thefeedback control
u° sgn(S) b, (3.91)
In the expemental implementationin order to mitigate the chattering, instead of

the signfunctionsgn(S) , a saturation function is used,

saf(S) :I p (392
bsgn(s) if |[9> p

Actually, the ratiok can betreated as aveighting factorthat adjuss the tradeoff
between thesimultareousengine speed error and engine torque error. A smhalieill
produce a relatively slower engine speed tracking but smaller transient engine torque
spike Rising k will increase the sensitivity of thengine speed error in this sliding
surface, which may result thatthe transient engine speed conwtiier than the torque
controldominates thenid-level controls.

Essentially the multivariable middiéevel controller leverages both thsystem
decouplng thinking of the SISO controleind therobust stabilizatioomethodologyfrom
the Lyapunovbased Slidingvilode control For both the vehicle and engine control

dynamics, the multivariable middlevel controller inherits the systedecouplingbased
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electrc motor and generator controls, but introduite feedback control into trengine
torque control desigrzor the engine torque feedback control, the Sliditggle control
logic is utilized to stabilize both the engine torque and speed (i.e., realiz¢abite s
engine torque and speed trackirighysically, he designof the sliding mode manifolds
equivalent to the dynamic weighting of the engine speed and tdsauanic responses,
and hencepy selecting a properatio gaink , a good compromiseof the engine
speed/torquetracking can be reachetb better realize the optimal control targets
generated by the higlevel energy management stratedyurther, coordinating the

sliding mode ratiok and generator IPcontrol gainsK and K, will give us more

flexibilities to pursue a good balance of fast engine transient operation and moderate

electric torque/powensage

39 EXPERIMENTS RESULTS (TRANSIENT CONTROL
TESTS)

With this state feedback control law desdnin Section 3.8the experimental
comparisons between a SISO Argel control systenand multivariable(MV) middle-
level controlles (with relatively low ratio gain k and highratio gain k) at a typical
vehicle acceleration casge shown in Fig3.21-3.26. From Fig.3.21 both the SISO and
MV mid-level controls can achieve excellent tracking for the vehicle speed, but the MV
mid-level control achievesan obviowsly better transient tracking for both the engine
speed and engine torque in Fig. 3.22. Especially in Fig(l3,22e utilization of the MV
control not only realizes the faster engine transient dynamics, but also eliminates the
steadystate torque errorthat the SISO controls cannot avold. addition, Figure 3.22
presents that the multivariable milel controller with the hightk can achieve even
better engine speed transient tracking than the one with relatively; loawever the
engine torque spike at the starting stage of transient torque tracking induced by the
former one is also larger than the latter one.

Even with the better transient engine speed tracking performance, the MV gontrol

do not oveuse the generator and motor torque/power and battery powrapared with
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the SISO controin Fig. 3.243.26. This should attribute to the surge of the engine torque
in the starting stage that meets the torque demand for the engine accel@tialty,

because the SISO control and the MV controlsiube sameP| control gainsK ; and

K, in these experimentsll of thesecontrollerseventuallytrigger the similar electric

torque/power spikes. If even smallelectric torque/power spikes are expected, the

combination ofthe smaller PI control gainsi, and K, ) anda large ratio gairk will be

a good choicefor holding a relatively fast egine transient operation whéine electric

torque/power spikes are further mitigated.
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Fig. 3.21 Transient control experiments (SISO vs MV): vehicle operation trajectories
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Fig. 3.22 Transient control experiments (SISO vs MV): engine operation trajectories
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Fig. 3.23 Transient control experiments (SISO vs MV): dynamometer operation
trajectories
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Fig. 3.24 Transient control experiments (SISO vs MV): battery operation trajectories
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Fig. 3.25 Transient control experiments (SISO vs MV): generator operation trajectories
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Fig. 3.26 Transient control experiments (SISO vs MV): motor operation trajectories

All in all, except for the advantage of eliminating the electric torques/pspikes,
from the viewpoint of experimental implementation, thmiltivariable middle-level
controller also provides us a more accurate engine torque control witharejettihe
possible engine torque shifts from the static engine smrqde map. With the
multivariablemiddlelevel controllerthe transienenginespeed and torque trackirage
well-coordinatedand on this basis,fasterand optimakngine operatiorrackingwill be
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