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Abstract

Fluid power is widely used nowadays due to its many advantages, and many of these
applications are mobile, where the power source has to be carried on board. Hdwever, t
energy efficiency for such systems is relatively low, mainly due to the ineffiommer
source architecture, whose centralized architecture and slow response introduce
significantloss To tackle this issue, we propose to use the hydraulicpisten engine
(HFPE) as a power source to provide the actuator with demanded fl@siddpressure
in real time.

To achieve this goal, a novel operation scheme of HFPE is proposed in this study,
where the HFPE is essentially used as a digital pumghdrproposed system, within
each cycle, while the piston travels full strokes, onpag of the output flow is directed
to the load, and the rest is dumped back to low pressucentrolling the valve system.

This operation scheme is validated throughudations, while a systematical method is
proposed accordingly to find the optimaleration parameters so as to achieve maximum
overall efficiency. Simulation results show that the proposed system can provide the
desired flow rate at any load pressuréhwiery fast response time as well as a very high
fuel-to-hydraulic energy efficiency.

To ensure robust operation of the proposed system, aycie robustness
reinforcement method and a cydtecycle robustness reinforcement method are
proposed.The former employs the idea ofrajectory trackingto regulate the piston
motionand improverobustnessyhile the later improves system robustness by detecting
and recovering the system from misfires. Both methods are experimentally validated,
with results showmg significant robustness improvements.

To summarize, this study is the first ot combines a digital pump with a HFPE.

The relationships among the HFPE operation parameters, HFPE efficiencies and working
conditions are clearly revealed. Key issues fobust operation are addressed.
Performance of the proposed system is demondtrdteough simulations and
experiment s, showing its feasibility and
advantages, the proposed solution can provide highly effjdest responding, compact

and modular power sources for mobile hydraulic apptioat
i
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Chapter 1.
Introduction

1.1. Motivations

Since Blaise Pascal published the fundamermal &f hydrostatics in 1647, human
beings have been exploring adeévelopingfluid power systems for more than 370
year$l]. Compare to otherpower transfemethods, fluid power hawanyadvantags,
including high power densityself-lubricating, simplicity in overloading protectiolgw
space requirement andrglicity in providing longitudinal motiofi], [2]. Nowadays, it
is widely used in a spectrum of industries including manufacturing, goategion,
aerospace, agricultural, mining and constructiédnstudy in 2012 shows that up to 3
guadrillion kJ of energy is consumed by hydraulic systems in the US eadB]year
Among all theseapplications, an important section is mobile hydraulic applications,
where the energy source has to be carried on bdasddudy in 2012 shows thatp to
1.4 quadrillion kJs usedn suchsystemf3], whereas another study in 2017 suggests this
number to be as high as 1.9 quadrilliondkJDespite all the advantagef hydraulic
systemsthey have relatively low efficiencieDependingon the type of applicatics)
hydraulic sysems can have efficier@s ranging from less than 9% to 60%, withe
average efficiencypeing2 2 %. Furthermore, mocl is bnly 148p p | 1 c a
on average, and lays near the lower end ofdffisiency ranggs].

This low efficiencylargelyrootsback to the inefficient architecture employedsirch
systens. Inconventional mobile hydraulgystems, the power source is usualisagable
displacement pump driven by amernal combustion engin@CE), as shown irFigure
1.1. This configuration hashree major limitations.First, the engine is sized for the
maximum power demand. Howeyédor a significant portion of its duty cycle, the power
demand is far less than the maximum and the engine needs to workt dbgoha
conditions with lower efficiencySecond due to the large inertiaf an ICE and the
response time of the pumpp is not possible for the power source to respond fast enough
to meet the load demand in rdahe. As a result, in order to achieveepise actuator

control, the engin@and pumpalways need to generate moremeo thanwhat is actually
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needed, and use throttlimpwnstreanto get desired power/flow. Last buttrieast the
high-pressure fluid produced by the engine driven pump needs ttisbébuted and
throttled to various actuatote meetdifferent pressurand flowrate requirements. This
will apparently generate significant throttling losses in the fluid power sysiéi.
current situation suggests that a better solution for powecsmeeds to be found for

mobile hydraulic applications, and thus motingtihis esearch.

Crankshaft
Based ICE

Rotational
Hydraulic
Pump

Figure 1.1 Crankshaftbased ICE with rotational hydraulic pump.

1.2. Previous Attempts on Efficient Fluid Power Soure

Attempts have been made by numerous researchers to design a betterfloidbile
power source, and some of them are alrdaglpgadapted in industryTo mitigate the
throttling losses in fluid power systems, the load sensing concept was proposed, which
connects the pump control to the I¢aH On top of that, Djuroxd and Heldusef8] also
proposed the idea of flow matching for the general eldgtdyvaulic load sensing, which
requires the flow generated by pump tcetnthe demand from thetaiator exactly.

Usually, the pump flow is adjusted either by changingphep speed or the pump
displacementSpecifically, the former is achieved by driving a fixed displacement pump
with an electric motor and controlling the taospeed in real timé.ovrec et al followed
this idea and experimentally verified that a protetyluid power system with a speed
controlled motor is feasible for the mefarming machines with lower energy losses and
improved control dynami¢g]. Chiang et al also developed such a fluid power system,
with a variable rotational speed AC servo motor and a constant displacement axial pump,

2



for a hydaulic injection moldingmaching¢8]. By applying asigneddistance fuzzy
sliding model control, the molding machine possesses fast response and high efficiency
velocity control. However, in spite of thesecsassful casesuch sys e ndependence

on electrical power source makes it difficult to apphem for heavyduty mobile
applications.

Thesecondlow changing methoditilizes a variable displacement pump driven by an
ICE and adjusts the flow rate byacln g i ng t h e cgmantnphére aralthree pnhira
pump architectures that commonly have variabplacement: axial piston with swash
plate, bent axis and vane. Among them, the axial piston puthpimsost widely used in
mobile applicatios due to itscompact size and robudesigi9]. This kind of
displacement can be varied continuously by chantliegangle of a swash plate relative
to the pumpds axi s. Extensive researches h
of these variable displacemenumps employed in mobileapplication§l0], [11].
However, the response time of such a pumgilisrelatively slow compared to current
valve-based hydraulic systems, and its efficiency is lower at partial displacement due to
its almost constant leakados$12]. Due to the aforanentioneddrawbacks, researchers
have also proposed other variable disptaeet pump solutions. For instance, Wilhelm
proposed linkage based system to achieve variable pump displag&hemhich could
provide better efficiecy than swashplate based piston pumfssother set of novel
solutions are the digital pumps, which will be discussedeiailin the next section. No
matterwhat mechanism is applied in heig variable displacementvhen applied to
mobile applicationsyariable displacement pumpgsll have to be driven by ICEs. Even
though some pumpsay possaesfast response to load variation, the ICEs would need a
longer duration to vary their power tput accordingly. As a result, this architecture
w 0 nb@& fible taneet the need for fast response to load variations for mobile applications

by itself, and valvébased throttling is still needed downstream

1.3. Digital Pumps

Digital pumpis a relatively newsdution for variable displacement pumgts basic

idea is tointegate a fixed displacemepump usually a piston pumpyith digital valves

3



(on/off valves)to cantrol the effective pump displacemeiithe £hematicof a typical

digital pump piston/cylindeis illustrated inFigure 1.2.

To Load

o

Figure 1.2. Schematic of digital pumppistonkylinder

The early digital pump ideamploysa cylinder enabling/disablinmethod, whee a
whole stroke of oil is either appumpedor all dumped By controlling the number of
enabled and disabled strokes during a certain period of time, the output flow rate and
thereforethe effective pump displacement can be variedl990, Rampeewet.alproposed
a digital pump that uses a solenoid valve as the inlgevaf a pistorpumgd14]. When
the piston is near its bottom dead center (BDC) and is ready to pump @utledision is
made regarding whether or not to energize the saenvhich in tun controls whether
the piston will pump to high pressure or low pressure during the coming pumping stroke.
This system is later proved to be effective in maintaining a aohslstem pressure at
different flow rate[15]. Later on, this method is extended to amging the valve
connection in the middle of a stroke, thusmping part of the in cylinder oil tine load
side andchanging the displacement of a single piston continufiLgly Also, by
changing the valve connection, the pump cao alork as a motor, where high pressure
oil is used topowerthe pston motiofl7]. Some other researchers suggest that digital
pump displacement adulation can also be achieved through a flomiting method18],

[19].



By usinga digital pump, the effective pump displacement is varied by adjusting the
opening and closing of specific valves. Since the variation of displacement is determined
by the dynamics of valves and pumpatainal speed, rather than the pump dynamics,
di gi t alrespgmeentine & expected to be much shortsteratures reported a
response time between 30ms and 50ms using the cylinder enabling fi&ha¢ti7]. At
the same time, commercial digital pumps cldaoreduce loss by 90% through cutting
leakage and throttling lo0].

No matter what displacement varying scheme is appaéddigitd pump® st r oke
length is independent of their current disglenen. This is importanto hydraulic free
piston engines (HFPEandwill be discussed in later sections.

However, as mentioned above, despite all the advantages of digital ptmsps,
solutionstill only looks at theesponse opump side rather thanghwhde systemThere
is still a limiting factor of ICE response time whapplying themin mobile hydraulic

systems.

1.4. Free Piston Engins

Free Piston Engines(FPEs)have been around famost acentury In 1928, a free
piston air compressor was patented bycBef21]. Thisis usually believed to be the first
free piston engine inventipralthoughthere were many other researchers working on
similar concepts around the same t{2®. In early years, FPEs are usually used as air
compressrs [23]or gas generatefor turbine$24].

Modern FPEs usuallyransform combustion energy directly into hydraulic energy
through a linear piston pum(Hydraulic FPE, HFPES)[25]i [28], or into electricity
through a linear generatfffree PistorEngineGeneratos ,FPEGS)[29]i [31]. Depending
on the arrangement of load elements (hydraulic pistons or linear generators) and
combustion cylinder/pistonsmodern FPE schematics can be classified into four
categories, namelythe Single-Piston (SP) configuration OpposedCylinder (OC)
configuration Opposel Piston (OP) configuratiorandOpposedPiston Opposefylinder
(OPOC) configuration, as illustratedkingure 1.3.



OPOC

Figure 1.3. Configuration of modern FPEs. From top to bottom: P, OC and
OPOC

Free piston engineme usually two stroke engines, since thaemno fly whees and a
power stroke is needed in each c{8®. Together with lessnoving parts and simpler
mation transmission, FPEs have the advantagehigh power densityand high
compactness. For OP and OPOC FPEs, since motion of the pistons are syntheetric
engine is also selbalancing, thus producing less vibration and ri@gg [33]. In
addition, due to the absence of the mechanical crankshafts R®€ the ultimate
freedom on its piston motion and therefore is able to produce variable output works with
higher thermal efficiend4]i [36]. Other than that FPES have much lower inertia

compared to conventional ICEs, which enables niasterresponséo load change

6



All these advantagesf FPE givethe HFPE a good potential as a thretdes mobile
fluid power source that produces various output flow rate at different working pressures
in real time.However, there are several obstacles to overcome before realizing such a
system.

The first issue is the difficulty in flow rate modulaticd@onventionally, for giston
pump, the flow rate is changed by either changing the operation frequency, or changing
the displacement through varying stroke length. In a HFPE, however, the operation
frequency is determined solely by the dynamics of thenengind is only afféed by
operation parameters includirige load pressure anithe compression ratio. This means
that theoperation frequencis dependent on the load condition and cannocadjaested
freely to vary theoutput flow rate On the other hando operate efficietty, the HFPE
requires a certain compression ratio rangeichin turn requireghe piston stroke length
to be in a certain rang&ince the combustion pistons and hydraulic pistons are direct
coupled, this means changing stroke lantgi modulateoutput flow rate is also not
feasible.

Previously, #empts have been made by researcteeasidress this issuBeter Achten,
et al proposed a Pulse Pause ModulatRiAM) method for a single pistétFPE in[26].
Its main idea is to hold the piston at its BDC after eammlmistion, and use fow
control valve to adjust the waiting period between consecutive cycles. In this way, the
effective operation frequency of HFPE can be changedharsdthe average flow rate is
modulated. Similar ideas were also proposed by Hild| it[25]. This ideas somewhat
similarto the original digital pump idea proposed14], [15], in the sense that both tries
to modulatethe flow output through digitally changing the numbeswbkes per second
while keeping the same displacement per strél@vever, since this method requires the
piston to reset at BDC after a single cycle, it is only feasible to those FPE configurations
with a single combustion chamber, i.e. the SP conftgurand the OP corguration.

Secondl vy, F P E s 6inherently robust.i @ua to ithe abseace tife
mechanical crankshatind fly wheel t he FPEsO®6 piston moti on
forces exertedn the pistons andhep i st o n s\When timeeextdrnal darceme not
well balanced, the piston motion will go out of contrbhis issuecould bemitigatedto

7



some extentvhen the FPE woskin a discrete fashion, as suggestefPbi, [26], since

the condition is reset after each cycl e
combustiorncycle. HoweverwhenOC or OPOC configuration is applied, the FPE has to
operate continuously, and the disturbawidé be propagatettom cycle to cycle, making

t he FPEOGs c ont r3d@] [38h@ne extremdaselislwbem gisfinedhappens,

the gas force will not be strong enough to overcome the resistance force from the load, so
t he piston mot ipmavidew dightehough eom@dsdior ratio,oathe
following combustion will nobccur.

To address fls problem, Li et al proposed to use ttiea of motion tracking, and put
forward thevirtual crankshaft mechanism to regulate the piston motion of an OPOC
HFPE during motorin@8], [39]. Later, a transient control schemasalso proposed to
handle the transition from motoring to combust[d$ Tikkanen et al used calibration
based opetoop control on a OC HFPE and reported the first cycles of operati@2]in
After that those researchers proposed to use feedforward plus Plbblcomith an
adaptive proportional gain, to control the fuel injection amount of an OC RFPE
Operation under constant load pressures were achieved in simulation using this method.

Despite all their effort and progress,theis ol ut i ons di dnét take

into considerationA | s o , t hese contr ol tohantldnosfires. di dn o6t

At the same time, efforts are also put into the investigatfoRPEGsby numerous
researchersSince many challengesechnologies, and philosophies are the same for
HFPEs and FPEGs, it is necessary to also look into development anghiResearchers
in the German Aerospace Cenf&LR) did a thorough study of the FPEGs as range
extenders for hybrid passenger veéscl They published their preliminary simulation
work based on Modelica in 20@38], wherethe basic dynamics of a FPEG was studied
Then, a comparison study was conductdtere the FPEGs were compareith fuel
cells, micro gas turbines and conventional ICEs for the suitability as a range extender
[42], [43]. According to the study,ldnough aFPEG ma be slightly heavier and larger
than a conventional ICE based solutionwas still concluded to be the best overall
option due to high efficiency, fuel flexibilitfast responsandease of integratiorAfter
that, in depth investigatiwere conductkfollowing a threephase development plan
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including the subsystem validation phasdhe development systenphase andthe
autarkic function demonstrator phf&4. Topics induding lid lubrication syster5],
in-chamber gas exchange pro¢é6§ spark ignition §l) and homogeneous charge
compression ignitiofHCCI) combustion strategig®/] and linear generatdés], [49]

are studied respectively as subsystemsgh either simulations or hydraulic actuated
subsystem componentat the development syem phase, a MPC style controliees
proposedto regulate the linear gendéwa forces and thus controlling piston BDC and
TDC(Top Dead Centepositions[50]. This method was thesuccessfully validatedn a
double bounce chamber systemi t h OvVvi rt uaemulated bybtheslingaro n s 6
generator fordd4]. Meanwhile, tle possibility of switching between SI and HCCI
combustionswas demonstratedn a hydraulic assisted FPE&]. The idea was to
implement a hybrid strategy that uses Sl combustions during full load and HCCI
combustions during partial loads to improve efi@g. Ultimately, asingle piston
autarkic function demonstrator was built darthe overall system functions and
performances were tes{ed], [52].

Performance wise, the subsystem testing of SI combustion shows an indrgiteel
efficiency of 27.3% at a compression ratio of fb® the opposeepiston lay ouid7]. Si
and HCCI combustion tests at a compression rati® ofi a hydraulic assisted FPEG
during phase 2 show efficiencies of 33.3% and 34.4%, respe¢iitEl$ince the Sl case
was on full load and HCCI case was partial load, this work demonstrat¢ioe
efficiency advantage of HCCI over S| on FPEGmally, tests on the autarkic function
demonstrator shows averall efficiency from fuel to electricity is reported to be 17.9%
with an indicated engine efficienayf 31.8% realized through @B]. In a more recent
work, they reported highendicated engine efficiency ranging from 35.6% to 38.1% for
different working conditionsacquired through HCCI combustig&2].

Anotherimportantinstitute in the study of FPEGE the Sandia national labShar
goal is to use hydrogen as fuel and transform its chemical energy into electricity
efficiently using the FPEGs. Their early simulation worksre conducted based on an
opposed cylinder architecture, and drew the conclusiortlibahdicated engine theal
efficiency can be as high as 65% while complying the M@xssionstandards proposed
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at the timgs3]. Also, fuel to electricity efficiency of as high as 50% could be reached
with very low NOx emissiof®4], [55]. Acknowledgingthe importance of scavenging
process in the FRE3], their work shifted towards uniflow scavengdiB6], [57] and
ultimately adoptedan opposed piston architecture with bounckambers.On the
generator side, a detailed generator model was presented and experimentally validated in
200958]. Later on, with an 30kW prototypeuitt, tests vere conductd89], [60]. In their
systemthe bounce chambers were used to control the motion of pistons, while the linear
generators are not actively controlled. During each cycle poegsed aiflows in and

vens out the bounce chamber at BDC and TDC, respectively. Control of the compression
ratio and BDC position is therefore realized by regulating input pressure angent
backpressureThe parallelly connected two linear generatshows some passive piston
synchronization capability from thbkoldel ectr
this synchronization due to unbalanced pressure and friction forces on the tvj89ides
Compared to the efficiencies reported BLLR[29], the Sandia FPEG reportsl@aver

linear generatoefficiency(from expansion work to ettricity) that reduceswith power

output and lays between 60% and 359p. This is mostly becausef the inefficient

active bounce chamber utilidén the Sandia FPEQ@ hanks to the high indicated engine
efficiency of 60%brought by a very high commsion ratio of 20 to 7@Gnd HCCI
combustions the overall efficiency from fuel to electricity can still peak at 33.6% with a
typical value of 20% to Z&6[59], [60].

Other researcherslsa contributed to the study of FPEGAt Toyota, Goto etc.
realized stable operation of a single piston free piston engine with linear generatar using
PD controller with velocity compensation tgB@]. Two years later, a more sophisticated
control method using veldg control with adaptive velocity reference was realized by
the same groyBl]. An observer was also proposed by them to estimate theinigmp
coefficient and bounce chamber gsare, as well as to improve the position sensor
resolutiorj61]. Researchers at West Virginia University explored the possibility of using
mechanical springs instead of air springs RPEGs and its impact on system
dynamcg62].
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1.5. Contributions of the Dissertation

This dissertationdocumentshe investigatiorof a novel mobile fluid power source
that combiresthe digital pump and the HFE. On one side, the digital pump has a high
efficiency ard very fast response time compared to other variable displacement pump
solutions. On the other side, the HFPE is modular, fast responding and inherently more
efficient as well as greener compared tovasriional ICEs. More importantlyhe digtal
pump ide can provide continuous displacement modulation without changing the overall
stroke lengthmaking it an ideal pumping mechanism for a HFPE, where the stroke
length is coupled with compression ratiaddarannot be adjusted freels will be shown
later inthe dissertation combining the two concepts will join the advantages of them and
provide a highly efficienfluid power solution for mobile applicationsleverthelessthe
proposed operation method works &l four FPE configurations illusited inFigure 1.3.
To the best of the aut tineswhttekpsaenmtaded ge, t hi s
The contributions of tisidissertationnclude
1. The idea ofindependent pressure and flow rate conttBF(C) is proposedand
validated. With IPFCHFPEs and digital pumpsre combinedor the first time to
realize a fast responding, highly effictefituid power source for mobile hydraulic
applications.The working principle of IFPC is clearly articulated for different
HFPE cafigurations.The feasibity of the proposed method is vadited through
simulation, with the corresponding dynamics and performance analyzed. Energy
loss analysis unveiled the underlying trade off in the selection of operation
parameters, and a systermati method is proposedceordingly to find the
optimum for different working conditions. Simulation results shdhat the
proposed system can respond to load change in a matter of tens of milliseconds,
and provides aroverall fuel to hydraulic energegfficiency between28% and
58%[63].
2. A comprehensive HFPE model istéblished A physicsbased model is built for
an OPOC HFPE and calibrated with the apparatus in the test cellpiStoa
dynamics, gas dynamics, combustion process, hydraulic dynamics and valve

dynamics are all capturad the model. This model is used talidate/evaluate the
11



IPFC idea, as well a® guidethe robust controller@design.Good modelfidelity
is shownthrough simulation and tests.

3. Robustoperationmethods argroposedfor IPFC and eyerimentally validated
Based on the feature of the IPFC aymhamics of HPFE, two control methods are
proposedto achievethe robust realization of IPFC. The first oneimscycle
robustness reinforcement, whiobnsures robust operation of the HFPE by
regulating the pistonmotion to track a prescribettajectory n each cycle.
Particularly,with the correlation among hydraulic te, piston trajectory and flow
output analyzed in detaila hybrid control scheme is proposed to enhance
robustness while ensuag efficient flow outpti The secondobust realization
method is cycleto-cycle robustness reinforcememntjhich employs a misfire
recovery mechanism. The controller detects misfiresbaumds the HPFE back to
operation with the least amount of energy &éntk after a misfire Experimental
resultsshow that both methods worvkell even withlarge variance in combustion

performanceand robust operation of HFPE under IPFC can be realized.

1.6. Overview of theDissertation

The rest of thiglissertatioris organied as follows:

Chapter 2 discusséie system schemasiconsidered in this research, and shows the
basic working principle of IPFC under different FPE configurations. Then, in Chapter 3,
a comprehensive physitesed model of HPFE is established, andif#eC isvalidated
through simulations with results anaized. The testbedset up andcharacterizationas
well as the switch based IPFC realization are presented in Chaftieagters describes
two robust realizatioomethods for the IPFGwith performane for each casanalyzed.

Finally, conclusions and futerworks are shown in Chaptr
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Chapter 2.

Working Principle of IndependentPressure and Flow Rate Control

As mentioned in previous sections, the goal of this research is to design a universal
method of opetinga HFPE as mobile fluid powesource that is independent of HFPE
configurations. From a control s pedofspect.i
pistons, the OP configuration is essentially the same as the SP configuration, since the OP
configuration can be considered as twi® BFPEs arranged back to back. Similarly, the
OC configurationhasthe same requirements for controllersttassOPOC conifyuration.
Therefore, without losing generality, the IPFC idea is described in detaDR&®C
HFPEsandSPHFPEs here.

2.1. System Desdption

2.1.1. OPOC Hydraulic Free Piston Engine

4| Serve Valve e

Check Valves 3

Figure 2.1. Detailed £hematics odn OPOC HFPE

The detailed set up for an OPOC HFPE is showRiguire 2.1. There are two piston
pairsin the HFPE namely the outer piston pair and inner piston pair, in the HFPE. The
outer piston pair connects two outer pistons through two shafts and the inner piston pair
connects two inner pistons through one shaft. At esmchof the HFPE, one outer piston
and onecorresponding inner piston as well as the cylinder around them form a

combustion chamber. Due to the symmetric structure,TID€ of the left combustion

13



chamber is theBDC of the right combustion chamber and vigersa. Therefore,
combustions wiltake place inside each combustion chamber alternatively.

Between the combustion chambers, there is a hydraulic block in the middle. Three
hydraulic pistons, mounted on three shatspectivelydivide the hydraulic cyliders
into six hydraulic chamberssashown inFigure 2.1. Chamber 1 and 3 are connected to
each other, forming a unit hydraulahamber named as the outer hydraulic chamber.
Chamber 2 itself forms another unit hydraulic chambemeth the inner hydraulic
chamber. Axan be seen, the outer hydraulic chamber and inner hydraulic chamber are
connected to two ports of a servo valvepesgively. Therefore, depending on the
opening of the servo valve, two unit hydraulic chambers can ieected to either the
high pressure(HP) or low pressure (LP) respectively. Chamber 4, 5 and 6 are
interconnected to each other to synchronize the modib the piston pairsDuring
operation, the two combustion chambers fire alternatively and push trespamding
hydraulic pistons to mavand therefore providing output flow from each stroke.

It is worth noting that the servo valve depictedrigure 2.1 could be divided into two
threepositionthreeway valves, asvill be shown &ter inFigure 2.3. Although this will
add in one more valve, it brings the benefit of decoupling the connection of the inner
hydraulic chambers frorthat of the outer hydraulic chambé&ater analysis shows this

decoupling could énefit system efficiency aen operang under IPFC.

2.1.2. SP Hydraulic Free Piston Engine
Figure 2.2 shows the schematics of a SP HFPE. For SP FPEs, since there is no

crankshafor fly wheel, special arrangements have to be made er aodpush the piston
to compresshte combustion chambefter BDC. Similar to[26], [44], a bounce chamber
is added oppate to the combustion chamber for this pur@os

As shown in the figure, the comstion piston, hydraulic piston afbunce chamber
piston are connected with a push rod and always move simultaneously. Hydraulic
chambes 1 and 2 are the pumping chambevkjch are connected to two ports of a servo
valve respectively. Depending on thenpection of the servo valvahe hydraulic

chambers can beonnected to either the high pressure or the low pres8otn
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chambers are also connected to high pressure and low pressure through check valve
When a combustion happens at TD@ll three pistas are pushed to the right this
processpil is pumpedout of chamber vhile drawninto chamber 2. At the same time,
the bonce chamber is compressednverting piston kinetic energy into air spring
potential energyAfter that, when the pistons reaBDC, thisstoredpotentialenergyis
extracted through thexpansion of the bounce chamber Hrapistons are pushed back
toward TDC, thus completing a cycle. During the compression stroke of the combustion
chamber, hydraulic chamber 1 witaw in oil and chamber 2 will pump out oiNote
that similar to the ®OC HFPE, the servo valve in the system can be divided into two
digital valves to decouple connectsarf hydraulic chambers.

It is also worth noting that if the OPOC HFPE only enables combustionene
chamber, and use the othendmustion chamber as @ince chamber, it willlecay into
an OC HFPE, whicleffectively hasthe samewnorking cycleas the SP HFPE described

above.

Low Pressure

(kO
- Lq
CheckValves 6 Servo Valve
4k -—| I
=
>< Bounce Chamber
Combustion Chamber
(kO
P Lq

High Pressure
Figure 2.2. Detailed shematics of a Single Piston HFPE

2.2. Working Principle
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Figure 2.3. Schematic of operating OPOC HFPE using IPFC: (a) TDC of the left
combustion cylinder. (b) Expansion stroke of the left cylinder before the swituh (c)
Expansion stroke of théeft cylinder dter the switch point. (d) BDC of the left
combustion cylinder.

The basic idea of independgmtessure and flow rateontrol, or IPFC, igo use the
HFPE as a digital pump by controlling the digital orveevalves in the systenfigure
2.3 illustrates the IPFC for an OPOC HFPHEote that in this case, the inner and outer
hydraulic chambers are connected to high presglosd circuit) and low pressure
through two separate@stion-2-way digital valves.

Theworking principle of the IPFC is proposedfaliows:

1. The left combustion cylinder fires at its TDC poiatidthe combustion force
pushes the two piston pairs away from each offigute 2.3 (a)).

2. At this time, digital valve 1 is dtis top position or neutral position, while digital
valve 2 is at its bottom position. The movements of the two piston pairs force
the outer hydraulic chardy to pump hydraulic oito the high pressurand the
inner hydralic chamberto draw oil from thelow pressurgFigure 2.3 (b)).

These valve positions sustain untiétpistons reach a desired point, marked as
16



the switch point. The flow fronouter hydraulic chambeo the HP up to this
point isthe effective output flow produced the strokeThis part of the stroke
is referred to as the pumping phase.

3. At the switch pont, digital valve 2 switches to its top position, while digital
valve 1 sustains its positioffriure 2.3 (c)). As a result both theouter and
inner hydraulic chamberare connected to thlew pressure As the piston
motions continue, hydraulic oil in theuter hydraulic chambewill flow into
the low pressureather than théigh pressure

4. The pistons rave until the BDC of the left comition cylinder is reached,
which is also the TDC point of the right combustion cylindgggre 2.3 (d)).

At this time, digital valve 1 moves to the neutral positibime part of the stroke
from switch point to till here is callethe dumping phase, for oil is dumped to
low pressurefrom the discharging outer hydraulic chambBiow the right
cylinder fires and another stroke starts. Process similar to step 1 through 3 will
occur again and digitalalve 1 will switch in the middle ahe stroke. The two
cylinders fire in an alternative fashion and the hydraulic chambers pump out
hydraulic oil continuously in each stroke.

Apparently, the effective output flow produced in each stroke is determinéieby
switch point: if digital valve2 doesné6t switch wuntil t he
hydraulic oil in the outer hydraulic chiber is pumped into the HP, which produces 100%
displacement output flow; if the digital valve 2 switches its positich@imiddle of the
stroke, then 50%pump displacement is produced. Therefore, by changing the switch
point, the effective output flowgr the pump displacement, can be varied continuously
from 0 to 100%or each strokeThis is essentially the same flow maation mechanism
used in digital pmps.

The same idea can also be realized using the one valve architectureirstiogure
2.1. With such an architecture, the figghasei.e. the pumping phase, is the same as that
in the twavalve architecture, while differencésy in the dumping phase. With only one
valve in the system, thetake chamber has to be connected to high pressure when the
dischargechamber is connected tow pressureAs a result, flow into the intake chamber
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will be supplied by the high pressuFgom thehigh pressureside, such a connection
would pose a negativeutputflow. Therefore, the net flow from a stroke in this case is
the output flow in the puping phas€Q:) minus the negative flow in the dumping pbas
(Q2), as illustrated ifFigure 2.4. Consequentiallywhen the switch point is in the middle
of a stroke, th flow rate would be zerdt is necessary to note th#tis architecture
would cause more throttling loss during the durgpphasesincemore flow will pass
through the servo valve orificdlso, when the intake chamber is connecteth&ohigh
pressure,a net hydraulic force helping the piston motion will be produced, so the
dumping phase in this case can also be reféored the helping phase.

To HP(Q1) To LP(Q2)

Discharge Chamber

From LP (Q1) From HP{Q2) e Chamb
Intake Chamber

From Discharge(Ql) i

To Intake(Q2)

High Pressure(Load)

Net Flow
Ql-02

Figure 2.4. Flow condition of IPFC with one valve OP{-PE

For a SP HFPE, there is only ooembustionin eachcycle and the two strokes are
asymmetricFor such case$PFC can wak in the samédashion as the OPOBFPE by
switching the valve once during each stroke. However, the existence of bounce chamber
makes it unwise to do so for the following two reasons. Firstly, switching during the
power stroke could cause significahtrattling. In the SP configurationpiston speed
during the expansion stroke will be heghsince part of the kinetic energy has te b
converted into bounce chamber potential engogpower the compression stroke. This
will causean increase ithrottling loss across the servo valve, espégidliring the valve
transient Secondly, bounce chamber loss is not minimized under such aatiope
manner. Bergy has to go through a double conversion through the bounce chatnaber

lessthanone efficiency before it can be output as hydraulic energiuring the
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compression strokeThe two switclkes per cycle method cannot minimize the
compressin stroke energy output so it does not minimiebounce chamber loss.

To improve the efficiency, the one switch method isoposed The method is
illustrated wing aone valveSP HFPE inFigure 2.5. The working cycle is explained as
follows.

1. Combustion starts at the TDC of the combustion chamber, pushing the tpiston

theright. The ®rvo valve is conecting chamber 2 to high pressutdlas time,

so oil will be drawn into chamber 1 from low pressure and pumped out of
chamber 2o high pressuréirough the servo valve and check valves. During the
expansion strokegontrol signalis sent to movehe sewvo valve to its middle
position At the same time, the bounce chamber potential energy increases as it is
compressedFigure 2.5(a) and (b)

2. At the BDC, the servo valve is parkeéd neutral. Under the baince chamber
force, the piton starts to move to thieft. Note that at BDC, thelischargeand
intake chambes switch, so oil is pumped to high pressure from chamber 1 and
drawnfrom low pressure to chamber 2 through check valf{fggure 2.5(c) and
(d))

3. The piston continues to move to theftlentil the switch point inthe middle of
compression strokes reached. Thenthe servo valveswitches to connect
chamber 1 to low pressure and chamber 2 to high pressure. As the piston
continues to moveoil is pumpedto low pressure from chamber 1 adchwn
from high pressuréo chamber Zhrough theservovalve, causing a negative net
output flov. Simultaneously, the hydraulic force will help the motion of
hydraulic pistons(Figure 2.5(d) and(e))

4. When he piston arrives at TD, servo valve is at the same fims as in step 1,
and a new cycle is ready to start with a combustion. The net flow output is the
sum of positive flow from (a) todj minus the negative flow frome) to ().
(Figure 2.5(f) and @))

Apparently, theoutputflow rate can be modulated by changing the switch pdiis.
worth mentioning that depending on the sizing of SP HFPEs, when the displacement
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fraction is \ery low, the combustion could be teeeak to push the piston to a proper
BDC under this method, and the eswitch-perstroke method has to be usédso, this
method is compatiblewith the twovalve architecture where chamberl and 2
connectios are deoupled just like in the OPOC HFPE sa.The only difference is that

in sucha case, when the output displacement is lower than 50%, the valve switch will
happen during the expansion stroke andwiele compression stroke will havieoth

chambers connectéd low pressure.

<} Low Pressure
$ ’A Fluid Source

Low Pressure
Fluid Source

gl
«

—> Load Circuit Load Circuit
< Low Pressure Pp— Low Pressure
Fluid Source $ AL Fluid Source
(b) % (e) —
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—
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Figure 2.5. Schematic of operatinPHFPE using IPFC: (a) TDC of the combustion
cylinder. (b) BDC at the end of expansion strok®) BDC at the beginning of the
compression strok€d) Compression stroke before switch poif@) Compression stroke
after switd point (f) TDC at the end of the compression stroke
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Chapter 3.

System Modeling and Concept Validation

To validate the IPFC idea proposedGhapter 2 simulation studies are conducted
based on a twoalve OPOC HFPE. First, a comprehgasphysicsbased model is
established for the engin€hen, a twelayer controller is proposed to ensure the BRFs
stable operation under IPFC. After that, simulation results are shown for both steady state
and transien working conditions, demonstratinthe feasibility of IPFC. Finally,
efficiency analysis is conductdzhsedon the simulation results, and methaod dptimal

operation parameter determination is proposed.

3.1. System Modeling

A model is herein developed to sieibe the dynamic behavior of th¢FPE and
validate the control strategies proposed in this paper. The basic model scheme is shown
in Figure 3.1. The entire dynamic system can be divided into four parts, namely the

piston dynamicshydraulic dynamics, thermodynarmsjand combustion.

Piston
Dynamics

e

Figure 3.1 Model scheme of the HFPE

Key parameters used in the modeling process are listEabie 3.1.

Parameter Description Value

Ay combustion piston area 0.002 nt
An hydraulic piston area 1.41 10*m?

Aori_max digital valve maximum orifice 1.90 10°m?
Cq digital valve discharge coefficient 0.7
Dp hydraulic chamber diameter 20 mm
Dek check alve disc diameter 10 mm
Fhigh output check vale preload 16.5N
Fiow intake check valve preload 6N
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h cylinder/chamber clearance 35 &m
hek maximum check valve disc lift 2.14 mm
ky friction coefficient 2.33
Kek check valve disc damping coefficient 3 ( NAs)
Khigh output check valve spring stiffness 7000 N/m
Kiow intake check valve sprirgtiffiness 2600 N/m
Lp piston length 66 mm
M piston pair mass 4.5 kg
Mek check valve disc mass 1.1 103%kg
ph digital valve overshot 10%
R gas constant 296.25 J/keK
& digital valve 0% to 100% rise time 3.25ms
b hydraulic oil bulk modulus 1.0 10 Pa
Bek check valve discharge flow angle 54.6°
r specific heat ratio 1.31
} fluid hydraulic oil density 870 kg/n?
Xin position of intake port 48 mm
A pre-exponential factor 2502
Ea activation energy 183193QJ
n power of pressure 1.367
QLhv low heating value of the fuel 47 MJ/kg
C constant volume heat capacity 719 J/kg.
e burn duration averaging parameter 0.5
k burn duration parameter 9e5
Ec activation energy focombustion 185 KJ
Ry universal gagonstant 8.314 J/mol/K
Hd hydraulic oil dynant viscosity 20 102Pa-S
Table3.1 Keymodelingparameters othe feepistonengine

3.1.1. Piston Dynamics

Piston dynamics of the HFPE is governed by theyimder gas drce, the hydraulic
force aml the friction forces. For simplicity, the two piston pairs are considered to be

perfectly synchronized and lumped into one rigid body. The free body diagram of the
lumped piston pair is shown Kigure 3.2.

F, ft F, inner F outer F. bt
e —p> < rig
I | 1 <
M
—__I+—]
_x K
Figure32Fr ee body diagram of the

FPEOS
Thepiston motion is governed by the Newton second law, as sho{@i).
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® — 0 ¢ O ddw Ow O o

0 (3.1)

D‘B"O dw Ow O

wherecftoandware the displacement, velocity and acceleration of the pistismthe
piston mass.Fieft, Frignt and Fnet are the left, right and net Heylinder gas force,
respectively, which can be calculated through the combustion chamber piessuie
combustionpiston are@g. Finner, Fouter and Fryg are the hydraulic forasefrom the inner
chamber, outer chamber and the net hydraulic force, which are determined by the
hydraulic pressure in each hydraulic chamber. The detailed derivations of those forces are
presated in the subsequent subsectidfsis the friction force,whose calculatioris

shown below:

Ow QI AQa —Qoo (3.2

In the equationky is the friction coeffiognt, which is determined by the clearance

between the piston and the cylinder p i Eergiihdn @nd diametefd , as well as the

oil dynamic viscosity

3.1.2. Hydraulic Dynamics

As shown inFigure 2.3, hydraulic charbers 1, 2 and 3 on the left side are connected
to either the HP or LP through the check valve and the digital valves, whereas the three
right hydraulic chambers 4, 5 and 6 améerconnected and serve as the synchronization
mechanism. As perfect synchroaiion is assumed, chamber 4, 5 and 6 are neglected in
modeling. Hydraulic pressure in the other chambers can be modeled as follows:

f

0 0 0 0 (3.3)

W
wherel is the hydraulic pressure rate of left chambas, the bulk modulus of

the fluid, andVchamberis the chamber volume&pison is the flow caused by the piston
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motion, Quigital represents the flow through the digital valve &rekckis the flow through
the check valve.

Based on the velocity of the pistdDyistoncan be easilgerived:

0 O (3.4)

whereAn is the hydraulic piston area.

Flow through digital valves and check valves are calculated through orifice equation
shown in(3.5), whereQuave is the flow rate,Cq is the discharge coefficienfor is the
valve orifice area anguid is the oil density.Pchamebr and Pout Stand for hydraulic

pressures in the chamber and on the other side of valves.

(@]
an

56 o X (35)

C

i @qQ

C

Dynamic behavior of digital valves is modeled as a second order system with a 0 to
100% risetime of T, and a percentage overshotgph as shown if{3.6). Vsignal and Vmax
are the input and maximum signal amplitu#ke.and Kmax denotes the effective and
maximum orifice area, respectively.
0 i o 1 '
W i W G, 107

(3.6)

-

. o « o)
wherev o . —and —.

Each check valve iRigure 2.3 consists four unit check valves, with parameters shown
in Table 3.1 and dynamics shown i1§3.7) [64]. Valve orifice used in(3.5) is the total
orifice area.

Qw Qo "
K " " i%e) (3.7)
95 Q 05 O O YoOY m
where,Mck, Kek, Xck are the mass, damping coefficient and lift of the check valve disc,

O

respectively Fspr is the spring force with preloadd and S are the pressure @rence
across the valve along flow direction and check disc cross sectional area. Flowsforce
canbe calculated throug(8.8), whereAc is the check orifice calculated fro(8.9) and

bek is the output flow angle.
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In the equationDck is the diameter of check valve disc.

3.1.3. Thermodynamics

During the scavenging process, theeylinder gases temperatufeand pressur® are
kept as a constaiit = 450 K andPo= 1.5 bar, respectively.

After the exhaust/intake ports are closed, the thermodynamics of-tyéinder gases
is governed by the first law of thermodynamics for a closed system and the ideal gas law,
as shown i{3.10) through(3.12).

Y b G (31
5 P e (31}

& o

0w &Y'y (317

where U standsfor the internal energyQ stands for the heat transfer, awdis the
expansion work.o is the specific heat raten is the mass of the 4daylinder gases,
respectivelyR stands for the gas constant of air. On top of that, the combustion cylinder
volume V is determined by the piston dynamics, while the presBuadfects the in
cylinder gass force acting on the pistons.
The heat transfer between gas mixture and engine wall is defined as:

0 B Y Y (313

whereAwal is the variable engine wall surface ar@éaai is the wall temperature, ardis

the heat transfer coefficient, which is derived from a modiikschni correlatiofi65].

3.1.4. Combustion

Due to the flexibility ofthe FPE, HCCI combustion is considered here. Unlike
conventional combustion, the ignition of the HCCI combustion is determined by the
chemical kinetics inside the combustion cylinder. In order to predict the dtart o

combustion (SOC) in each stoke, an Amfus integral is employ§b]:
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In this Arrhenius inted, A is the preexponential factol? andT are the pressure and
temperature of the tnylinder gases respectiveli, is the activatia energy and®R is the
gas constant. The integration should start when the intake port tjesesl end when
the valueof the integral becomes to 1, which reprase¢he SOC timingsoc

Afterwards, the combustion duratimnas wellas the temperature rig®¥ due to the

combustion occurrence are shown($115) to (3.17)[66].
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where Tm is the mean temperaturduring the combustion procesSsoc is the
instantaneous temperature at the SOC tineng the burn duration averaging pareter,
Qunv is the lower heating value tifie fuel,mwel is the mass of the fueCy is the constant
volume heat capacity of the-cylinder gasesygasis the mass of the intake chardgas
the burn duration parameté; is the activation energy folombustion reaction and, is

the universal gas constant.

3.2. Controller Design

The goal of the HFPE controller is to control the firgéction amount and digital
valves switch timing so as to achieve stable operation of theEH&RI realize
independent preagse and flow rate control (IPFC). To achieve this goal, alayer
architecture consisting an inner loop and an outer loop isogeqhl as shown ifigure
3.3.
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Figure 3.3. Block dagram of the IPFC with PI control

3.2.1. Inner Loop Control

The inner loop control includes a fetatward controller and a feedback canier. As
can be seen, theput to the inner loop control is the measured load pressure the flow rate
demand and the FPEspon trajectory. The output of the inner loop control is the fuel
injection amount and digital valve command signal to the HFPE.

The feedforward controller isa lookup table, which provides the optimal valve
switch timing Xswitcn, fuel injection amountrwer and the operational compression ratio
(CR) of the HFPE at any given load condition, in terms of load pressure and flow rate
demand. It should be noted leethat the operational CR is a unique control parameter
enabled by the HFPE only. This additiosahtrol means enables the HFPE to operate in
a more efficient and cleaner way compared to the conventionatili@&n pump. More
detailed discussion related this point will be presentddter in this chapter

Specifically, the feedorward controlleris obtained as follows. Given any specific
load condition, an operational CR within the range of 12 to 30, is selected firsanidee r
of CR is determined bygonsidering the structural and material limitations of the engine
wall as well as the feasibilitpf HCCI combustion. The other two control parameters,
Xswitch@ndmel can then be calibrated using the HFPE model developeecinoS 11l. As
a result, a control parameter &htfor this specific load condition is obtained:

~.
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By sweeping through different CRs and repeating the calibration process above, other
control parameter setd can be achieved. Afterward, the optimak &kt can be
determinedby comparing the total efficiencgoveran of the HFPE operation under all
possble sets, which is defined in equati(@119).

W 2
_ 5 (319
whereVouput Stands for the output flowithin a stroke andPioad is the load pressure.

Such an optimal control parameter & is then recorded for this specific load
condtion. By repeating thigrocedure for a certain number of other load conditions, a
look-up table of optimal parameter sets can be established. For any other load conditions
not defined in the table/controllets corresponding optimal control parametetr can be
acquired throgh interpolation from this table.

Based on the switch point from this table and the FPE piston trajectory, the digital
valve command signal can be generated. Notice that if the digitad \vvonnects the
pumping chamber to HP righfter the TDC, there cid be a negative flow from HP to
the chamber, as the chamber pressure is lower than that of the HP at this point. To
eliminate this negative flow, the valve is hold at neutral for aevafter the TDC to
allow the inchamber fluido be compressed by tpeston and build up pressure.

Due to the uncertainty in model, interpolation error and possible disturbances, the
feedforward controller alone cannot guarantee stable running of the &ifeP&feedback
controller is needed. The imaidea of the IPFC fedxhck controller is to compare the
actual operational CR, calculated from the piston trajectory, to the target operational CR
and adjust the fuel injection amount accordingly. In this wihg, target CR can be
tracked, enabling the FPE to work robustly wit disturbances and load condition
transients.

The feedback controller includes two parts. The first is a Pl controller, which removes
any difference between the target CR and the acpeabational CR. The second part is a
transientcompensator, which isiraed to reduce the transient behavior of the HFPE
facing a large load variation. Although the feedforward controller provides the CR

reference, fuel amount and valve command, it is oalysteady states. During large
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transient betwen load conditions, espially when the CR changes, a compensation term
in fuel amount will be needed. The reason is explained as follows.

At the two ends of each stroke, there is some energy stored in thessed in
cylinder gas. Apparently, this engy is determined by theompression ratio. For steady
state cases, the CRs are the same at the beginning and the end, so the net expansion work
will provide just enough energy to push the pistons and provic&mded output flow.

In such cases, we can cer that the energy afompressed air transfers from one
chamber to the other and the combustion provides energy only for the pumping process.
However, when the load condition changes, the compression ratid atso change,
causing the initial compresd air energy to be défent than the final energy, with the
difference shown in equation (19). For simplicity, adiabatic process is assumed in such
energy calculation. In the equatid?y stands for the intakpressureEcompSstands for the
difference incompression energy, i.¢he additional energy needed to compress in
cynlinder gas to the new reference GFRyow and CRure is the current and previous CR
reference, respectively. Description of other symbaistze found in Table I. Apparently,
when CRyow>CRore, Ecomp>0, meamg that the combustion needs to provide extra energy
to compress the tnylinder gas during this transient stroke.

0 006 T 0w 0w

3.2
p T = oY oY 329

O

Moreover, when the CR changes, the stroke length willasp, causing a change in
oil output as well as energy demand during this stroke. The energy demand change can be
calculated using3.21), whereExuiq is the difference between the pumping energy needed.
Note thatfor simplicity, the mechanical efficiency here is assumed to be 1 so the
difference in hydraulic energy output égjual to the differete in combustion energy
needed. Also, when the G&R>CRyre the stroke length in the transient stroke will be
shorter tha that of a steady state stroke Esaq will be negative.

- W W

- ' 3 3.2
o) 0 Oé‘Y = D 821

To ensure that the desired compression rat@clgeved during the transient stroke,

the aforementioned energlifferences have to be compensated by changing the fuel
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injection amount for this strok&he calculation of fuel amount change can be expressed
as equatin (3.22).
O O
5 - 3.2
a — o (322

In the equationmyel adj represents the fuel adjustment amoukbmal is the thermal

efficiency, which is apprarated as a constant number.

The transient compsator in the inner loop is added to detect the change in CR
reference and perform corresponding compensations. It should be noted that in the IPFC
of the HFPE, the@ransient compensator only functions foe tsubsequent fuel injection

event, when the vaiion of the target CR is large enough (

Y# 3 Q)

3.2.2. Outer Loop Control

The inner loop control ensures the stable operation of the FPE and provide an output
flow rate atthe given load pressure based on the feedforward information. However, due
to interpolation error and possible disturbances, teahflow rate can be different than
the demand value. Therefore, an PI controller is employed in the outer loop to make up
for the flow rate error. The input of the outer loop controller is the flowrate indicator
error. This can be either a direct floate measured at the actuator side, or an indirect
indicator like the linear or rotational speed of the actuator. Note tieabtiter loop
controller should be integrated into the hydraulic circuit controller in actual applications

with better control degned for specific applications.

3.3. Simulation Results

The performance of the HPFE with the IPFC and cy@leycle control is evaluated in
this section. Both steady state performance and transient performance are presented,
which demonstrates the effectiveseof the IPFC. Furthermore, a detailed analysis on the
efficiencies of the HFPE with the IPFC under various waglconditions is documented.
Such an efficiency analysis includes the thermal efficiency from the engine side and the

mechanical efficiency &m the pump side. Both efficiencies as well as the overall
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efficiency are benchmarked with similar applicatioos tf ur t her demonstr at

advantages at a system level.

3.3.1. SteadyStateOperation

Steady state simulations are first conducted at diffdoad conditions, in terms of
various load pressure and flow rate demand. Simulation results show that unééiGhe
controller, the FPE can work in a stable fashion and provide demanded flow rate. As
shown inFigure 3.4, the stedy state performance of the HFPE with the IPFQuge
accurate and the relatively error of the produced output flow rate is less than 2% at the

load pressure ranging from 5 MPa to 35 MPa.
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Figure 3.4. Stealy state performances of the HFPE with the IPFGratious load
conditions.

Figure 3.5 shows the comparison of piston trajectories, instantaneous flow rates, and
digital valves opening between two cases, which havedhe load mssure of 15 MPa,
but different output flow rate of 210* m*/s and 5 10*m’/s, respectively. Note thdbr
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the valve control signal, positive value means connecting the chamber to HP. It can be
seen that for each load condition, by varying the digithblesaopening/closing duration,
different portion of the in chamber oil goes to the load side and diffsteoke average
flow rate can be achieved. In addition, the TDCs points in these two cases are slightly

misaligned since the HFPE is actually runnatglifferent optimal CRs for different load

conditions.
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Figure 3.5. Steady state performance at fixed pressure but various output flow rate,
from top to bottom: piston position, instantaneous flow, digi@htes opening
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Figure 3.6. Steady state performance faéted output flow rate but various pressure,
from top to bottom: piston position, instantaneous flow, digital valves opening

Figure 3.6 shows another set of comparison, where the flow rate demands are the
same (5 10* m¥s) but the load pressures are different (15MPa and 35MPa, respectively).

Clearly, the valve control signals and trajectoriesdifferent for the two cases.

3.3.2. TransientPaformance

Due to its compact structure and substantially less inertia, the HFPE with the IPFC
enables significantly shorter response for any load transition by adjusting both the digital
valve opening strategy and the fuel injection amount i saoke.Such a fast transient
performance is a key feature of the proposed system in minimizing the difference
between the desired output flow and the produced output flow at any given load pressure
and reducing the throttling losses.

To verify the fastresponseof the HFPE with the IPFC, a simulation is conducted to

evaluate the HFPE performance at a fixed load pressure of 35 MPa, and a step flow rate
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demand from 210* m¥/sto 7 10*m’/s, as shown irFigure 3.7, where the dasd line

shows the instant when the step variation of the flow rate demand applies. Clearly, the
transient takes only one stroke to cover most of the flow demand variation with the

assistance of the traeat compensator. Then, the PI controllers in both ittner and

outer loop work together to bring the produced output flow rate to the desired level

within 100ms.
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Figure 3.7. FPE performance undestep flow demand

It is widely known that in hydraulic mobilapplications, the load pressure change is
usually coupled with the flow rate change. To address this issue and further evaluate the
performance of the HPFE with the IPFC as a fluid power soorceadbile applications,
another set of simulationiscondeai t o eval uate the systemods
loader duty cycle. The corresponding simulation results are shoWwigume 3.8. It can
be seen that even with continuously changing load pressure and flow rate demand, the

systen can still track the flow rate demand properly. Further analysis shows that the

output flow rate error is withir5.743 10°m’/s and 6.82 10°m?/s of the desired output
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flow rate. The CR reference can also be tracked gshppmeaning that the HFPE is

always running in a stable fashion during the entire duty cycle.
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Figure 3.8. Duty cycle section test, from top to bottom: flow rate tracking, CR tracking,
load pressure.

3.4. Efficiency Analysis andOptimal Working Point

The efficiency analyses of the proposed sysswconducted in this section. To
facilitate the analyses, the overall efficiency (B119) is expanded tdhe product of
thermal efficiency and mechanical efficiency, as show(Big3).

W qd) e}

_ _ . o N 3.2
}80:13 I8 (323

whereWgas is the expansion work of the-gylinder gas within a sbke andVhyg Stands
for the volume of the produced high pressure hydraulic oil.
It should be nted that unlike conventional IG&#iven hydraulic pump, the HFPE has
an additional control means, i.e. variable CR, to optimize the system efficiency. As

menticned before, variable CR provides a degree of freedom at choosing the control
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parameter sets. €hefore, choosing the optimal parameter sets is essentially choosing
optimal CR for each load condition. As CR affects both the thermal efficiency and the
mechaircal efficiency, they will be discussed separately before the optimal CR as well as
overall effciency can be found.

3.4.1. ThermalEfficiency

As shown in(3.23), thermal efficiency represents the ratio of thecyhinder gas
expansion work over the tdtahemical energy of the injected fuel. The corresponding
losses mainly come from two aspects. One is the exhaust loss, which is stored in high
temperature exhaust gas. The other one is the heat transfer loss, whichegdigbipa
combustion heat to the gime wall and the surrounding environment.

According to[65], the exhaust loss is directly related to the operational CR of the
engine. Usually, a higher CR indicates longepamsion stroke and therefore more
chemical energy is converted to the useful expansiork vaod less exhaust loss is
generated in turn.

In addition, the heat transfer loss is related to the temperature difference between the
chamber wall and the {aylinder gas, the velocity of the piston, the surface area of the
combustion chamber and thardtion of the stroke, as indicated (8/13). By increasing
the CR, the ircylinder temperature before the combustion event will increassetr,
higher CR reduce &éhtemperature profile after the combustion event, since less fuel is
needed due to higher combustion efficiency and less exhau§Spgss the majority of
heat transfer loss is gerated after the combustie@vent, higher CR can actually reduce
the heat transfer loss. In addition, since the operation frequency rises with the CR in the
HFPE, the stroke duration will be shorter at high CR, which further reduces the heat
transfer loss.

Figure 3.9 shows the derived thermal efficiency of the HFPE with respect to the
operational CR at a fixed load pressure of 15 MPa and various flow rate demand. Noted
that by changing the CR,aHrequency and the total stroke dgém will vary, causing the
available maximal flow rates at each CR to be different as well. The flow rate can be
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normalized into equivalent displacement fraction by the maximum flow possible, which

is full displacementmder CR=30.
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Figure 3.9. Thermal efficiency with respect to CR at load pressure 15 MPa

Obviously, the thermal efficiency of the HFPE increases with both the CR and flow
rate. In addition, the thermafficiency is substantially higher (peaKieiency is close to
62% and efficiency at 20% equivalent displacement is higher than 46%) compared to the
conventional ICE, whose peak efficiency is only about @5} This higher thermal
efficiency comesfom t he FPEO&s wunique <character of
Attributed to this ultimate freedom, the FPE can employ the advanced combustion mode,
i.e. HCCI combustion, and significantly reduce the heat losmdrgasing the CR and

reduce the time dation while ircylinder gas is at higkemperature conditioff34]i [36].

3.4.2. MechanicalEfficiency

The mechanical losses mainly come from two sources, the frithss and the

throttling loss mainly caused by the switching of the digital valves.
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Figure 3.10 shows the mechanical efficiency with respect to CR and flow rate at a
load pressure of 15MPa. Clearly, the mechanical efficiency isshighlower CR and
increase rapidly with the flow rate. The mechanical efficiency of the HFPE at the 20%
equivalent displacement fraction condition is still over 55%. In addition, the meahanic

efficiency of the HFPE ahaximum flow rate is over 95%.
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Figure 3.10. Mechanical efficiency as well as throttling loss and friction loss with
respect to CR at load pressure 15 MPa

Throttling loss herein refers to energy loss when oil is pumped through orifices of th
digital valves in the HFPE. Throttling loss increases rapidly as the flow rate decreases,
mainly due to the higher piston speed near switch point and smaller poweit. outp
Apparently, most throttling will happen when the digital valves are switchingttend
orifice is small. The faster the piston moves around the switch point, the more hydraulic
oil is pumped through the reduced orifice and the more throttling losssocklso,
higher CR increases the overall piston velocity, causing the throttlingplose.

It is also obvious fromFigure 3.10 that the friction losses are relatly small

compared to the throttling loss. This advantage is attributed to the unique design of the
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HFPE. Compared to the conventional K8i&ven hydaulic pump, the HFPE possess
much less components, which significantly reduces the friction. On toptpthamain
friction loss comes from the piston motion. However, since the piston is moving linearly,
the side force around the piston is much smatlempared to its counterpart in the

conventional engine and therefore further mitigate the friction losses

3.4.3. Overall Efficiency andOptimal CR Selection

The overall efficiency is the product of the thermal efficiency and the mechanical
efficiency. As showrin the previous subsection, the CR value has opposite effects on the
thermal and mechanical efficiency. drefore, it is necessary to balance the tradeoff and
find an optimal CR with the highest overall efficiency.

Figure 3.11 shows the optimal efficiency and CR for loacepsure 15MPa. Obviously,
at lower flow rate, the HFPE prefers to operate at lower CR. This is because the reduction
of the mechanical efficiency caused by high CR is too aggressive at low flow rate and
thus thelPFC has to sacrifice some thermal efficigihy reducing the CR to improve the
mechanical efficiency and therefore the overall efficiency. On the other hand, when the
flow rate is high, since the thermal efficiency can be improved significantly at Kifher
[65] and the mechanical efficiency curves are flatter, the IPFC increases CR to achieve

optimal overall efficiency.
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Figure 3.12. Optimal overall efficiency of the HFPE with the IPFC at different load
conditions

With the optimal CR determined, the optimal overall efficiency for elac
condition can be calculated. Thesudt is shown inFigure 3.12. For each pressure, the
overall efficiency is higher with high flow rates. The overall efficiency lies betV2&&n
and58% for the HFPEwith IPFC. Note that duentthe fast response of the system, the
actuator demand can be met in real time so the throttling loss downstream will be
significantly reduced. In practice, the hydraulic mobile applications powered by
conventional ICEdriven hydaulic pump generally hashé overall efficiency of 10
129%467]. Compared to this value, the HFEP with the IPFC possesses great potential to
significantly enhance the overall efficiency at a system level.

3.5. Chapter Conclusion

This chapter documented the modeling ofGIPOC HFPEPerformance othe HFPE
with the IPFCis evaluated througbxtensivesimulatiors using this modelTheresuls
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showthat thelPFC not onlystabilizes the systemoperation but alscenables the HFPE to
realizemillisecondscale response time toyaload variations. By mehing the produced

fluid power with the desired load in re@ine, the proposed system can significantly
reduce throttling losses and thus enhancing system efficiency. In addition, the freedom of
the piston motion in the HFPE offeanother control meansg. variable CR, to raise the
thermal efficiency from the engine side. Combining the two improvemgragyverall
efficiency of the HFPE withIPFC is significantly higher than the conventional ICE

driven pump system.
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Chapter 4.

TestbedCharacterization and Switch based IPFC

The first attempt to implement IPFC on the hardware is to use the most straight
forward switchbased method, which is similar to that showiChapter 3 Although this
method lacks robustness and requires tedialbration process, it provides direct
insight into | PFCO0 s feasibility sa badelme forhfirthed war e
investigatiors. Yet prior to the implementation, the hardware system has to be upgraded
and characterized, while the simulation modsd ko be calibrated accordingly such as to
guide testing.In this chapterthe testbed hardwarend its charactezation are first
presented. After thathe basic idea and control design of switch based IPFC is put
forward and the parameter calibrationtheal is presented. Then, system performance is
analyzed to unveil the baseline performance ofQPFinally, the lack of robustness of
the switch based IPFC is discussed.

4.1. HFPE TestbedCharacterization

4.1.1. TestingSystem Overview

The test bed used in this studybuilt around a protype OPOC HFEEnatedby Ford
motor company. The HFPE has a rated powdsSéfv and maximum operation pressure
of 41.4MPa.Figure 4.1 below shows the schematics of tfesting system. A hydraulic
stand is conected to the HFPE to provide highessure and low pressure through two
bladder type accumulatord. compressed air driven hydraulic pump -ptearges both
accumulators prior to testing to provide appropriate back presagrevell as piston
motoring energ. To help withthe scavenging preess, arAC motor driventwin-screw
supercharger system is connected to the intake manifold of the NFP& cetails of the
supercharger system can be found\ppendix AThe measurement and control system
consistsof a dASPACE reatime controller, a PCAD/DA converters, as well as signal
conditioners/drivers Measurement signaldrom the testbed are conditioned and
transmitted to dSPACE through/[a converters, while control signals are sent to the test
bed through DA converters and drivers. A PC ®nnectedo the dSPACE as user

interface for programming and controls.
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Figure 4.1. Schematics of thiesting systetn

A photo of thetest bed is shown iRigure 4.2. Important measurements and control
signals are summarized inrable 4.1 below. Index in the table corresponds to the

sensor/actuator locationsarkedin Figure 4.2.

\gi/rr':t?clf Index Description Unit
Pinner 1 Outer hydraulic chamber pressure Pa
Pouter 2 Inner hydraulic chamber pressure Pa
Pcouple 3 Coupling hydraulic chamber pressure Pa
Paccu 4 High pressure accumulator pressure Pa
Phigh 5 High pressure rajpressure Pa
Piow 6 Low pressure rail pressure Pa

Psc 7 Supercharger output air pressure Pa
Prort 8 Left intake port air pressure Pa
Pexhaust 9 Exhaust air pressure Pa
Pieft 10 Left combustion chamber pressure Pa
Pright 11 Right combustiortchamber pressure Pa
Tintake 12 Intake manifold air temperature e
Texhaust 13 Exhaust manifold air temperature e
Qair 14 Intake air mass flow kg/s
Qrw 15 Hydraulic flow meteii forwardchannel m®/s
Qow 16 Hydraulic flow meteii backwardchannel m®/s

'"dSPACEO is dSPAGHeIalrkgo fof dSPAICtEt pasd:o/p/t veedonfdrsopna c €
Photo of signal condipti é mewsyw. admpt ed from
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Xinner 17 Inner piston position m
Xouter 18 Outer piston position m
=3 19 Exhaust oxygetevel %
Uservo I Servo valve control signal Vv
Usynchigh I High pressure sync. valve signal on/off
Usynclow ] Low pressure sync. vahagnal on/off
Spk v Spark signal on/off
Inj V Fuel ingction signal on/off

Table4.1. Sensors and actuators in the HFPE testbed
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Figure 4.2. Photo of the test bed
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4.1.2. HPFECharacterization

The HFPE hardware has to loharacterized s@s to help understanding its key
dynamics Meanwhile, #hough theideal model established @hapter 3captured most
i mportant dynamics of a typical HFPE, It
testng apparatus. To better support testitige model has to beupdated where
previously umodeled elements will be added and model parameters will be recalibrated
according to the HFPE characterizati®@pecifically, n this section, the modeling of
friction/scavenging force, the measurement of dead volumes and oil bulk moaklus
well as thecharacterization of servo valve dynamics leepresented. Other parameters

of the modified HFPEre also summarizad a table.

4.1.2.1. Scavenging force and Friction Force

The scavenging pumps are neglected in the ideal mod#ielactual test bedhere
are two scavenging pumps located at the two ends of the HFPE, as sheguréw.2.
Figure 4.3 shows thedetailedscavengqg pump structure forone side of the HFPE.
Chambes 1 and 2 mark the two scavenging pump chambers while chamber 3 is the
combustion chambefote thatthe outer coroustion piston and the scavenging pump
piston arerigidly connected into one piec&Chambe 1 includes the cavity of the
combustion/scavenging piston, and chamber 2 is connected &milidar gas chamber
around the intake port®uring compression strok# the combustion chamberhamber
1 expands, suckingir into it from the intake manifoldon the topthrough reed valves
Then, duringhe combustion chambiers expansi on stroke, air
to chamber 2 through another set of reed vatweshe bottomNearthe end of the
expansion stroke, intake ports are uncovered by thebustion piston, and fresh air
flows from chamber 2 into combustion chamber through tt@early, force generated
from pressurizeair in scavenging chambef and 2will directly act on the pistons and
affect their motion. Modeling of the scavenging chagnlpressure dynamics requires a
detailed model of the reed valvas well as dead volume measurement of scavenging
chamberswhich is not only complex and tedious ibself, but also not the focus of this

study. Meanwhilethe scavenging force cannot beeditly measured due to hardware
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limitations meaning that even if a reed valve and scavenging chamber air dynamics are
established, they cannot be properly calibraidhilarly, the friction force cannot be

directly measuredandthe model cannot bealibratedfor it.

i '_":_ 7

Figure 4.3. Scavengingump andcombustiorchambercut-out view

To model scavenging force and friction indirectly, a data driven model is progased.
shown in(4.1), the sum of friction and scavenging for@an beinferred from piston
motion through the Newton second laln the equationFsca is the scavenging force.
Theoretically, the scavenging force mostly depends onpisten position, while the
friction force depends on factors including piston velocity, aylic chamber pressures
and possible side forcds this studya 1-D lookuptable with piston position as index is
used to describe scavenging and friction folCe@ nsi der i ng ndemcé ont i on 6 S
velocity and different air condition in scavenging msfor different strokes, tables are
established for expansion and compression strokes sepaiastyy.in the tables are

acquired from preliminary tests usi(gl).
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4.1.2.2. Dead volume of pumping chambers and oil bulk modulus measurement

Dead volume of the pumping chambers is not readily available inabesand has to
be measured. Since the geometry of the hydrahkonels cannot be directly measured,
the method used here is to fill the dead volume with oil and measure the oil volume.

Measured dead volume data is showihaible4.2.

Parameter Description Measurel Measure2 Measure3 MeanValue

Inner Chamber
Vd_mner Dead Volume 22.6ml 23.6ml 21ml 22.4ml

Outer Chamber

Vd_ouier Dead Volume 26ml 27.5ml 26.5ml 26.6ml

Table4.2. Deadvolumemeasuremendata

Although the ideal hydraulic oil bulk modulus is given by the data sheet for the oil
used in the testingnireality, oil bulk modulus can be affected lepntrained air and oil
contaminationsand deviate from the ideal valuherefore, it is necessary to calibrated
it on the HFPEAssuming the response time of check valigefast enoughthe oil bulk
modulus can be calibrated using the following method. First, start the HFPE and go into
normal operation with combustions usitng method proposed [A#0]. Once combustion
starts, send zero servo valve signal. Once thesalve park at neutral, flow can only
be pumped out through check valves. At the BDCs and TDCs when pistajechation
direction, the discharge chamber andintake chamber will switch, causing pre
compression and decompression in hydraulic chamli&inge the check valves are
assumed to be fast enough and the servo valve is closed, all pressure changes during pre
compression and decompression must be caused by piston motions, as indiga®d in
In (4.2), Vchamberis the hydraulic chamber volume, which determined by the dead
volume, piston position and hydraulic cylindgeometry.Plugging inexpressioa of
Qpiston and Vchamber and integrating(4.2) yield (4.3) below. In the equationAn is the
hydraulic piston areaq andx. are the piston positiemat the beginning and end of the
pre-compression or decompression, respectively, Wil@ner and Vg ouer are the dead
volumes for inner and outer ahders, respectivelyPchamveriS the hydraulic pressure for

either the inner or outer chambekg.stands for the hydraulic cylinder lengtlugging in
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the precompression/decompression testing datapoik moduluscan be solvedo be
1.2GPa.
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4.1.2.3. Servo Valve Dynamics

Servo valve dynamics describes the dynamics betweeservo vale orificeandthe
servo valve command, and is a key element of the HFPE dynamics. The valve used in the
HPFE is atwo-stage servo valve from Moog. Previous researches have indicated that
althougha servo valve is a nonlinear systethe dynamics from voltge input b valve
orifice sizecan be approximatedsing a linear system with acceptable accuf@sy.

Therefore, a system identification is conducted to fit the servo valve dynamics with a
linear transfefunction.

kp F———4—
' |
B -

Check Valves 3 g Serve Valve

Pouter(— -
~

Pﬁ'ﬂﬂﬁ'f“
Figure 4.4. Systenblock diagram forservovalve system 1D

The system diagram used in servo valve dynamics ID is showigume 4.4. Since
the HPFE is a boundary staldystem, a proportional control is implemented to st&biliz

it. Sinusoid signa with different frequenies are sent as the referenceef) and
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correspondingpiston motios are recorded as system respongg @t the same time,
servo valve command sign@él), pressures at both the high pressure anddmssure
ports of the servo valvéPpw andPhigh), as well as the outer and inrfgrdraulicchamber
pressures Router and Pinner) are recordedUsing recorded data, flow rate from each
hydraulic chamber cabe calculated from piston motion, chamber deatume and
chamber pressure measurements, as shohdnand(4.5). In the equationouter and
Qinner are flow rates into the outer anther chamber, respectivelyhile Pouter and Pinner
are the chamber pressures.

4 “ . (b b :)U w U
0 5 Jy — (4.4)

. I 6 300
] o w : (4.5)

Furthermore, according to the orifice equation, the orifice size caalbglated using
flow rate, discharge coefficient, and hydraulic pressures. Since the chamber prassure
always betweeRow andPhign, the flow direction can only be either from the chambers to
low pressure or from high pressure to the chambleanwhile, the check valves are
always closed due to the chamber presstineseforeall flow has to go the servo valve
i.e. the servo valve flow eqlsato the chamber flowAs a result, e orifice can be
expressed as follows:

cn
=

o} . . (4.6)
} T

I

In the equationAor is the orifice size, with positive value defined as connecting

chamber to high pressut®chamberandPchamberare the flow rate and pressure of either the
outer orinner hydraulic chambe€yq is the orifice discharge coefficient, whilas the oll
density. The orifice can also be normalized into percentage of maxiopening for
more straight forward understanding, as show(if). Value of6  , Cq andy can

be found later in the section fable4.3. Plugging data measured from system ID into

equation(4.4) through(4.7) yields the valve orifice estimation shownRigure 4.5.
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Figure 4.5. Servovalve orifice estimation fromsystem IDdata

Sending the command signal and estimated normalized orific&: n to Matlab
system ID toolboxanda transfer function can be acquired to represents the servo valve
dynamics. Equatior§4.8) below shows the resulting transfer functidfigure 4.6 and
Figure 4.7 illustrate the Bode plot of the estimated servo valve dynamics, and the
comparison biveenthe estimatedservo valveorifice and linear servo valve model
response, respectively. Clearly, the linear model can represent the servo valve dynamics
with decent accuracy.

WRP XB G pm (4.8)

i X o0& uv®o prTt
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4.1.2.4. CalibraedHFPE parameters
Key parameters calibrated for the HFPE testbed and corresponding model is

summarizedelow inTable4.3.

Parameter Description Value
Aor max Maximum servo valve orifice 1.81x10°Pm?
Cy Servo valve discharge dfieient 0.7
J Hydraulic oil density 860kg/n¥
b Hydraulic oil bulk modulus 1.2GPa
An Hydraulic piston area 1.51x10%m?
Aq Combustion chamber area 4.96x10°%m?
L¢ Length ofhydraulic cylinder 64mm
Xin Intake port location 51mm
Xout Exhaust port locabin 50mm
Min Inner piston pair mass 4.50kg
Mout Outer piston pair mass 4.62kg

Table4.3. Calibrated HPFE parameters

4.2. Working Cycle and Control Design

The switch based method changes the valve connectiontaincswitch timing to
sustain continuous HFPE operation under IPFC. Here switch timing is defined using
piston position. Once the piston pasagse-calibrated pasion, i.e. the switch point,the
valve command signal will change. Since this stbape witching signal provides the
fastest valve switching, this method will minimize the amount of fluid squeezed through
small servo valve orifice duringalve transienand thus minimizing throttling loss.

In this study,combustionsareonly enabledn the Idt combustion chamber, while the
compression and expansion of the right chamber facilitating conversion between piston
kinetic energy and compressed patential energyso as to enable reciprocating piston
motion In this way, the OPOC HFPE essentiallprks as an OP HFPE withhbounce
chamber. Correspondingly, theFCimplemened hereconsiss of a full stroke of output
from the outer hydraulic chambeuring the expansion stroke right after each combustion
followed by a compression strokevhere the otput flow from the inner hydraulic
chamber is digitally modulated match the combustion energy.

The ideal working cycle of a switch based IPFC is dttated inFigure 4.8. In the
figure, positive servo valve signal indicatesisecting the inner chamber to low pressure

and outer chamber to high pressuks.shown inthe figure, ight after each BDCof the
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first half of the compression strokthe servo valve stays at neutral and let the inner
chamber pump out oil to high prese through check valvesThen, at the switch point,

servo valve command is sent to cortrtbe outer chamber to high pressure dhe inner
chamber tolow pressure. For the rest of the stroke, oil will d@awn in from high
pressure into the outer chamlaedtheinner chamber will pump oil to low pressure. The
hydraulic force will be helpingiston motionduring this time. Whetthe TDC is reached

and combustion happens, the pistons are pushed away from each other in the left chamber,
andthe servo valve ommand moves the valve teutralto let the outer chamber pump

out oil to high pressure through check valves throughout the expansion $tielavitch

point here is calibrated so as to match thel injection amount and load pressure

deliveringa desiablecompression ratio
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Figure 4.8. Ideal working cycle of switch based IPFErom top to bottom: Piston
trajectory, Servo signal, Hydraulic pressure and net hydraulic force; Net flow output.
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As shown inFigure 4.8, due to thesystemdynamics,there is a delay between the
switch signal and hydraulic forcélso, right after the TDC, the servo valve will still be
connecting the outer chamber to higiessure and inner chamber to IpressureThisis
not an issue durinthe expansion stroke, since the outer chamber will be pumping to high
pressure anywaydowever, the servovalve has to beback to neutral before the BDIG
prevent throttling and flow losduring the compression straket 6 s al so wort h n
that if theservovalvei s n 6t at t he thesvichpoirg thef@glaveg valveo n  a 't
orifice profile will start at a noizero position, which will affet the switchpoint
calibration.

To ensure the neutral valve pasit at BDC, an overcorrection signal can be sent to
pull back orifice right after TDC, as shown kngure 4.8. Clearly, this overcorrection
depends on the switch timing, and should be calibrated accordingly. Overcorrection is
particularly needed when the switch point is early in the compression stroke and valve

orifice at TDC is large.

4.3. TestingResults

4.3.1. Working Condition andSwitch Point Calibration

Experiments are conducted to evaluate the feasibility of switch based IPFC. The

switch pointand over correctioare calibrated using the following method:

1. Set the switch timing to O, i.e. the valve stays atna¢aidl the time. In this way,
oil is always pumped to high pressure and displacement fraction is 100%. Due to
the imbalance ofambustion force and hydraulic force, theuncechambelis not
able to push pistons back to theecedingTDC, causing the TD@ositionto rise
and ultimately misfire will happen.

2. Gradually increase the switch timing, such that the TDC will be steady and
consecutive combustions can be sustaimdmte that without overcorrection, the
valve isconnecting the discharge chamifgre nner chamberjo low pressurat
switch point.

3. Use the servo valve model and piston motion after TDC to estimate the

overcorrecin timing, such that the valve orifice can be pulled to neutral.
55



4. Implement the overcorrection timing from 3. with switch timiagquired in 2.
Now that the servo valveill be at neutralinsteadof connecting the discharge
chamber to low pressum@ theswitch point, theorifice opening profile will be
delayed compared to that incgusng the TDC to rise again and misfite hagpen.

5. Repeat 2 through 4 until the TDC stops increasing and a stable operation is
achieved. Thdinal switch timing and over coection timing are thgalve timings
for the current operation condition

It is worth noting that the switch point is calibrétesing the measured piston position,

which shows a delay compared to actual piston position due to sensor dynamics.

The resultig switch point and other operation parameters are shown bel®abie

4.4,

Parameter Value
Load pressure (MPa) 20.7
Tank Pressure (MPa) 21
Fuel Injection Amount (mg) 57.1
Switch timing (mm) 45
Overcorrection timing (mm) 32

Table4.4. Operation parameters for switch based IPFC

4.3.2. IPFCTestResults

An overview of a typical set adwitch based IPF®est result is givein Figure 4.9.

From top to bottom, therare piston positiorservo signalshydraulic chamber pressures,

and gas chamber pressures. The estimation of normalized servo valve orifice is also
shown alongsidethe servo valve commandOverall, @& expected, consecutive
combustions can be achievedtwé steady TDC positiorservo valve orifice estimation
shows thathe servo valve connects the inner chamber to low pressure after the switch
point, as designed. Adt TDC, the orificas pulled back rapidly with thevercorrection
signal convergesear zero beforethe following BDC, and stays there until the next
switch point From the hydraulic pressures, we see thside fromsome pressure
transient, the pumpinghamber pressure is just above the load pregbigh pressure)

for the whole expansiortreke and the first part of the compression stroke, indicating that
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oil is being pumped to the load through check valNweanwhile, the pressure changes
soon after the servo valve switch signal is sent, inverting the resisting hydraulic force into
helpingpiston motion at the end of the compression stroke. Gas chamber pressures show
that there are still variations in combustion timing and magnitude hieutdntroller is

able to keep the system running stably. The peak bounce chamber pressure is mgher tha
that of the combustion chamber since the kinetic energy has to be stored using an
aggressive compression around BDC. This will inevitably increasgeh@ressure in the
bounce chamber and introduce loss due to heat transfer and leakage, which will be

discussed in the next section.
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Figure 4.9. Switch based IPFC with overcorrection

4.4. PerformanceAnalysis and Discussion
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Performance is analyzedr the switch based IPFC and a performance baseline is
establifed in the sectionAlso, the lack of robustness of switblhsed method is

demonstrated through testimgth changed system parameter.

4.4.1. Output Flow Estimaon

To evaluate the performance, the first step is to estimate theofitput Ideally, a
flow rate meter should be able to directly measure the flow output from the HFPE.
However, as indicated iRigure 2.4 and Figure 4.8, the flow direction changes within
one cycle when the HFPE is operating under IPH. turbine based flow meter used in
the apparatugould be inaccurate when working wittuch fast changinfow. As a
workaround, m this section, theutputflow rate is first estimatedsingthe HFPEmodel.
Then,this estimated output flow is comparediwthe flow meter measurement to check

for consistency.

441.1. Valve model based flow estimation

As in indicatedin (3.3), for each hydraulic chamber, flow can be divided into servo
valve flow(Quigita Or Qservg, check \alve flow(Qchecy and motion inducedow(Qpiston).
Quigital i (3.3) is essentially the same &kervo hereafter Note that the sign convention
used here is to consider flow into the chamé® positive With the hydraulic chamber
pressure measurd andtheservo valve orifice estimated using the valve model and valve
command QsenoCan be calculatedsingthe orifice equatior{3.5). Note that due to the
symmetric design of the servo valwehen one chamber is connected high pressure, the
other one has to be connected to low pres$dyigen can be calculated throughe piston
velocity and area usin@.4). TheoreticallyQcheckCan also be calculated using the ahe
valve model and orifice equation. However, when the check sapen, the pressure
difference across the valve is in the order of 100kPa, which is within the error band of
hydraulic pressure sensors, making the pressure difference measurementbietaietla
flow calculation not viable. On the other hand, if we definespure induced floW@pres
using(4.9), equation(3.3) can be rewritten int¢4.10). SinceQpiston, Qservo@aNd Qpres CaN
be calculated by3.4), (3.5) and (4.9), respectively Qcheck can be calculated indirectly
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through(4.10). Note thatalthoughQcheckhere represents the sum of low pressure check
valve flow and high pressure check valve fldhey can be easily separated considering

thesingle direction flowfeatue of check valves.

(4.9

0

0 0 0 0 (41D
Looking from theload side the output flowQoutputis the sunof additive inverses of
high pressure side servo valve flovQsévonign) and highpressure check valve

flow(Qcheck high) for bothchambes, as shown ir§4.11).
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Qs i = Qservo inner Qc i = Qeneck inner == Flow Direction

Figure 4.10. Flow condition for switch based IPFQa) expamsion stroke; (b)
compression stroke

Specifically, for the switch based IPFC, since the valve is either connecting the inner
chamber to low pressure or parked at neutral, depending on the stroke, the flow
distribution can be illustrated usikggure 4.10. In the figure, subscripinnerand ouér
stand for inner and outer chamber, respectivetyavoid confusiondJow symbols stand
only for the magnitude of flovandflow directiors areindicated by arrowsrigure 4.10
(@) and (b) represents the flow condition during expansion strokes and compression

strokes, respéiwely. Clearly, during the expansion stroke, flow out of the outer chamber
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all goes to the load througtither he high pressure check vauQcheck outer), OF the servo
valve (Qservo_oute). Net flow output is the sum of these two components. Onother
hand, during the expansion stroke, flow into the outer chawctadd either come from
the low pressure througthe low pressure check valv@Qcheck outet, Or comefrom the
load through the servo valM&seno oute). Meanwhile, flow out of the inmechamber
either goes to the load through the high pressure check (@&« inne), Or tothe low

pressure throug the servo valvgQseno inne). The net output flow therefores ithe

difference betwee@check_innerdNdQservo_outer

1

)

=]

£ Check |_|

8 Pres. | |

Q ServoHi

g === Servolo |

- 4.78

@

a - T T T

Ea° 5 ‘/\ f\ Check |

2 E o h W W\/ Pres. |

Q g 5 ServoHi | _|

]

g T 40 | Servolo | |
4.76 4.78

Qutput
Flow(m>/s)
o E;

]
1411

4.76 478

= 1 T T T T I
5 ServoSignal
@D ok OrificeEst.
4 .
=
: |
0 _4 1 1 1

468 47 472 474 476 478

Time(s)

Figure 4.11. Flow Estimation ofswitch basedPFC. From top to bottom: Piston
trajectory, Inner chamber flowQuter chamber flowQutput flow,Servo valve command
andnormalized estimatedrifice
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Applying the aforementioned flow analysieethodto the testing resultyields a
detailed flow break down shown irFigure 4.11. In the figure,chamber fbws sign
conservation is the same as tha{4ri0), where negative flow indicates flow out of the
chamber Servo valve flow for each chamber is divided iM@ervo_hgh and Qsenvo_low
which stands for servo valve flow with load and tank, eetipely. As expectedpositive
output flow is generated during the expansion stroke as flow goes from the outer chamber
to load through check valves and the servo vabuee toa practically zeroservo valve
orifice at the BDC, good output flow during ttiest half of the compression streks
also achieved, as reflected by theually zeroQservo_nig'dnd negativécheckfor the inner
chamberas well as th@ositive Qoutput After valve switch signal is senQservo_hightiSes
for the outerchambemwnhile Qcheckgoes to zero gradualfpr the inner chambebringing
Qoutput t0 @ negativevalue Simultaneously, flow from the inner chamber starts to be

pumped to low pressure, eslicated by the negativ@servo_low Since the positive portion
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Figure 4.12. Cumulative flow for switch based IPFErom top to bottom: Piston
trajectory, Cumulative flow,e8vo valve command ambrmalizd estimatedrifice
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of Qoutput IS larger than the negative portion, the net output flowtliercompression
stroke will still be positiveAs for the pressure induced flowt is only prominent around
BDCs and valve switch points, where pressure chanmgespid.

The cumulative flow ate for each stroke and cycle is shown Figure 4.12.
Cumulative flow is 7.8ml for the expansion stroke and 3.2ml for the compression stroke.

The cycle flow output i41.0ml, which corresponds to 71displacement fraction.

4.4.1.2. Flow meter reading

As mentioned before, the output flow rate can be measured by a turbine based flow
meter in the systenTwo hall effect sensorar e i nst alodnthemeter2vthgse apar t
pules frequency can be used to deternfioe rate and phase difference can show the
flow direction. Because othe inertia of turbine and the fact tritae meter is calibrated
under steady statéhis kind of sensor has difficulty measwgifast changing flow like the
one encountered her&lso, oil dynamics in the hose between HFPE and flow meter will
introduceextradifficulty in matching instantaneous flokdowever, n spite ofpotential
large measurement error, the flow metbould stl be able to capture the general trend
of theoutput flow to provide insightsand is therefore analyzed below.

Figure 4.13 shows the flow meter reading undewitch basedIPFC. Positive and
negative reading portions are marked with red and blue shades, respectively, for the first
two cycles. As can be observed from the figure, the flow meter data shows a positive
negative cycle behavior as expected, and the flow Iprgenerated from flow meter
measurements matches that from the model as well.

The flow rate calculated from flow meteeading is~12.9ml/cycle, which is17%

higherthan what the modehows
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Figure 4.13. Flowmeter data for noovercorrection switch based IPF€rom top to
bottom: Piston trajectory, Flowmeter output, Inst@neous flow.

4.4.2. Energy Analysis

With the flow rate knowngnergyanalysis can be conductethe cycle-wise energy
breakdown in the HFPE is illustratedrigure 4.14. For all the chemical energy stored in
the fuel, mosis releasd as heat through combustion, while some is lost in the form of
unburnt fuel.Out of the combustion energgome is lost through heat transfer between
the incylinder charge and the chamber wall, i.e. heat loss, while some is taken away in
the form of exhausenthalpy, also known as blowdown loss. The redtasusable energy
convertedinto mechanical work through the expansioniretylinder gas and is then
distributed in three way®?artof the mechanicalvork is used to drive the scavenging
pumps and oweome frictiors in the system Another part of mechanical work is
dissipated in the form of air spring loss, which accounts for the heat loss and air leakage
in the bounce chamber during its expansions and pesspns.The restof the

mechanical energy @s into overcoming the hydraulic forces am@ving hydraulic
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pistons andis defined asydraulic input. Finally, some of the hydraulic input energy is
dissipated into heat through throttling, while the resbbees the useful hydraulic energy

output.

Chemical Energy in Fuel
Incomplete .
Combustion Heat
Mechanical Work

Throttling Hg:;:s:l:c

Figure 4.14. Energy breakdowstructurefor HFPE working under IPFC

In thisresearchtheheat loss and incomplete combustiossare not measuredie to
the instrument limitations From themotion of the piwn and combustion chamber
pressure, the net healease of a cyclewhich is the combustion heat minus heat loss,
can be expressday rearranging3.11) and integrahg it between two scavenging events
as shown i{4.12).

. S .10 @

0 0 Qo ®w —0 Qo (41
- r p [ p (1

In the equationQreat cycieiS the net heat release of a cycle, &nd is the net heat
release rate. 2 r epr e s-glindes gasPh@ stasds éorcthef i ¢ h «
measured combustion chamber pressure Vasdhe volume of theombustion chamber,
which can becalculated from piston positisrand piston area.ts n andts n+1 are end
time of the nth scavenging evenand start time of the n+th scavenging event,
respectively.

Mechanical work can bealculated by integrating ¢hproduct of piston velocity and

gas force, as shown (4.13). In the equationWgasis the mechanical work for a cycly
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is the piston areayp andw are t hieeosfeloouctietr and inner
respectivel ye dNpdsteem htahe i mosgihti ve directio
piston are defwi ned oippossadenty t h®orel ati ve

t wo p.i stons
W 0 0 W W Qo 413

With Qneat_cyciednd Wyas available, bowdown loss can be expressed as the difference
between them, as shown(h14).
0 o ) (4.1 %
Similar to gas verk calculation the air spring loss can be calculated, as shown in
(4.15). Psping in the equation is the air spring pressW&ping is the work done by the air
spring, which should be a negative value. Minus sibafore piston velocities indicate

that positive piston velocity corresponds to compression of the air spring.

0 &) 0 & ) Q06 (415
The hydraulic input energy can be compulbsdintegating the product of hydraulic
pressure and volume changing rate, as show(.it6). Whyain is the hydraulic input
energy for a cyclePouter andPinner are the hydraulic chamber pressure for outer and inner
chamler, respectively An outer and An inner are the hydraulic piston areaSigns in the

eguation are assigned based on the positive direction of velocities.

@ 0 o b 6 ® Qo0 (41
As discussed in previous chapters, thigtibn and scavenging force cannot be
separated in this study, hence friction loss and scavenging loss are lumped together here.
Given thatWgas Whydin and Espringlossareall known, loss from friction andcavengig can
be expressed usir{g.17).
O W W O 41y
Next, the hydraulic energy output can be represented by the integral of the difference

of output hydraulic power and input hydidic power, as shown i(#.18). Whydoutis the
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output hydraulic energy in a cyclBaigh and Piow are the hydraulic pressure at the high
pressure and low pressure rail, respectively, as illustratéidume 4.2. Note that for both
Qoutput and Qintake, POSitive sign means flow out of the HFPE and negative sign means
flow into the HFPE.

Qo (41 B

C
CA
C
Ca

&)

Lastly, thethrottling loss can be represented by the difference of hydrayat in
energy and hydraulic energy output, as showi4i9), whereWinrotting indicates the
throttling energy in a cycle. Since throttling across check valves are negtginleared
to that across the servo val\Winroting Can also be approximated using gervo valve
throttling energyw , as det d4i20).eddh itrh e @s@uva tainain ,
Qservo_adner sterevo valve flow corresponding t
respect igReeikpglP am@mde the corresgohfilengnpe eas
servo valve. Testing dat aWrdhpawk t haits t he
l ess than 2%.

W W W (419

) o 3D 0 3D 06 (42D

Figure 4.15 shows the energy breakdown under IPR&.shown in the figre, each
combustionproducesabout627J of heatwith heat loss excluded.he largest portion of
loss is the blow down loss, followed [@r spring loss, scavenging/friction loss and
throttling loss. Detailedaverageabsolute angbercentage energy breakdowarelisted in
Table4.5 below. Loss from the aispring here iselatively high compared t@someother
systems with bounce chamber s ortedram mir springst a n c €
loss of 1.9%29]. This is mainlydue to the high compression ratio in titmncechamber.
As shown inFigure 4.9, the pressure in the right combustion chamber, i.e. the bounce
chamberis up to 4 MParound BDC. According to the ideal gas law, gas temperature
arownd this time would be very high, hence introducing significant loss through heat

transfer to the chamber walligher bounce chamber pressure would also cause more
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leakageThis loss could benitigated if the bounce chamber piston is redesigned to have

a larger area, hence smaller compression ratio and lower temperature is needed to store

the same amount of enerdwicidentally, the high loss from friction and scavenging also

suggests improveemts can be made in the corresponding subsystems.

Energy Attribuge Symbol Energy Percentage
Blowdown loss Eblowdown 305] 48.6%
Air spring loss Esrpingloss 413 6.5%
Friction/scavengindoss Efritsca 41) 6.5%
Throttling loss Whhrottling 49 7.8%
Hydraulic energy output Whydout 192] 30.0%
Total N/A 627] 100%
Table4.5. Energy breakdown fawitch basedPFC
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Figure 4.15. Energy breakdown faswitch-based IPFC with overcorrection

Consequently, net power output can be datedl using per cycle hydraulic energy

output and operation frequency, as showi@i@l). In the equationQ i s
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f r e q ule this set of data, the net output hydraulic power under IPFC is 8.87KW,
which is about 16.1% of the rated power of 55KW.
0 @ Q (421
Tobeterquant i fy HPF Edader IRFE, the tollowragffideacy criteria
are defined.To quantify the efficiency of HPFE in converting gas expansion work to
overcome hydraulic forces, the engine mechanical efficiency is defined astithe ra

between hydraulic input ener§yhyain andgas workWgas as shown irg4.22).

&)
W

prtmp 422

Hydraulic efficiencyis defined in(4.23) to show how much energy consumed by the

hydraulic systenturns into usableydraulic energy output.

W
&)

pmtmp (42 B

Mechanical efficiency here is define as the product of engine mechanical efficiency
and hydraulic effi@ncy to indicate how much mechanical work done by the gas
ultimately becomes hydraulic energy output.

W
W

primp 4.2 %

Figure 4.16 shows theefficiencies for each IPFC cycle. The averagmgine
mechanical efficiency i§4.7%6 while the average hydraulic efficiency T95%. The
overall mechanical efficiency i$9.4% which is lower than that acquired in the
simulation inChapter 3mainly due tathe onevalve architecturea much slower valve,
the use of an inefficient air spring anduch higher friction/scavenging loss in the

hardware.
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4.4.3. Low Robustness of SwiteBased Method

As mentionedearlier, although the switclhased method can achieve IPFC in a
straightforward manner, thismethod relies heavily on calibration of switch points and
lacks robustness to parameter changes. In reality, éweng normal operationthe
paramegrs of the HFPE cadirift gradually For instance, the hydraulic seal can wear out
over time, causing théiction to change; the oil temperature can change overtime and
causes different viscosity, which will affect both leakage and friction. All thede wil
affect the system dynamics and requiresedious re-calibration of switch timing
Otherwise, the sysim would not operateliably.

An example of such robustness related failures is shown bEiguwe 4.17 shows a
switch based IPFC test performed with an old set of hydraulic seals. The switcivgmoint

calibrated accordingly stat stable operatiocouldbe achieved. However, when a new
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Figure 4.17. Switch basetPFC with old hydraulic seals andorresponding switch
points
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set of hydraulic seals was installed, the friction changes and the system dynamics was
affected. When the old switch points calibrated with the old seals were used with the new
seals, mergy balance was broken and the system lacked the energy to cothpress
combustion chamber enough, leading to a rising TDC and ultimately misfire, as shown in
Figure 4.18.

4.5. Chapter Conclusion
The HFPE testbed was presengedti chaacterized in this chaptefhen, he switch

based IPFC realization is proposed and validated. Test results showitthairoper
switch timing and over correction carefully calibratélde IPFC canbe successfully
implementedon the hardwarefFor the testd working conditionof 71% displacement
fraction, an overall mechanicadfficiency of 59.4% is achievedAnalysis shows that
somemechanical energy is consumed the air springfriction/scavengingand over
throttling, indicating areasfor improvements Specifically, for the hydraulic part, an
efficiency of 79.9% ibtainedwith the major loss being throttling loss through the servo
valve. At the same timeexperiments also show that due to the laclsaghisticated
feedback control, the switch basedF@® method is not robust to changes and

disturbances, hencenaore robust control scheme is needed to make IPFC practical.
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Chapter 5.

Robust Realization of IPFC

Since the switctbased method lacks robustness, more robust diensrare neeedd to
realize the IPFCIn this chapter, twaobustness reinforcementethodsare proposed to
address the robustness issues from botlntegcle robustness perspective and cytole
cycle robustness perspectioth methods are tested expentally with performance

analyzed.

5.1. Trajectory Tracking based IPFC

5.1.1. Introduction

The hydraulic part of the HFPE is essentially an electrohydraulic actudleA)
system. The control of such a system has wide applications andemestumbed by many
researchers. Due to the nonlinear featurehe servo valve orificeequatiorn3.5), the
electrohydraulic actuators are essentially nonlinear systérhgs nonlinearity is
investigated in depth using generalized frequency response functions by Yoon and
Sur[69], [70]. Fromthé r anal ysi s, EHAsO® nonlinearity i
pressuredrop across the servo valvévhen the pressurérop across the valve is large,
the EHA behaves more similar to a linegstem.Some researchers proposed to diyect
control the EHA as a nonlinear system. Yao et al. proposed to use nonlinear adaptive
robust control on a double rod EIHA] and later expanded the method to single rod
EHAS[72]. Guan and Pan applied adaptigéding mode control on an EHA and
compensated fotinear am nonlinearuncertaintie3]. Yao et al. put forward an
adaptive controller for EHA motion control that can handle nonlinearity, model
uncertainty and severe measurement figdde On the other hand, many researchers
proposed to control EM motion using linear controller@nd considr the nonlinearity as
system uncertaintie&im and Tsaoshowedthat a two stage servo valve can be modeled
as a linear system around the equilibrium and high control performance can be achieved
with this linearmodel [68]. Among the linear methodspbust repetitive contrdl75] is
particularly powerful for systems with reciprocal motion. Although it is a linear

controller, the high order harmonics generated from system nonlinearity can still be
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properly handledas high gains are plad¢eon all harmonics of the reference trajegto

Kim and Tsaoproposed a linear motion control system for EHA consisting of robust
performance control, repetitive control and feedforward control, and demonstrated its
performance in[76]. Sun, et alincorporated adaptes control with robust repetitive
control andachieved asymptotic convergence under system parametric uncelftarties
Sun and Kuo used robust repetitive controllers to regulate the motion of an EHA for the
moving sections of a reference trajectomhile a PID controller is used for the diireg
sections of the referen¢és].

Previously, attempts are made in our group to precisely control the piston motion of
the HFPE during motoring. Li first useal robust repetitive controller to regulateet
piston motiof28]. Later, linear and nonlinear feedforward contraisre added to the
system for improved system performa@&. Some preliminary workverealso done to
address the motion control during the transition between motoring and comidéfions
However, the motion control issue during combustion mad$ully addressed, especially

with flow output considered.

5.1.2. StableOperation Flow OutputandTrajectoryTracking

A key feature definig a FPE is that its motion is regulatalely by the force exerted
on the pistons rather than a mechanical mechamsndemonstrated by the free body
diagramin Figure 3.2. In order to achieve stable operation of the FiEprces have to
be balancedo produce a stable piston motioMoreover,the piston trajectgr has to
ensure high enough BDIOr efficientscavenging and low enough TD&@ combustion.

As the only continuously controllable force in the HFREe hydraulic foce is
selected to be the control means in this staaty is actively adjusted toaintain desed
piston motion From the HFPE schematic shown Higure 2.1, it is clear that the
maximum hydraulic resistingforce will be reached whethe servo valve is parked at
neutral and all intake/output flow goes through check walveeanwhile, for any given
piston motion, the maximum hydraulic helping force will be reached when the servo
valve is connecting the discharge chmmnto low pressurand intake chamber to high

pressure with the maximum orificBetweenthe maximum helping and resisting fos;e
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the hydraulic force changes continuously with the servo valve orificgther words, all
possible hydraulic forces can beached by conneaty the discharge chamber to low
pressure with different valve orificeSimilar to that shown inFigure 4.10, flow
condition corresponding to different valve orificesin be illustrated usingigure 5.1.
Without losing generality, the inner chamber is considastide dischage chamber here.
Subscriptdischargeand intake mark flow corresponding to the intake and discharge
chambes, respectivelyWhen the dfice is relatively large anthe pressure drgmcross
the servo valvarelow, all flow will go through the servo valvend a negative net flow

is generated, as shownhigure 5.1(a). When the orifice gets smatl, the pressure drap
are high enough and check valves are opirereforechanging the flow distribution, as
shown inFigure 5.1(b). The net output flow under this condition becontesdifference
betweenthe intake chamber servo valve flowQéeno intaky and the discharge chamber
check valve flow Qcheck_dischargs One extreme case is when the servo valve orifice is zero,

then all flow goes through check valves and the output fonwaximized.

g > Low Pressure - e L 0w Pressure
Fluid Source C';I Q . Fluid Source
ci _
Qintet = _Qs_d Qintet = Qr.;i - Qs;d

= ) = )\
Qs_i E Qs'd Qs_i E iji
- = — | F
r std Qsj Qs_d Qs_i

(a) (b)

s

TT A Qoutput =—Q TT@E' Qg,d Qiutput = Qc_d - Qs_i

- Load Circuit = > Load Circuit
Qs,i = Qse'ruoju!ﬂke Qc’j = chleck,inmke —e—— No Flow in the section
Qs_d = Qserva_disch{(rye QL’_(f = Qcheck_(tisc.'mrge == Flow Direction

Figure 5.1. Flow distributionunderdifferentconditions (a) check valves are closed; (b)
check valves are open

A more detailed forc@ressurdlow-orifice correlation is generated through
simulation andllustrated inFigure 5.2, with aworking condition of 5m/s piston speed
and 20.7MPa load pressuia the figure, negtive servo valve connection stands for
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connecting the discharge chamber to low pressure. Positive directiodratihy force is
defined as the direction resisting piston motion gneforce magnitude is normalized by
dividing the maximum hydraulic foecwhen the piston is stationa@hamber pressuse
arenormalized by dividing the load presswaed flow rates araormalized by dividing

the product of piston velocity and piston arAa expected, output flow stays the same
until check valves are open, and reaches maximum when the servo valve is at neutral.

Note that once the check valves are open, the net hydfaudie practically stays the

same.
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Figure 5.2. Relationship between hydraulic force and output flow frackmom top
to bottom: hydraulic force, chamber pressures, output flow rate

It is clear from the arementioned analysis that while the hydraulic force is
controllable, he control of force cannot be achieved simultaneously with efficient flow
output.Considering the digital flow modulation nature of IPFC, a hybrid control scheme
can be proposedas ilustrated inFigure 5.3. Basically, the servo valvies parkedat
neutralusing feedforward contraluringthe pumping section of the IPFC cycle to ensure
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high output efficiency,while trajectory trackingis implemened during the helping
section The switch of controller is triggered bythe piston positionin this way, all
disturbances and uncertainties during the pumping section shows up in the helping
section as initial velocity errothat is to becompersated bythe following trajectory
tracking During the helping section, since the servo valve is connecting the discharge
chamber to low pressure, full control over hydraulic force can be achigwesdenabling
trajectory trackinglt is worth noting thatdue to he existence of check valves, servo
valve dynamics and the small pumpingrgon at the beginning of trajectory tracking,
some flow can be output during the tracking control. Howethds, output is very
sensitive to trajectory since the outpuil change quickly under a small hydraulic force
change after the open of check valvés.help increasing net output flow and therefore
the overall efficiency, a feedforward control is usegetherwith the feedback trajectory

tracking control so that ehsystenoperationsare efficient and robust

Tracking Feedforward Tracking Feedforward

Control Control Control Control
0.06 T T T T T T T T T

0.04

0.02

Piston Pos.(m)

Control Signal
o
(&)}

Time
Figure5.3. IPFC with partial reference tracking

All aforementioned discussions are based on the one valve HPFE architecture shown

in Figure 2.1. For two valve systemshe flow into the intake chamber ays comes
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from the | ow pr es anynegative auiput lowHowewer,ttvobasict b e
ideas of output flow control hydraulic force contrglas well as thenethodof hybrid

control schemstaythe same.

5.1.3. Controller Design

A feedforward + feedbackontrol scheme is proposed to realize trajectory tracking
under IPFCThe control block diagram is shownkigure 5.4. In this study, te HFPE is
approximated as a linear system, with nonlinearities considered as model uncertainties

and unmodeled dynamics.

Feedforward
Signal

ro+ €; | Repetitive | U; * €; U, | Hydraulic y

Reference Control ,T >{ P Control > EPE

Figure 5.4. Control block diagranfor reference tracking

A\ 4

5.1.3.1. Feedback control

The feedbak portion of the controller consists of a proportional controller, and a
repetitive controlldi75]. From the model irChapter 3it is clear that a constant servo
valve sgnal will result in a constant piston spefat the HFPE, hence making it a
boundary stable systefherefore, the proportional controller lmplemented to stabilize
the HFPE. Then, the stabilized plasimodeled using a discrete transfer functiorthe
form of (5.1). The stabilized plant controlled by a repetitive controller, whose control
law is given below iif5.2) and (5.3). In the equationsk is the discrete time index and
G(qY) is the plant transfer functioil is the length of reference cycl@(q?l) is a low pass
filter added for system robumsgss, and will be discusseddetail laterK; is the repetitive
control gain within (0, 2)B*(q?l) is the stable part oB(q?), while Breq?) is the

approximation oB(q1)6 anstable part calculated acding to[79].
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The plant modeG(q') was acquired through system identification in previous work
of our grou80], and shown irf5.4).
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The repetitive controller imposes high gains on all harmasfitisereference signal to

ensure tracking of periodical signal. However, since the system uncertainty is usually
high at high frequenes the high gain there could cause instability and therefore has to
be attenuated with a Q filter. According[&1], the Q filter has to satisfy the conditions
given by (5.5) through(5.7) for the system to be robustly stable. In the equatitns
the sample time) is the radian frequency and® 1 Y “. Go andG stand for the
nominal plant and actual plant, respective§pecifically, equation (5.5) and (5.6)
requires the Q fier to apply a strong enough attenuation on the system uncertainties,
while (5.7) indicates the Qilter to be zero phase.

P

- 0 Q (5.5)
Y Q S
. "0 Q "0Q
. 5.6
Yy Q 50 (5.6)
. on 0N
un BT e—
Q (5.7)
N I ADQ

From atime domain perspectiyehe Q filter works as a forgetting factor on the
previouscontrolsignalanda mi t i gat i on farortControl sighal dtha st cy c

current cycle is the sum of attenuated previous cycleakiglus the effect from the
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previous cycle error. As a result, there always has to be an error to sustain the control
signal and perfect tracking cannot be achiewdiere Q<1 This agrees withthe

frequency domain interpretation where the Q filter leadsfinite gain at harmonics.
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Figure 5.5. Top: Bode plot of conventional Q filters of different orders; Bott@mange
of -3dB cutoff frequency with filter order for conventional Q filteSample time =
0.1ms

Conventionally, Q filteiis constructed using tiferm shown in(5.8). In the equation,
n is theorder of the filter. With the order n increasing, the roll off rate of the filter will
increase and the coff frequency will decrease. KMaver, the changg rate bandwidth
frequency drops drastically as gets higher, as shown iRigure 5.5. This issue is

particularly prominent when the sample rate is Higha low cutoff frequency isneeded.

T L. (58)
T

To address this issue, the following Q filter design method is propdsest,
determine the roloff rateand cutoff frequencybased on thelant uncertaint. Without

losing generality, @ample frequency dtkHz, roll off rate greater thar60dB/dec and a
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cut-off frequency ofl110Hz is assumed for the following discussidien, designH(s)
such that bandwidthnd roll off rateof H(s)A(s) meets the demand for fiter. Clearly,
H(s) can be a second order low pass fiteownin (5.9). Discretizing H(s) yield$5.10),
which has overlapping poles a#t@9+0i.

Oi , CEB’,(P pTt (5.9
[ OCmMTMCB @ pmt
0N TP wip TP PIT, (5.1 P

P TE W TE TUY,

Plugging (5.10) into (5.7) should give the required Q filter. However, when
substituting ¢ with g, the pole locations will move out of the unite cycle, making the
resulting Q filter unstable. To handle thissexriesexpansion basemiethod similar to that
used in[79] can be appliedo approximate theinstable poles with zerpas shown in
(5.11). In the equationa represents a pole of the transfer function. Smseevaluated at
lgl = 1, and the unstable padehas §| > 1,the condition|g|<ja| is always satisfiedn
implementation if the series expansion is truncatedeafthe ml-th term, the additive
truncationerror Er(my) would be bounded by the circle defined(%112). Note this error

affects both phase and gain.
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Using the aforementioned methadd keemg the first4 terms of gries expansign
H(g) and the Q filter can be expressed ugnd3) and(5.14), respectivelyCompared to

(5.7), in (5.14), h? is replaced byo O®1; "On to account for the truncation eréos

effectontheDC gain.
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Figure 5.6 shows thebode plot of the resulting Q filter amd{s)X(s). As can be seen,
the new Q filtercloselyreproduces the gain profile ¢4(s)M(s) while providing a phase
shift close to 0. Théardwidth of the new Q filter is 122Hz and maximum phase shift is
4.67
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Figure 5.6. Bode plot of new Q filteand H(s)H(s)

As proved in[81], a zero phasé filter is sufficient to guarantee the stability of a
repetitive contrder, but it is not a necessary conditidime closed loop transféunction
of the whole system is shown down(15). Plugging in(5.3) (5.4) and(5.14), it can be

shownthat for any ¥ ¢ ft 1t Tthe closed loop system is stable.
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With the Q filter designed, the whole repetitive controller can be fowih 11ms long
reference Figure 5.7 and Figure 5.8 below shows the bode plot of the repetitive
controller and the closed loop system sensitivity function, respectively. Due to the
bandwidthlimitation of the controller, error is mainly being penalizédhe DC and first

two harmongs.

5.1.3.2. Feedforward control

The feedforward control during the trajectory tracking part serves two purposes. First,
as mentioned previously, it can improve the flow output during the trajectory tracking
section. Second, it helpslrust operation by providing good initial control signal.hie
HFPEG6s combustion relies heavily on the
nominal by too much, misfire or abnormal combustions could happen before the piston
trajectory convergeto the reference under feedk control. Therefore, a feedforward
control is needed to bring the initial trajectory near the nominal and sustain combustions.
The feedforward signal used here is based on the switch based IPFC.

Underswitch based IPFC, the valve control signal isusregl through calibrating the
switch timing. Since the feedforward signal is injected as the input stabdized plant
it can be calculated using the valve signal, corresponding piston trajectory, and
proportional control gain, as shown(B16). In the equationy is the feedforward signal,
Uswitch and Yswitch represents the valve signal and pistoajectory during switch based

IPFC, respectivelyKp is the proportional control gain.
0

0 .
v

W B51®p
As for the feedforward signal used during the pumping section, it is directly taken

from the switch based case since it is also directly givéineservo valve sigal.

5.1.4. Testing Results

The proposed control methods are put into test on the testbed. For fair comparison, the
working condition is kept the same as the switch based case, i.e. same fuel injection

amount of57.1mg/cycleand load pressure of 20.7MPa.
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5.1.4.1.

Tracking based IPF@nder nomal operation conditions

The reference and feedforwasdynal both come fronthe set of switch based IPFC

test shown irFigure 5.9. Such switch based IPFC cases mbegt

referenceséd

of pumping atneutral. As shown inChapter 4 switch signal alone can provide stable

operationbud o e s n 6t
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Figure 5.9. Trajectory reference and feedfaavd signal fortracking based IPFC with
calibration basedfeedforward signal From top to bottom: piston trajectory and
reference, hydraulipressure in reference case, feedforward signal.

With the feedforward + feedback controller implementeds arecarried out under

exactly the same HFPE working condition settings, watbuls shown inFigure 5.10.

Clearly, the system works stably as expect@ih resisting hydraulic force for the

expansion stroke and the first half of thempression strokelhe tracking error lays in

the band of+2mm with a discresiation inducedinitial error of +1.5mm, as shown in

Figure 5.11. Since the feedforward signal is well calibrated and matches the reference

signal well, h e

f eedback

controllerdéds contributi
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small and the estimated servo valve opening is very similar to that Sobdely the
feedforward signal.

Energy and efficiency wiseince the feedback signal has very limited impact on the
servo valve orifice, the flow output and system efficiency are very similar to that in the
switch based case. The output flow rate in the iedtl.2ml/cycle, while theengine
mechanical and hydraulic efficiencies aff® 9% and 84.0%, respectively, as shown in
Figure 5.12. Compared to the switch based case, neither efficiencies nootligwt was

compromised.
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Figure 5.12. Efficiency oftracking with repetitive control andalibration based
feedforward

To better demonstrate tmproved robustness of tracking based IPFC, a sttsté
with inaccurate feedforward signial performed. As mentioned i@hapter 4 the switch
point changed once mew set of seal was installed. With the switch based control
calibrated for the old seal, the forces are imbalanced, causing the TDC to rise and
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ultimately the misfire to happenwWhen the feedback control is added, the deviation from
reference trajectoryill be captured by the repetitive controller, who in turn tries to
regulate the piston motion and reinstall desired trajectory by changing the servo valve
opening. The testing result is shown belowFigure 5.13 andFigure 5.14. Clearly, the
system can operate stably now. From the tracking performance, it is clear that with the
repetitive control, the trackg errordecreases gradualliMeanwhile, due to the large
tracking error, the feedback sigrtakes up a much larger portion of the overall servo
valve signal, compared to previous cases where the feedforward signal is accurate. From
a physical perspectiy¢he repetitive control signal is essentially making thresegalve

open earlier, therefore decreases the hydraulic resisting force and increases the helping
force.
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Figure 5.13. Operation overview of IPFQvith trajectory tracking andnaccurate

calibrated feedforvard. From top to bottompiston position, hydraulic pressures and
servo signals.
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However, thisncreased stability comes at a price of lower hydraulic efficieBtyce

the valve switch is advanced, the flow output will decrease. At the same time, due to the
slower valve switching compared to theiteh based case, the pressure change is slower
andthe throttling loss is higher. Even with the feedback control, the TDC achieved is still

higher than theeference making the stroke length shorter and further reduced the flow

output. The final hydrauti andenginemechanical efficiency is shown igure 5.15.

The hydraulic efficiencysettles around 7%, which is al7.8% drop compared to the

case with accurate feedforward signal. The final net flow outguflmsl/cycle,

88



Efficiency
o
(&)

o
~
T
1

o
(%]
T
|

= O~ Eng.Mech.Eff.BaseLine |
= O— Hyd.Eff.BaseLine
0.1+ Eng.Mech.Eff.Robust | {
=8 Hyd.Eff.Robust

0 1 | | | | | 1 1 1
1 2 3 4 5 6 7 8 9 10 11

Cyclelndex

o
]
T

Figure 5.15. Efficiency oftracking with repetitive control anthaccuratecalibration
based feedforward

5.2. Misfire Recovery

5.2.1. Introduction

Misfire is thephenomenomnwhere no combustion or onfyartial combustion &ppens
around the TDC. Itan happen in aenginedue to many reasons including lack of gpar
energy insufficient fuel,poor air fuel mixingand low compression pressuRarticularly,
the advanced combustion modes supported by a H&RE as lean combumts,
advanced engine timifg2], and HCCI combustiof83] are susceptible tamisfire.
Meanwhile, the flexibility of HFPE eabled by the ultimate piston motion freed85]
poses a unique challenge for combustion control, where the risk of misfids siatn

Whendiscretemisfires happen to an conventional ICE, despite causing some highly
dynamic oscillatios in the powemain[82], increagng the fuel consuntpn and

degrading the emissioperformanci84], [85], the piston motion can be sustained by
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inertia and the crankshaftecranism, such that normal combustion can resumghe

next cycle However, for FPE whosepiston motion solely depends on the balance of
forces, he conditions cannot be setup naturally for consequential combustions after a
single misfire. As a resultmisfire recovery has to beesigned as a cyete-cycle
robustness reinforcemefur the FPEto operataobustly.

Misfire recovery habeenattemptedoy researchers befofer mostly FPEGsIn the
work of DLR, misfire recovery was integrated under theesdPC framework used for
combustion contr¢f4], [50]. The linear generator force changes according to the
estimated combustion chamber ggere and bounce chamber pressure so as to bring the
piston to a desirable BDC. However, this method uses fixed plant ncatibtated
during combustion andoes noaccount for changes such as friction forces under misfire,
therefore cannot achieve propBDC contro[44]. Moreover, this method was only
reported to be tested under O v i r dusti@inisfied sm its performance under real
misfires, including the corresponding misfire detten capability remains unclef4].
Researchers at Toyota also proposed to use the cbarbosntoller to handle abnormal
combustions including knocking and misfir[8@]. In their work a PD style controller
was used to regulate linear generatacéand ét the piston roughly follow a prescribed
trajectory. However, the tracking performanees not quite goodevenunder normal
combustionsand the prformance under misfire was not demonstrated. As for HPFEs,
since the response time of hydraulic teyss is nuch longer than linear generators,
misfire recovery becomes a more challenging problerterPechtenproposed to solve
this issue by rgproposing a creeping control valve to reset combustion piston position
after a misfir§26]. But this method only works when the PPM controused, whth
requires holding the piston stationary bet
architectures requiring continuous operation, such as OC or OPOC architectures, or
SP/OP HFPEs with only bounce chambers. To put it in a nutshell, a ayst&Enam
universally applicable misfire recovery method is still in nesgecially for HFPES.

In order torecover from misfiredn a systematical fashiphree tasks are proposed.
First, the misfire has to be detected properly. Second, controlleioHzes degned to
regulate hydraulic force such aspmduce a trajectory thanabls the next canbustion.
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Lastly, when combustions resume, control has to be shifted back to IPFC cuntrol
ensureoutput flow. Correspondingly,ite reminder of thisection is armaged as follows.
Subsection5.2.2 proposed a misfire detectiamechanism. Then, a reference tracking
based controller is proposed5iR.3to regulate the piston motion during misfire recovery

as wellas the transient periods. After that, the proposed method is put into test and the
resuls areshownin 5.2.4 Finally, the performance of the proposed misfire recovery

method is discussed #2.5

5.2.2. Misfire Detection

5.2.2.1. Misfire Detection Methods

Given its essential importance, misfire detmttalgorithms are proposed by varies
researchers previouslythe most straightforward way is to detect combustion/misfire
using chamber pressure, since afired cycle will show different pressure profile than
that of the normal ones due to lower or reahrelead86]. However, due to thextreme
thermaland mechanical environment the pressure senserxgosed to, their durability
and reliability can be an isq&&], so they are usually used only for research purpose.
Alternatively, the chamber pressure can be estimated indirectly using other parameters.
For instance, MolinaMonterrubio, et al proposed a sliding mode based observer to
observe the chamber pressurengscrank angle measurement and achieved misfire
detection. Other direct measurements form the combustion chamber such as the ion
current in tle spark plug can also be used as means of misfire def88&jfiocBome other
researchersalso use torque estimatif82], [89], vibration sigal analysi§90], and
exhaust temperatefluctuatiof91] to detect misfire

In the HFPE, previous work has been done to detect combustion based on chamber
pressuremeasurement and piston posi{#@]. Although this provides a feasible way of
detecting misfie, the use of chamber pressure sensor makes it not suitable for real world
applications.To address this issuea pistonacceleation based misfire detection is
proposedn this study When misfire happens, the chamber pressiter TDCis lower
than thenominal case and consequentially the piston acceleration will be.|Dwerto
the small inertia of the HFPE, its acceleratidrargye after a misfire will be much
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prominent than that of a conventional ICE. Also, due to the OPOC architecture, the
determinabn of misfiring chamber is evident once misfire is detected, avoiding a major

complication in conventional ICE misfire detectio

5.2.2.2. Piston Acceleration Estimation

The piston position measurement is readily availaldenfthe LVDT sensor, and the
acceleratio can be acquired bgperating double derivative on the position. However,
due to the measuremembise the double derivative gdiston position is very noisy and
unusable, as shown by tiiue curvein Figure 5.16. To facilitate online detection of

misfires, a Kalman filterestimatof92] is implemented
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Figure 5.16. Piston acceleration calculated using pistposition data Top: Piston
Trajectory; Bottom: Piston éceleration

Suppose that the™order derivative of piston positipn.e. thejounce is a normal
distributionaroundzerqg thediscrete time state space model of the piston dynamics can
be establishet as in(5.17) and (5.18). In the equationy, v, a, jand s are the piston

position, velocity, acceleration, je(kerivative of acceleration) and jounce, respectively.
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kis the step index ants is the time step sizg is the system output,hich is the system

output.
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to be zero. Additionally, the measurement noise can also be regardechasnally

distributed noise around zerottvicovariancdR, and affects measuremenin an additive
fashion. Undetheseassumptias, if we mark k(k), v(k), a(k), (K" as X(k), then the
Kalman filter/estimator can be putto (5.19) and (5.20). In the equationsL is the

filt er/estimator gain, ané solves the corresponding discrete time algebraic Riccati

equation, which involves covariane

The

order of D?°is used. Theed curvein Figure 5.16 shows the result of the Kalman filter

proposed. Clearly, theceeleration data isow much less noisgnd usablelLater analysis
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shows this level of smoothness is sufficient for combustisfire detection.

5.2.2.3.

Rule based Misfire Detection
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With the Kalman filter/estimator, the acceleration of piston can be acquireolotbr
combustion and nenombustion cases, as showrFigure 5.17. Since the acceleration is
closelyrelated to thgaschamber pressure, which in turn depends on the piston position,
the acceleration is plotted against pistoniggms. Also, since the misfire detection is
performed after TDC, only the acceleration right after TDC is shown. Cleag\airves
fall into three clusters, namely the normal combustion cluster, the late combustion cluster
and the norcombustion/misfirecluster.In most cases, when a combustion happens, the
piston acceleration rises rapidly after TDC and goes above 2000iése combustions
are considered normal combustions. However, sometimes, due to issues like poor air fuel
mixing existing on the ptotype HFPE, the combustion can happen well after the TDC,
thus producing a late combustion. Although combustion heatsekelate in such cases,
usually they can still provide enough power to sustain piston motion. If combustions
dondt o c HPKE,is motoring or misfiee happened, the acceleration curve will
stay low all the timeThe noncombustion/misfire clustecanbe separated from the other

two with a separation linghown in red dashed line in the figure.
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Figure 5.17. Piston accelerations.piston positiorand separation line
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The goal of misfire detection is tastinguishnon-combustion/misfire cases from the
rest as quickly as possible aftdre TDC, so it is also necessary to observee th
acceleration profile in the time domaili we define deviation from separation line as
piston acceleration minus the sepmanatline value at the same piston positiéigure
518c an be plotted. F r o nfor momal cdmbugtior casethei t 6 s
acceleration rises above the separation ding becomes clearly differentiable with ron
comlustion casewvithin 2 steps, or 1ms, after the TDC. However, due to the existing of
late combustions, the possibility of combasthappening cannot be ruledt until a few

more steps latetherefore deterministic misfire detection will not be possintd then.
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Figure 5.18. Deviation from separation line vs. steps from TDC

Consdering tle late combustion issue, to deliver quick misfire detection, a rule based
misfire detection methods proposed as illustratedin the flow chart inFigure 5.19.
Three bag rules aremade forthe detectiorprocedure First if the compression ratio is
too low (< 2.3), misfire must have happened, floe incylinder mixture cannot be
ignited at sub low compression ratios. Second, if the compression ratio is high enough,

ard the piston acceleration is above the separattanlms after the TDC, it is decided
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that a normal combustion have happened. Third, if the compression ratio is high enough,
butthe piston acceleration is below the separation line 1ms after the TR@entatively
decided that a misfire happenadd msfire recovery control will be enablefet the

piston acceleration continues to be monitored until 4ms after the TDC orrtipgession

ratio drops below 1.7 so that late combustions can be detecte@& tBecpiston
acceleration passes the separation dineng the monitoring, it is considered that a late
combustion happenetf combustion happened in the last cycle and ittisezidecided or
tentatively decidedhat misfire happened, the misfire recoyeontrol will be enabled. If

a late combustion isletected after a tentative misfire decisitime misfire recovery
control will be terminated and normal IPFC control will reguin this way, the misfire

detection can be done quickly while reducingrisk of faulty detection.

"TDC Detection "

v
Tentative Misfire = True Tentative Misfire = False

CR<1.70r
>4ms from TDC?

<<
\ 4 \ 4
Misfire = true Misfire = False

Figure 5.19. Flow chart ofthemisfire detectioralgorithm
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5.2.3. ControlDesign

The basic idea of misfire regery control is to design a proper reference that supports
scavenging and the combustion for the recovery process, and ustotyajeacking to
enforce it. Transient controls alsovieao be designed to help transit between IPFC and

themisfire recoverycontrol.

5.2.3.1. Reference Design

For misfire recovery to work pperly, the trajectory needs to meet the following
conditions.First, the BDC has to be high enough to support good scavenging process.
The intake ports are at 51maf piston moion. The misfire ecovery trajectoryhas to
present a BDC higher thahis to provide enough fresh aif.he higher the BDC is, the
more efficient he scavenging process will be, and the sooner combustion can be
recovered.Second, le TDC has to be low enough to provide gampression for
combustions.Typically, during normal IPFQperation, the TDC position is between
8mm and 12mm.

In other wordsa reference with a long stroke is desired. To achieve a trajectory with
maximum stroke length, it is desired that the hydcatdirce always hefpthe piston
motion in both strokes with the largest magnitude, which in teuiresthe servo valve
orifice to switch at TDCs and BDC4%Jsing the physics based model of the HFPE, a
square wave signal can be calibrated to achieveftteraentioned requaments. Then
the calibratedsignal istestedon the hardwaréor validation. The correspondingjston

trajecory from the test isecordedandused as misfire recovery reference

5.2.3.2. Controller Design

Although the misfire recovery trajectocan be achieved g the square wave signal,
a reference tracking controller is still needed to handle disturbances, sutcangge @
load pressure and friction force, and increase misfire recovery robustness. A feedforward
+ feedback controller simitato that describedn section 5.1.3 is applied. The
feedforward signal is generated by plugging Hugiare wave signal calibrated in the

previous subsection int(b.16). The feedback controller is a edfive controller with a
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bandwidth of 110Hz and period of 35ms, which is 70 steps with a sample frequency of

2kHz. The bode plodf the designed regéve controller is shown ifrigure 5.20.
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Figure 5.20. Bode plot of repetitive controller used in misfiezovery

5.2.3.3. Transient Control Design

When misfire happes, at the corresponding TDG@he servo valve is conniag the
outer chamber, which will be the pumping chamber during thewalg expansion
stroke, to high pressure, and will produce a net hydraaimefresisting piston motion.
This is opposite to #hdesired hydraulic force in the misfire recovery and could lead to a
very poor tracking performance, especially a very low BiSition, in the first cycle of
misfire recovery. Although with the trajecyotracking controller, the piston trajectory
can eentually converge to the desired reference, adding a transient control rigtat after
misfire is detected will help the trajecyoto converge faster and therefore recover

combustions in fewer cycles.
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Sine the basic idea is to connect timmer chamber tohigh pressure as soon as
possible, and bring the servo valve orifice to neutral at the BDC so that it can connect the
inner chanber to high pressure during théllowing compression stroke, a
straightforvard switch based feedforward controller is used.sAswn inFigure 5.21,
upon detection of misfire, a servo valve command is sent to connect the @undrecto
high pressurepefore a switch in servo signal happens to pull the orifice the other way so
that it goes to neutral ah¢ BDC. The switch timing is acquired through calibration on
the HFPE model. Once the BDC is reached, the transient contstiips and the

trajectory tracking control takes over to deliver the misfire recovery trajecidng.
transient control is calletthe post misfire transient control.

Piston Pos.(m)

N NNnnn.
R [ N W e

_1 1 1 1 1 1
Time

Control Signal

Figure5.21. Transient controller and adroller transitions duringmisfirerecovery

Similarly, when combustiomesumes under the misfire recovery control, the outer
chamber will be connected to low pressure at the corresponding TDC, and needs to be
brought to neutiaso thatthe hydraulic focce can be generated to resist piston motion and

oil can be pumped out during the expansion str&keilar to thepost misfiretransient
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