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ABSTRACT

A hydraulic hybrid vehicle draws propulsion power from an intecaahbustion
engine as its prime mover and a gas-charged hydro-pneumatim@ator as its energy
buffer. The accumulator serves the purposes of storing regenerakeaigbenergy and
supplementing engine power as determined by an on-board powegenaaTd strategy.
In the configuration known as a series hydraulic hybrid powartrdie engine is
mechanically decoupled from the vehicle’s wheels thereby offerxgellent
opportunities for maximizing energy efficiency and reducing pollutantsoms.

This thesis dealt with the development of a causally intercortheota-linear,
dynamic model of a series hydraulic hybrid powertrain feagurindependently
controllable wheel-end drives. Using the model so developed, the marktigated the
potentials of three proposed power management strategies on teadtmgy/use of a test
vehicle. The strategies studied included: a real-time impleflentale-based strategy,
an on-line solvable instantaneous consumption minimization strategy, raow-@ausal
trip/globally optimal power management strategy based on dynamic programming

The results indicated that, when properly designed, all three powegeraent
strategies can help realize the fuel economy benefits opritygosed hydraulic hybrid
drive system. Over a standard city drive cycle, the rule-based power mamdgtrategy
was shown to provide a fuel economy improvement of more than 30% with @@ar-m
drive over the conventional drive system. The trip/globally optirmategyy obtained via

dynamic programming gave an average of over 50% higher doebeny improvement



with four-motor drive. The instantaneous consumption minimization syravegch is
adopted to overcome the non-causality of dynamic programming atatcthef rigorous
optimality of the rule-based strategy, gave fuel economy impravisntieat generally fell
between the other two strategies. Results are also included from thesaogtlisi effects
of accumulator size and two-motor vs. four motor drive options alongtigtichoice of

the power management strategy.
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CHAPTER ONE

1 INTRODUCTION

1.1 Background and Motivation

Concerns about resource depletion and climate change have ateckldre
exploration of alternative and energy efficient vehicle propulsistesys. Some of these
proposed alternatives are hybrid vehicles. In general, a hybhidleas defined as a
vehicle having two or more on-board propulsion energy sources -lyusualnternal
combustion engine or a fuel cell as a prime mover and one or mangy esterage
devices (batteries, ultracapacitors, flywheels or accumulators) ag/dndfers.

The apparent advantages of hybrid vehicles are:

e Improved fuel economy: A hybrid powertrain has the potential to significantly
improve fuel economy for vehicles especially in urban driving cycles
characterized by frequent stop-and-go motion. This is accomplighéd storing
the fraction of the kinetic energy of the vehicle during brakiregenerative
braking) in the energy buffers and using the stored energy to propethice
during subsequent acceleration or cruising; 2) exploiting the meeahanic
decoupling of the engine from the drive wheels (the road load) analiiogtthe
engine to operate near its most efficient operating pointssdorijue-speed map

and/or turning it off when it is not required (e.g. when idling);r@&)ning the



vehicle accessories at more efficient points by decoupling them the engine
speed [1-3].

Reduce emission: In addition to reduced green house gas emissions achieved
from reduced fuel consumption, due to the fact that engine decoupling is
realizable, it is possible to control the engine where commetebustion is
possible or in a manner that favors emission reduction schemes [4].

Reduce wear of brake-linings. Regenerative braking reduces the activation of
friction brakes to stop or retard the vehicle which certaiajuces the wear of
brake-linings and hence the associated cost of replacement/maintgfance
Performance improvement: Hybrid vehicles have the potential to improve the
acceleration and grade-ability performance of the vehicle thraxgmbined
engine power and stored power delivered by the storage unit or te redgine

size without deteriorating the performance of the vehicle [5, 6].

Regenerative- or Traction-based lateral vehicle stability control: In the case of
series hybrid vehicles, independently controlled (electric or lmidjanotors can

be mounted at or near the vicinity of the wheels of the vehicle sowthen
braking is required at each one of the vehicles’ wheels foalagtability control,

the motors can work as a generator or a pump thereby regegeratrgy onto

the on-board storage unit while simultaneously stabilizing the \eeHicls also
possible to enable a traction (drive)-based lateral stabilityraoby using the

independently controlled motors [7-10].



In the past few decades, most research and development on pgiedirains

has focused almost exclusively on electric hybrid vehiclescdyparison, little effort

has been expended on hydraulic hybrids [11, 12]. Recently, hydraulid ldybves are

drawing increased attention, especially for heavy —and medium vehigles that have

use cycles characterized by frequent stop-and-go [5, 13, 14]. édsons for this

increased attention are the following positive attributes ofdufdr hybrids as compared

to electric hybrids:

Hydraulic machines have inherently high-power density (peak p@ee unit
mass) as compared to their electric counterparts. This is tamporfor
accommodating and releasing high power during sudden braking and aiwele
without adding too much mass to the vehicle. It also opens up thibifiysef
using multiple but smaller pumps/motors for a per-axle or per-wHeeé
arrangement [6, 7].

The round-trip energy storage and release efficiency of blydraccumulators
(storage) is generally better than that of electric hateFor instance, the round
trip efficiency of a bladder type hydro-pneumatic accumulatitih elastomeric
foam reaches up to 95% [15] and can accept high charging and disghaitgs,
both of which are not favorable to electro-chemical batteriesadtheir chemical
reaction limitations [2, 15, 16].

Hydraulic components (pumps, motors, accumulators) are relativetypensive

when compared with their electric counterparts, especialladvanced battery



packs [13], electric machines and their required power electrgDiCsto DC

convertors, inverters, etc.).

The combination of the high power density of hydraulic pump/motors (Rhd)
high efficiency and high charging and discharging rates of hydro-pneuacatinulators
expedite successful regeneration and re-use of energy [15]. Howeydnaulic
accumulators exhibit relatively low-energy density. This netes a great deal of
attention on the design of higher level power management stsategiexploiting the
full benefits of the hydraulic hybrid drivetrain under this caastr imposed by the
accumulators [15, 16].

A carefully design and optimized power management strategy teudcage the
high power density of the hydraulic energy storage system wharinmezing the
efficiency of the overall hybrid drive. Usually, an internahtbustion engine generates
power most efficiently when operating in a narrow regime tleapeak torque curve of
the engine. Operating at other conditions diminishes its energy stmvesfficiency.
Therefore, a good hybrid power management strategy would conisisento account
and run the engine near the peak efficiency regime by takimsgpang the balance of

propulsion power in the accumulator [13].

1.2 System Configurations

Hydraulic hybrid powertrain arrangements can be readily iiledsnto three

basic categories based on their configurations: the pure hgticosgstems (also known



as series hydraulic hybrid vehicles), the hydro-mechanicsksg (parallel hydraulic
hybrid vehicles), and the hydrostatic power split systems.

The series hydraulic hybrid vehicle design, shown in Figure &rhpves the
conventional transmission and drive shaft. The hydraulic pump, whichakameally
connected to the engine, converts the mechanical power output ofygthe emhydraulic
power. The high-pressure hydraulic fluid then either charges the adaton or directly
flows to the pump/motor at the wheel-end to propel the vehicle. Tisisgament allows
the vehicle’s ground speed and the engine speed to be decoupled. This innishther
engine to be controlled at its best efficiency regime imoitgue-speed map. In addition,
when braking is initiated or the vehicle comes to a complete 8tepengine may be

turned off.

Accumulator

Tire
1
Pump Pump/Motor
IC Engine % )
L 1

Reservoir

Figure 1-1 Series hydraulic hybrid (pure hydrostatic) system configuration



Accumulator

M Pump/Motor
Tire
]
is — |
IC Engine Transmission ﬁ ) Drive
Clutch axle
L ]

Figure 1-2 Parallel hydraulic hybrid (hydro-mechanical) system configuration

The hydro-mechanical (parallel) powertrain design, shown in &idt2, keeps
the conventional transmission and driveshaft system unchanged while aionadidi
hydraulic pump/motor unit is attached in parallel to the mechhpath to absorb and/or
deliver a hydraulic power from/to the mechanical system. Thgmlekies not decouple
the engine speed from the ground speed and hence doesn’t permitgithe ® be
controlled at its best efficiency regime. However, when tlegive sizing is such that
significant power is transmitted through the more efficient hraeizal transmission
(compared to the hydrostatic path), the overall fuel economy of yitie-dmechanical

powertrain may be better than a series one for some drive cycles. [3, 5, 13]



L]
IC Engine I : ( )
T Accumulator €
Planetary
Gear Train

Pump/
Motor

‘ \ Reservoir

Figure 1-3 Power split hydraulic hybrid vehicle system configuration

The power split powertrain design, shown in Figure 1-3, combines the
convenience of pure hydrostatic powertrain (the possibility of runtmagengine at its
most efficient points) with the high overall transmission edficiy of the hydro-
mechanical powertrain using the planetary gear train arraageso that it offers the

advantages of both layouts while minimizing their drawbacks [4, 5, 14].

1.3 Hybrid Power Management Strategies

The power management strategy of a hybrid vehicle is vewjiatrto achieve
better fuel economy and lower emission without deteriorating émonmance of the
vehicle in other aspects such as acceleration. The benefits boid hyehicles are
realizable to the fullest if they include a well-developed powanagement strategy that

determines the power split between the two or more power sources.



Different types of energy management strategies have been sdidcus the
literature [17-22]. However, almost all of those power managenteategies can be
grouped under one of the following three categories.

The first group of approaches use control algorithms such as ewists or
fuzzy logic for estimation and control of the hybrid arrangem¢h®s 22-25]. The
underlying concept for the extraction of the rules is the concefibad-leveling”. It
considers the use of irreversible energy source, like ICE, gwithary energy source to
supply the power request from the driver and a reversible power source
(Accumulator/battery/flywheel/supper capacitor) to act asoad-leveling device to
supplement the rest of the power request.

The second approach is based on instantaneous point-wise optimizattodm
In this method, the power from the reversible energy storageedeviconverted to an
equivalent fuel use rate in order to calculate the overall ¢ost at each instant of time.
Then, for a known state and power demand, the control law is choseahira way that
this equivalent fuel use is minimized without violating the constraints [21, 26-28].

The third type of control strategy considers the optimizationhef dynamic
allocation of the power split between the two on-board sourcesaoegpecified time
horizon [14, 18, 27, 29, 30]. This type of control strategy gives more aga@silts
under transient conditions. However, it is more computationally ime@sd this makes

it generally infeasible for real time implementations [20].



1.4 Contribution of the Thesis

This thesis investigated the potential use of a series hydraybrid vehicle
equipped with four independently controlled pump/motors for fuel economy and
longitudinal performance improvement. The tasks accomplished in tlsis tvere the
following:

e Developed a full, causally interconnected, and nonlinear dynamicl robdiee
powertrain for a series hydraulic hybrid vehicle (SHHV) fbe tpurpose of
system level simulations and analyses;

e Developed three power management strategies and implementedhtbgatem
simulations for select drive cycles and compared the fuel econanay
performance improvements achieved with the SHHV. The firshisugistic rule-
based strategy and the other two were based on an optimizatioewivam
involving dynamic programming and instantaneous optimization techniques.

e Utilized the system model to study the effects of accumussgerselection on the
fuel economy achieved with the SHHV and particular power managem
strategies.

The purpose of the dynamic model is to accurately simulate esdicp the
behavior of all of the components of the independent hydrostatic wieelsgstem and
trace out the effect of each component on the fuel economy improveandnthe
longitudinal performance of the vehicle. This model could also be uséeé idesign of
the complete powertrain (e.g. selecting and matching componentgnf&HHV by

evaluating the system performance over different drive cycles.

9



The dynamic system model developed in this thesis was alsgrated in a
lateral vehicle dynamics model for the purpose of investigatiagise of the hydrostatic
system with independently controlled wheel motors in enhancintatieal stability of
the vehicle. The author and his co-authors have documented this aspedwn papers

[7, 31].

1.5 Thesis Outline

The thesis is organized as follows. Chapter 2 starts with aiptest of the
proposed independent hydrostatic wheel drive system. It then detailsystem and
subsystem models adopted, i.e, the mathematical models of the hyclnpsteertrain
components, the IC engine and the longitudinal vehicle dynamics anttithelsysical
causality (sub-system input-output relationships) adopted for propegration. The
hydrostatic powertrain component models include that of the hydnawfigs/motors,
the accumulator/reservoir, the hydraulic transmission lines and junctions

Chapter 3 presents the general structure of hybrid power nmaragstrategy
and discuses the main functions of the system supervisory confoolldre proposed
hydrostatic powertrain. It reviews the different types of power managestrategies that
have been adopted for this study and it details, the formulatiomgaheimentation of the
rule-based power management strategy. This chapter also prekentsffect of
accumulator size and number of propulsion motors on the achievablechreney

improvement.
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Chapter 4 presents the derivation and implementation of the two optoniza
based power management strategies applied to the hydrosates (hydraulic hybrid)
powertrain. The chapter begins by discussing the dynamicgmoging (DP) algorithm
for searching the optimal control laws by minimizing the giwast function and
generate the globally optimal solution for a given/known drivdecythen the second
type of optimization based power management strategy, the instantagtpaualent
consumption minimization strategy (ECMS), is presented in depth. The workiegpf#in
and implementation of this strategy is presented first, foliblwe a discussion of the
predicted fuel economy improvements.

Chapter 5 presents and discusses results comparing the threenpavegiement
strategies. The fuel economy improvements obtained by rule-bafed|gorithm and
ECMS strategy are considered side by side, compared and analyzed.

Finally, Chapter 6 summarizes the conclusions of the work and highlights

directions for further research.
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CHAPTER TWO

2 DYNAMIC SYSTEM DESCRIPTION AND MODELING

This chapter describes the complete system in detail and outlime@sodeling of
the main components of the hydrostatic powertrain, including reduded-engine
dynamics and the longitudinal vehicle dynamics. A carefully wstded system
interaction and constructed model is crucial for simulating theabhd&tehavior of the
vehicle in order to evaluate the impact of different power managestrategies and
main powertrain component sizes on the achievable fuel economy improyement

drivability and vehicle stability control algorithms.

2.1 System Description

The schematic representation of the series hydraulic hygystem featuring
independent hydrostatic wheel drives is shown in Figure 2-1. Itdeslan internal
combustion engine (ICE) driven pump, high pressure and low presstuenalators,
transmission lines and four individual wheel-end pump/motors. The ICdirastly
connected to a variable displacement pump which converts the mechpmovieal of the
engine into hydraulic power. The high pressure fluid from the pemher charges the
high pressure accumulator or directly flows to the individual Wweed pump/motors
(P/M). The ICE can be turned off to improve system efficiencgmtine vehicle comes
to a full stop or when the power management strategy controllemands engine turn-

off. The wheel-end P/Ms can be operated either as motors inrdode or as pumps
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during regenerative braking and/or when a vehicle stability cosytsiem dictates the
specific mode of operation.

The hydrostatic powertrain system is defined as having one goa@ucing unit
(engine) and three power producing/consuming units (engine-pump, accunardtor
wheel-end pump/motors). A basic power flow diagram of these sysiamonents and
the associated system efficiency are shown in Figure 2-2.figli®e shows the power
flow sign convention adopted throughout this thesis. The power into thenatator
(charging) is taken as positive whereas, power out from the atatom (discharging
mode) is taken as negative. The power output of the hydraulic pumps/ifestgirse side
pump and wheel-end pumps/motors) working as a pump mode is taken as .positive
Conversely, the power input to the hydraulic pumps/motors workingraster mode
(driving mode) is taken as negative. The system control boundary shows that atmumula
input and output power is considered internal to the system as athesplwer use of
accumulator has no cost associated with it. Whereas, the fuef tise engine and the
demand power at the wheels of the vehicle crosses the boundary as input and input/output

of the system respectively.
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Figure 2-2 System efficiency and power flow diagrams of a series hydraulic hybrid vehicle
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2.2 System Modeling

2.2.1 Higher Level Model Structure

The high-level system model architecture comprising of the engime
hydrostatic powertrain subsystems, the supervisory controller, ther dind vehicle
dynamics subsystems, is depicted in Figure 2-3. The individual compafesdsh of
these subsystems are developed on the basis of forward-factgs interconnected by
enforcing strict physical causality that emulates the physnanifestation of the real
system.

The adopted causal interconnections between the subsystems ararskayune
2-4. Here, the input to the accumulator model is the oil flow rate fthe junction
through the orifice and the gas pressure is the response frdra at¢umulator model.
The accumulator pressure through the orifice is then enforcetheorjunction, and
subsequently on the wheel-end pump/motors (P/M) and the engine-side pkenpsé,
the vehicle speed dictates the wheel-end P/M speed and subseduetiibyvtrate into
the junction from the wheel-end P/M unit. The junction is a summpaigt for the flow
rates into/from the accumulator, the engine-side pump and the witkd¥/&1. The

details of each of the component models are outlined in the following subsections.
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Figure 2-4 Casual inter connection of hydrostatic powertrain component model
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2.2.2 Hydrostatic Powertrain Mode

The model for the hydrostatic powertrain subsystem includes mdalelthe
pump/motor, accumulator, reservoir (low pressure accumulator), juremiorhydraulic
transmission lines. The subsystem itself connects the enginth@nathicle dynamics
model as shown in Figure 2-4. The inputs to the subsystem aeadiree speed and the
rotational speed of the wheels from the engine and from the vehyriamics
subsystems, respectively. The outputs are the load torque and mqte timithe engine

and to the wheels, respectively.

2.2.2.1 Pump/Motor Model

The main components of a hydrostatic transmission are hydnauhgps and
motors, which convert mechanical power to fluid power or vice versaaAdeen seen
by the causality of the P/M unit in Figure 2-4, the hydrastaamp/motors do not create
pressure, rather they create flow and the pressure results fromacioasbr resistance to
this flow. This is normally the work accomplished by the pump/motor unit.

The 4 pump/motors (P/Ms) considered are of the bent-axis design and ar
mechanically coupled to the wheels of the vehicle through a speedagdearbox. The
P/M units convert available hydraulic power from the engine-dripamp or the
accumulator into mechanical power for vehicle propulsion (in motor modepnwert
some of the kinetic energy of the vehicle to hydraulic endnogystorage in the

accumulator during regenerative braking (in pump mode). Eithemibi®r or pump
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mode can be activated for the P/M units individually to genexrgteescribed corrective
yaw moment for vehicle stability control.

The P/M units (either at the engine or the wheel-end) are ntbtele based on
3-D look-up tables of measured steady-state efficiency datchAmatic of the model
structure is shown in Figure 2-5. The torque and the flow rate throughatreble
displacement P/M are functions of, and can be controlled by, the dis@at factor,
which is defined as the ratio of the prevailing displacement to the maximunmcdisygat
of the machine.

The relationship given by the look-up tables are denoted as fungfians, Ap)
where the arguments (inputs) atew, andAp across the P/M unit and the volumetric
efficiency ny and the mechanical efficienay, of the P/M unit are interpolated for as
outputs. Knowing these efficiency values, the flow rate and the tarfore P/M can be
computed by using the following sets of equations, which also defi@ecausal-
relationships adopted for the P/M unit. This look-up table approach avmidseed for
the numerous dimensionless numbers and loss coefficients frequently inise

pump/motor modeling following Wilson’s pump theory [4, 32-34].

Q, = xoDy, " (x @,Ap) (2.1)
___XAPD 22)
* (X% @,Ap) '

where the+ signs on the superscripts correspond to the pump (+) or motor (-)
modes of operations for the P/M unit under consideration. These equations aré bgrifie

the fact that for a pump the actual volumetric flow rate ilotlian the ideal volumetric
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flow rate due to leakage and fluid compressibility. On the other hlaadactual torque
required to operate the pump is greater than the ideal one (detdrby the differential
pressure across the machine and its displacement) due tobrestitetional losses. The
opposite is true in the case of motor mode of operation for the P/M unit.

The rotational speed dynamics for the motors is coupled with the&lee
dynamics through the tire-wheel dynamics; a gear reduction angea model (see the

next section below).

- . : = —~ Ti, Qi

Tm

I H’I-':-':' T o " ‘: /Xvéﬂ'.:j-r"r ’:f.'.;‘ _'F-

Ta, Qa

Figure 2-5 Steady state based look up table modeling of pumps and motors

The total efficiency g, =7,7,) map of the wheel-end P/M unit, as a function of

speed ratior{/nmax the ratio of the current speed to the maximum speed of the ddi1)
change in pressure across the P/M unp) (for different values of displacement factor
(%), is plotted in Figure 2-6. The plot shows the influence of each of the input varmble
the efficiency of the P/M. For example, as the displacemeastbrfaof the P/M is
increased, say from 0.3 to 0.8, the maximum available efficieht¢lyeounit increases

from 75% to 93%. This is consistent with the notion that higher displacement is favorable
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Figure 2-6 Total efficiency plots of the P/M s as a function of speed ration and pressure difference
acrossthe P/M at a fixed pump displacement

to the better efficiency operation of the machine. For a fixeglatisment factor, say
x=0.8, and at low discharge pressure and very high pump speed, aroundkitimeimma
speed of the pump, the efficiency becomes very low. This is duetease in viscous
friction losses that are proportional to the rotational speed opuhg. On the other
hand, at low speed, and highp the efficiency deteriorates as the leakage and
compressibility of the fluid increase. The efficiency alsghgly deteriorates at highp

and speed since each of the factors viscous friction, leakagegrupdessibility become

significant. We can see that there is a “sweet-spot” fici@ficy of the P/M unit in the
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middle of the operating range and top efficiency increases as ghklaaiment of the

machine is increased.

2.2.2.2 Accumulator/Reservoir Model

An accumulator is a pressure vessel that contains a hydriwiic and a
pressurized inert gas (mostly nitrogen) where the two siceeseparated by a bladder, a
diaphragm or a piston, Figure 2-7. When hydraulic fluid is pumped ingéiseis
compressed, causing its pressure to increase and store ewéngy. the fluid is
discharged through the P/M (in motor mode), the pressure in thelegmeases while
delivering propulsion energy. A reservoir (or low pressure accuarylet a hydraulic
accumulator working at much lower pressure that is just enough tenprehe

occurrence of cavitation in the P/M units [22].

GAS VALVE

GAS
CHAMBER

RUBBER _ |
SEPARATOR |

CHAMBER

POPPET
VALVE

FLUID PORT

Figure 2-7 Sectional view of bladder type hydraulic accumulator/reservoir [35]
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Detailed modeling of hydraulic accumulators has been undertakéar day
Pourmovahed [36]. The suitable casualty of the system is shownureRe¢4 where the
input is the accumulator flow rate through its orifice and the ougptite gas pressure.
Considering the use of elastomeric foam on the gas side of thmaetor (to reduce
irreversible heat losses) and taking energy balance on th&dgast can be shown that

the temperature evolution is given by [36, 37]

- 0
{1+ m & }d_T:_Tw T__T(_%j v 2.3)
m,¢g | dt T ¢l oT), dt

whererz is the average thermal time constant, which is defineﬂ:asr;% , With
an average effective wall areA,, and convective heat transfer coefficieht, The
pressure in the accumulator is related to the gas temperamrthe specific volume
through a real-gas equation of state, such as the Beattie-Badg@®B) equation of state
[38]:
:—RT(]'Z_g) +(v+ B)—#? (2.4)

V V
By(1-b) . _ % and A, B,, a, b, care constants in
v

g

where, A= A(1-a/ V), B=

the BB equation of state. The specific volumedf the gas is related to the accumulator

flow rate Qaco) as:

d_V - & (2.5)
dt  m,
With,
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Qacc:ZQplm i+ Qp
= (2.6)

n
i=1

:Z[Xp/m,iDp/mﬂ’dmﬂwﬂ(xnmra’pm!prm)]+ XxPey (xXyw Ap)

The first term on the right side of Eq. (2.6) is the sum of nldévidual (=1: n)
flow rates to/from the P/Ms, considered positive in pump mode. And toadderm is
the flow rate from the engine-driven pump, also positive in pump modehyidraulic
fluid flow rate into the accumulator (charging) is taken as pesiiThe state of charge
(SOC) of the accumulator is defined as the ratio of the it@stanus oil volume in the

accumulator to the maximum possible oil capacity and is given by:

.[\:/ Qaccdt

SOC=
2.7)

i=1
Vo

J‘V Z[Xp/m,iDp/mp)p/m ﬂviﬂ(xﬁmra)pmlApm m)}r dt

X Dpa)pﬂv(xp’ @ p’A pp)
V.

acc

Measuring the instantaneous oil volume is not straightforwarthépurposes of
hydrostatic system control. However, as long as the temperaaration in the
accumulator is kept low, the more directly measurable fluidfgassure can be used as
an indicator of the SOC of the accumulator provided appropriatemsaage considered

[18, 22]. Therefore, the SOC can be estimated from the gas pressure as follows:

Py — B
Prax— R

SOC= (2.8)
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where,p, is the lower pressure limit of the accumulator correspondinght V8
taken to be a zero SOC. The later should at least be equal teavergthan the pre-
charge pressure of the high pressure (HP) accumulator for vehfely and accumulator

reliability. Pictorially the above equation could be described as shown ireR2efir

SOC max

soC

Figure 2-8 SOC estimation using gas pressure

2.2.2.3 Hydraulic Transmission Line Model

The hydraulic transmission lines carry high-pressure fluid tiivout the system.
They can be modeled with distributed or lumped parameter models dependithe
required accuracy of the model. In the present application, the dyredfacts of the
transmission lines (including compliance of the fluid and flexible $ica®d the line
inertances) are considered negligible since the frequency oéshis rather low (<10 Hz
or so). This makes it possible to use a one-dimensional lumped paraesetttve model
for the transmission lines instead of more elaborate dynamidiattbuted parameter

models [39, 40]. The causality of the hydraulic transmission Ih@ys in Figure 2-9, is
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chosen in such a way that the inputs to the system are the up$iveanate and the
downstream pressure whereas the outputs of the model are thempstesaure and the

downstream flow rate

O %
—_— o
L:‘qaan;D
g — (e

P P:

Figure 2-9 Causality of hydraulic transmission lines

The resistive pressure drop along transmission lines and fitargbe expressed

mathematically as a function of the Reynolds number [36]:

L 2
Ap=p-p= f’o—Qa (2.9)

2D0A¥,2
where, L is the total effective length of the transmission line betwego
components (indexedl, and2), p as the fluid densityQ as the flow rate through the
pipe/hosepy is the internal diameter of the pipe, alghs the cross sectional area of the

pipe. The friction coefficientis given by:

64 /Re Re< 2000, laminar flow 210
~ 10.332Re 200& Re 10000, turbulant fl: (210
where Re is the Reynolds number and is defined?byt% where,v is the
7Dy

kinematic viscosity of the fluid. Combining the alecequations, the high pressure side of
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the motor or pump, i.e., the motor inlet pressurd the pump discharge pressure are
given by:

pp/m,p: pj+59n(Qa)ﬁpf (2.11)

The junction pressurd; is related to the gas pressuRg considering the
accumulator flow rate through the inlet orifice.

P, = P, +SINQ. )T ... K (2.12)

where a constantK = contains the orifice parameters: the

__r
(Z(Cd Abrifice )2 )

discharge coefficienty and its arediice, and the density of the fluid.

2.2.2.4 Junction Model

A schematic of the model for a 3-port hydraulicgtion is shown in Figure 2-10.
Here the pressure assumed fixed by port 1. Thisspre which is dictated by the
accumulator gas pressure from Eq. (2.12) is pasgdut modification to the two other
ports. To ensure compatibility with the causalifytlee model, Figure 2-4, the flow rate
input at ports 2 and 3 are summed to compute a fime output at port 1.This is
extracted from the power flow equation as followsedlecting fluid storage or

compressibility at the junction):

p1Q1 = p2Q2+ pst (213
P=P.=PB (2.14)
Ql = Qz + Q3
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In our casep;, i=1,2,3 stands for junction pressung,,Q; stands for junction

flow (Q), Q. stands for pump flow(;) and Qs stands for the total P/Ms flow rate

(2_Qum)-

o P
1
0> P3
2 3 ——-
~— S
P2 Qs

Figure 2-10 Three port hydraulic junction model

2.2.2.5 Total Volume Constraint

Finally, the constraint that has to be consideredhis model is that the total
volume of the oil in the hydrostatic powertrain @ns constant at all times. i.e.:

Y/

oil total =

V.

oil acc

+V +V +V

oil,res oil, pump oil F M

+V = con

oil transline™

2.2.3 Engine Model

The engine subsystem model takes the load torfyefd the engine powelPd)
signals as an input from the pump and the supewvisantroller, respectively, and gives

the engine speed and the fuel consumption valuas astput. See Figure 2-11.
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Figure 2-11 Engine sub model

The model of the engine subsystem is implementeglasi-steady state lookup
table from the fuel consumption map of the engine iamcorporates the dynamics of the
engine/pump (e/p) rotational inertia. It is firsssamed that engine powePg) is
determined by the power management strategy (tescrbelow) in the supervisory
system controller. Given the engine poviRr one can read, from the engine map, the
desired engine torquk. and desired engine speed qes Corresponding to the minimum
BSFC (brake specific fuel consumption) line of tegine at that power level. The
relevant lines are shown in Figure 2-12. By negbgctorque generation delays, it is
assumed here that the actual engine torque maticbedesired. The actual speed of the
engine-pump dpe/p), however, is determined from the engine-pumptiartal dynamics

given by the equation below:

do
T.-T(X,0,Ap,)= Jeq*—d:'p (.15)

whereT_ is the load torque (pump torque) on the engind,Jagis the equivalent

engine-pump rotational inertia.
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Figure2-12 4.6 L Triton V-8 engine map with constant power and brake specific fuel consumption
linesincluding the minimum BSFC line
The actual speed of the engine/pump from Eq. (2i85yontrolled via the
displacement of the pump (through its displacenf@etorx,) to track the desired engine
speedwe_ges Which is selected based on the minimum BSFC spédige engine at the
current power level. A Pl controller is used to imirze the speed error from this value:
X, =K, (@

e des @, Q + K J-(a) e des @ /e)p' dt (2.16)

Here,k, andk; are the proportional and integral gains. Note thatdisplacement

factor x, influences the pump torque via Eq. (2.2) and exadht the engine speed via
Eq.(2.15).
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2.2.4 Longitudinal Vehicle Dynamics

For evaluating the longitudinal performance of edicle, the engine subsystem
and the hydrostatic powertrain models describedvabare integrated with vehicle
dynamics via the tire-wheel dynamics, whose fregytdiagram is shown in Figure 2-13.
By neglecting the longitudinal wheel slip of theetithe tire-wheel dynamics can be
described as:

do,

Tw - Fwa = Jweq?

(2.17)

where,Jy «q IS the equivalent inertia of the motor and the @lreferred to the
wheel, w, is the rotational speed of the whe@), is the driving torque exerted at the
wheel by the pump/motor®, is the radius of the wheel, ané is longitudinal tire

force.

Fx

Figure 2-13 Wheel of the vehicle

The longitudinal tire force is related to the védispeed through the longitudinal

equation of motion for the vehicle (Newton™¥ 2aw):
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md—V+1/2,oCd AV + fmgeosP 1 mgsing |
F - dt - (2.18)

where,V is the speed of the vehicle density of the airCy drag coefficientA is
the frontal projected area of the vehidgrolling resistance coefficient of the tirg,
gravitational acceleratio is the road elevation andis the number of motors actively
engaging in driving the vehicle. In most of workvatving powertrain energy use
analysis, longitudinal wheel slip is consideredliggigie. The wheel speed is then related

to vehicle speed through the no-slip condition:

0, =~ (2.19)

This assumption is not a necessary one when el&biira models are considered
as for analysis of vehicle stability control withet present independent wheel drive
system.

Plug in Eg. (2.18) and Eq. (2.19) in to Eq. (2.1480)d rearrange it, the driving

torque at the wheel is then giving by Eq. (2.20).

dv .
:Md_VJr ma+1/2,ocd AV + f mgcosP  mgsing )
YR, dt n

R, (2.20)

The bent-axis hydraulic motors are mechanicallypéedi to the wheels of the
vehicle through a single gear ratio speed reduatioity which results in the following
equations for the torqud ) and the speedof,) of the pump/motor respectively.
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Tp,m :—an (2.21)

=i (2.22)

Here, ig stands for transmission gear ratig, stands for the transmission
efficiency with (-) superscript for motor (drivinghode and (+) superscript for pump

(braking) mode.

Toim @,

q .
Sp§ ecl. Vehicle v
reduction .

dynamics —[emmm—

unit, Z, 77, Y

‘_ ﬁ

(J'.)p /m Tw

Figure 2-14 Causality of vehicle dynamics and speed reduction unit

2.2.5 Driver Model

A PI controller is tuned to mimic the driver as ehicle speed controller and
compute the motor displacement factgyy,, using the error between the actual speed

(Vacy) and the desired speed) (of the vehicle

XP/m =K p(V - Vact) + KJ (V_ Vacl) ' d1 (2-23)

This displacement factor at wheel-end P/M determihesP/M torque through

Eq. (2.2).
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CHAPTER THREE

3 RULE-BASED HYBRID POWER MANAGEMENT STRATEGY

In this Chapter, one of the hybrid power managensémategies, rule-based, is
described and presented in detail. The section flalgllights the components of the
hybrid power management strategies and the funaifothe overall top-level system

supervisory control.

3.1 General Structure of Hybrid Power Management

The hybrid power management strategy is dictatedtHgy top-level system
supervisory control where in addition to power ngeraent strategy vie the engine and
pump commands, vehicle stability control vie thdiwdual wheel torque (displacement
factor) command and supplementary friction brakevaton command are determined to
meet the energy efficiency, vehicle stability aafesy objectives. If the vehicle needs to
decelerate further while the torque available fritv@ hydraulic system is not enough for
braking or if the accumulator reaches maximum presghen the friction brakes need to
be activated to bring the vehicle to the desirededp In general, the supervisory
controller (Figure 2-3) takes the vehicle statesdltudinal and lateral speeds, yaw rate,
and rotational speed of individual wheels), the estg wheel angle and
acceleration/braking signals, and the SOC of tleaalator as input commands from

the sub-models of vehicle dynamics, driver and bsthtic powertrain, respectively. It
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then determines the individual wheel torques, thgiree power and friction brake
activation commands for the hydrostatic and verdgigamics subsystems.

A hybrid power management strategy is needed teraéte the optimal split of
the propulsion power demand between the two powarces (the engine-pump set or the
accumulator) in such a way as to minimize fuel comgtion and reduce emissions while
maintaining (or improving) the drivability/performee (acceleration gradeability, and
maximum speed) of the vehicle. The typical powernaggment strategy can be
considered to have a hierarchy of higher-level &wler-level control systems. The
higher-level, supervisory type control system, datees the power demand from the
engine to meet the driver’'s power request at anyndy scenario while making sure that
the accumulator state of charge (SOC) is maintaloedenough to create conducive
environment for effective energy regeneration dyimmaking. The lower-level control
systems, on the other hand, determine the engieeatpg points on the torque-speed
map for optimum efficiency (near the minimum BSF€gime) at all power level
determined by the higher-level control. The lowerdl system may also include a speed
regulator that attempts to bring the actual enginenp speed to the desired engine speed.

In this thesis, three power management strategiesewaluated for the series
hydraulic hybrid vehicle with independent wheelds using the detail models presented
in Chapter 2. The first strategy, which is detailedhis Chapter, is an experiential a rule-
based strategy proposed by Kim and Filipi [22]. $heond and third strategies are based
on optimization. Global optimal power managemerdtegy obtained through dynamic

programming for a known drive cycle and a sub-optinmstantaneous consumption
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minimization strategy are detailed in the next Gea@s a first application to series

hydraulic hybrids.

3.2 Rule-Based Strategy

Simple and robust to implement, rule-based powenagament strategies, are
based on rules set by the control engineer to gpditpower demand between the two
power sources in such a way that these power soareeoperating close to their high
efficiency region. The rules depend on the valueshe selected variables that could
ultimately determined the power split. These vdeaatnclude, but are not limited to, the
power demand at the wheels, the driver's accetaratommand, accumulator state of
charge (SOC) and so forth [19].

The common type of rule-based power managemertegiyras a thermostatic
SOC or “bang-bang” control scheme [19, 41]. In tiyise of strategy, the accumulator
SOC is allowed to vary between upper and lowerstiokl values so that when the SOC
reaches the upper limit the engine is turned off da@ power request is entirely supplied
by the accumulator alone. When the SOC reachdswes limit, the engine is turned on
and begins charging the accumulator with a predeted power level set by the
controller that runs the engine at its most effitigoint.

The rule-based power management strategy takemsdrthesis is adopted from
[22]. It is a thermostatic SOC control in natureghwsome modifications to allow for

continuous variable transmission (CVT) mode of $kees hybrid powertrain at higher
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power demands. Figure 3-1 shows a schematic gidheer management strategy. Here,

the SOC of the accumulator is the only variabledusedictate the engine powé?y].

%
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Figure 3-1 Schematic r epresentation of engine power asa function of SOC

In this strategy, the engine power commard) (increases or decreases
progressively based on the SOC of the accumula®iong as the SOC is above the
Engine-OFF threshold value, say 40%, the engineepaammand is set to zero, and the
drive power is supplied entirely from the accumalatWhen the SOC of the accumulator
drops below the threshold value, the engine stelnerging the accumulator and/or
contributing to the drive power, while running &etpredetermined threshold power
command (say 45 kW, for this work). An SOC deaddbah 10% or so is taken to
alleviate frequent engine on-off cycling. If thewsr demand is such that it exceeds the
engine threshold power and the SOC drops belovEtiggne-ON threshold SOC of the

dead band (say 30%), the engine power commandogrgssively increased along the
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minimum BSFC line on the torque-speed map of thginen With further increase in
propulsion power demand, the powertrain works imydrostatic continuously variable
transmission (CVT) mode, with the engine operatihg maximum power trying to keep
the SOC of the accumulator above a minimum (Max P&@C, say 10%).

After the engine power is determined by this rudsdrd power management
system, the engine operating points, i.e. the deé®ngine speedy¢ ¢e) and torque Te)
are extracted from the intersection of the conspaver line and the minimum BSFC

line on the engine map, as shown in Figure 2-12.

3.2.1 Verification of System Model with Rule-Based Strategy

3.2.1.1 Setting Component Specifications and Thresholds

The system model described in Chapter 2 and theepowanagement strategy
described above were implemented in Matlab/Simuliftke model was then used to
select component sizes and control threshold pdaessnéor the independent hydrostatic
drive system proposed in Figure 2-1, with the dibjecof improving mileage and
longitudinal performance for a mid-size truck. Tdrealysis started with the stock engine
for a Ford F-150 truck (4.6 L, V-8, 172kW Sl engiramd considered that the upgraded
powertrain with the independent drive should prap&rger truck with a GVW of 8000
Ibs (about 20% heavier). In addition, the selectidrthe hydrostatic components was
limited to stock components for which test data eveavailable. The following

components were obtained as the result of thetiiteraptimization and component
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selection exercise: P/M displacement of 55/cav; engine mounted pump displacement
of 125 cnilrev and gear ratio between the P/M and the wheI0gf.

The size of the energy storage unit, i.e., the mcdator, plays a vital rule in fuel
economy and performance improvement of the vehidlgh the other components
specified as above, the size of the accumulatocossidered for further system
optimization. Using three standard accumulators (B) and 20 gal) together with the
aforementioned sets of component sizes, furthdrdoenomy optimization and safety
considerations led to the following sets of pararsefor the accumulator and engine
operating thresholds: Pre-charge pressure =13 MP&jmdan pressure = 40 MPa,
Engine-OFF SOC threshold = 40%, SOC dead band = fl@#shold engine power =45
kW. A similar and more detailed analysis of compunsizing, threshold parameter
selection and optimization of the selected pararadte a series hydraulic hybrid vehicle
can be found from [22]. These sets of componenéssiand operating threshold

parameters are used for the rest of the discussi@ss otherwise specified.

3.2.1.2 System Performance with the Rule-Based Strategy

City Cycle

In this subsection, the results for the longitutperformance of the system in the
Federal Urban Driving Schedule (FUDS) are presenkegure 3-2, Figure 3-3, and
Figure 3-4 show some of the responses of the syfstethe first 400 seconds of the drive
cycle for 4-wheel (4-motor) drive case. The accuatarl and reservoir volumes were set

at 20 gallons for the discussions that follow. FegB-2a, shows the actual and desired
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vehicle speed response plots. The maximum speedierf.1 kph over the trip. Figure
3-2b shows the time history plots of the accumul&OC and vehicle speed and Figure
3-2c shows the engine and accumulator power. Feofirgt 27 seconds, the engine power
is zero as the SOC is greater than the Engine-@dthiold SOC. At the 3Dsec, the
vehicle starts to accelerate with the power dedigdeonly by the accumulator (negative
accumulator power is discharging), but startinghat27" sec up to around 1{5ec the
engine was turning on and off keeping the SOC tiattbn between 30% and 40% dead-
band. The first substantial braking event startstret 11%' sec and charges the
accumulator to around 70% and the engine is tunfedDuring the period when the
vehicle is stationary, between 128nd 163 sec, the accumulator pressure is maintained
nearly constant. When the vehicle accelerates Isagi®0-205 sec), the SOC of the
accumulator drops below the Engine-ON threshold $@IGe, and therefore, the engine
power increases progressively to overcome the asexd power demand by the vehicle

and to recharge the accumulator.
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Figure 3-2 System responses of 4-motor drivefor thefirst 400 sec of the FUDS cycle a) desired and

(HP) and low-pressure (reservoir) accumulatorsutedg3-3c and Figure 3-3d show the

corresponding torque and power output time hispdoys of one of the P/M units during

actual vehicle speed time history plot, b) vehicle speed and accumulator SOC history, c) Vehicle
speed error time history plot, d) Engine power (Pe) and accumulator power (Pacc) history plots

Figure 3-3b shows the time history plots of the g@ssures in the high-pressure

the cycle. It can be observed that variation ofrservoir gas pressumad) is negligible

and remains low for the entire trip when comparéith what of the HP accumulator gas
pressure (fy). This observation will allows us, in future modeinplifications, to use a
constant value gbyes for the reservoir without affecting the overalleegy balance in the

system. Figure 3-3c and Figure 3-3d show the toemaepower output time history plots

of a single P/M unit.
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Figure 3-3 System responses of 4-motor drive for thefirst 400 sec of the FUDS cycle a) Speed profile,
b) High pressure and low pressure accumulator pressure, ¢) P/M torque, d) P/IM power

Figure 3-4a shows the engine operating points dutie cycle superimposed on
the torque-speed map of the engine. It can be $®sn the operating points are
concentrated on the minimum BSFC line for efficiarngine operation. This plot
demonstrates how the IC engine in a series hybedicle can be controlled,
independently of the road load, at its best efficie points for fuel economy
improvement and emission reduction. The motor dsghent factonm is plotted on
Figure 3-4c with negative value as motor (drivimypde and positive value as pump
(braking) mode. Figure 3-4d depicts how the HP amdator gas volume and oil volume
varies with time for the driving cycle. Initialhjhé accumulator volume was filled with

equal volumes of the gas and oil. However, as #tacle starts to accelerate, t=20 sec,
41



the gas volume increases (expansion) while theobiime decreases, confirming the fact
that the accumulator gives energy (losing its pness for propulsion. The first

substantial braking event, t=115 sec, charges ¢hanaulator and hence the volume of
the oil increases while the volume of the gas desae (compression) thereby storing

energy as a form of pressure in the accumulatdafer use.
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Figure 3-4 System responses of 4-motor drivefor thefirst 400 sec of the FUDS cycle a) Engine
operating pointson itstorque-speed map, b) Total efficiency and motor torque oper ating points of
the P/M, c¢) Time history plotsfor displacement factor of the P/M, d) Gas volume and oil volumein

the high-pressur e accumulator

Highway Cycle
The results on the response/performance of thersysh the highway drive cycle

(the Highway Fuel Economy Test (HWFET)) are showfRigure 3-5.
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Figure 3-5 System response plotsfor HWFET cycle a) Vehicle speed and SOC time history plots, b)
wheel-end P/M motor torque output, ¢) Engine power (Pe) and accumulator power (P,.) plots, d)
Engine operating points on the torque-speed map of the engine.

During the first 20 sec of the cycle, Figure 3-%e vehicle accelerates rapidly to
reach to the top speed, leaving the accumulator 80@op suddenly within 10 secs
(discharging mode). After 10 secs, the engine teamsnd supplies power for both the

wheels and the accumulator and keeps the SOC d@beweinimum threshold.

3.2.1.3 Comparisons in Fuel Economy Improvement over Conventional

Drive System

A cursory look at the fuel economy results in TaBlé indicates the expected
significant benefits from the hybridization, padiarly in city driving where 32% fuel

economy improvement is achieved over the conveatipowertrain of the vehicle.
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As the highway cycle is characterized by the absesf frequent stop-and-go
motion, no substantial braking events exist forsgae kinetic energy regeneration. As a
result, the engine power is used as a main soordeite the vehicle while maintaining
the SOC of the accumulator within the dead-bands Tieans there will be losses in
multiple energy inter-conversions from engine-teapdto-motor-to-wheel. In addition,
the low motor torque requirement at the wheelshefuehicle means the motors operate
in part-load with poor efficiency. These factorskadhe overall system performance to
be somewhat compromised and the fuel economy ingpnewnt is not as attractive as that
obtained in the city cycle. However, the overaklfeconomy on the HWFET is still
better than that of the conventional drive becanis¢he basic ability of the current

system run the IC engine near its optimum efficjef8ee Table 3-1).

Table 3-1 Fuel economy improvement comparison of independent hydrostatic wheel drive over the
conventional truck

Conventional Truck, Ford | Independent Independent
F-150, 4WD, V8, 4.6L, Hydrostatic Wheel | Hydrostatic Wheel
Automatic 4spd [ US DOE, Drive (4-Motors) | Drive (2-Motors)
fueleconomy.gov] (MPG) | (% improvements) | (% improvement)

City Cycle

(FUDS) 14 32 54
Highway Cycle
(HWFET) 18 5 185

3.2.1.3.1 Comparison of 2-Motor vs. 4 Motor

Table 3-1 also includes results for a 2-motor davesither the front or the rear
axle. This is included to point out that the 2-matdve does improve the fuel economy
further with a 22% and 13% increments over thatead with the 4-motor drive for city

and highway cycles respectively. This can be erplhiby the fact that when the vehicle
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is propelled by 2-motors, each of the motors takesarger loads than the case with 4-
motors (4WD), as shown in Figure 3-6b. Higher I¢mique) is favorable for hydraulic
machines as the efficiency of each machine inceeagith load. The benefits are
illustrated further with Figure 3-7 which shows tleemulative effect through the
percentage of total operating time spent withirfiedént total efficiency intervals during
the FUDS city cycle. Clearly, the 2-motor drive teys has the distribution shifted
towards the higher efficiency values while the 4tonodrive has distribution tilted
towards mediocre efficiency values. Due to thecedfit operation of the P/M units, for 2-
motor drive case, the recuperation process is raffiéent and is characterized by the
rise in the maximum available SOC of the accumulfituim 80% to more than 95 % in
comparison to 4-motor drive system, shown by Fig8+&c. This increases the fuel
economy by extending the period of operation of dbeumulator before it completely
discharges. However, the acceleration performanffers when using the 2-motor drive
as the two motors cannot supply as much torquéeg tmotors. Furthermore, 2-motor
propulsion reduces the number of P/Ms that can actwheel-end actuators for

implementing vehicle stability control.
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3.2.1.3.2 Effect of Accumulator Size

In this section, the system model and the ruledbas@ategy are used to analyze
the effect of accumulator size on the performarfcéh® vehicle. The simulation results
are shown in Figure 3-9 and summarized in

Table 3-2. Looking at the fuel economy improvenfentFUDS cycle with the 4-
motor drive, a 15 gal accumulator gives better agk than the 10 gal and 20 gal
accumulators whereas the 10 gal accumulator givase or less the same mileage as that
of 20 gal accumulator as shown in Figure 3-10. B@C of the 10 gal accumulator
reaches 100% a number of times before the endaéfriyg event as shown by Figure 3-9b

and Figure 3-9c. During the periods of friction keaactivation, some of the braking
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energy, totaling around 0.3 MJ (6.3% of the totakiorg energy available at the wheels),
is wasted as a form of heat at the friction bra&dspin order to bring the vehicle to the
desired speed. Losing this otherwise recoverabdéeggncontributed for the reduction in

fuel economy improvement with the 10 gal accumulat® compared to the 15 gal
accumulator. The SOC of 20 gal accumulator nevacires 100% as depicted in Figure
3-9, and hence, it is able to recuperate all th&ibg energy available. However, the fuel
economy is still less than that of a 15 gal accataul This is due to the fact that a
vehicle equipped with the 20 gal accumulator haa5 GVW increment over one

equipped with the 15 gal accumulator, and a 5%ement over one with a 10 gal

accumulator. This ultimately reduces the fuel ecopdue to increased load.

The other factor that contributes for the fuel emogy improvement is the round
trip efficiency of the accumulators for the sameegihold operating points. For example,
for the same pre charge and maximum pressure, igheerhcompression ratio of the
smaller size accumulator improvés round trip efficiency compared to the larger

accumulator. This can further be proved by Eq..(31)
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Figure 3-9 Effect of accumulator size on the performance of the vehicle a) portion of FUDS cycle for
thefirst 400 sec, b) Comparison of SOC history, c) individual motor torque, d) Friction brake
activation commands

The above discussion implies that there is a sydwral trade-off between
frequent friction brake activation, roundtrip acauator efficiency, and increased GVW.
This explains why the intermediate size 15 gal audators give the best fuel economy

improvement among the three sizes.
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Table 3-2 Summary results of effect of accumulator size on the perfor mance of the vehicle

Accumulator | City cycle High way 0-50mph
volume (FUDS/UDDS) | cycle(HWFET)| acc. time(s)
(gallon)

Conventional

Truck, Ford F150,

4WD, V8, 4.6L,

Automatic 4spd [ | - 14 18 -

US DOE,

fueleconomy.gov]

(MPG)

Independent 10 32 7.3 143

Hydrostatic

Wheel Drive (4 | 15 34 6.3 14.2

Motors, 4WD) (%

improvements) | 20 32 5 14.2

Independent 10 52 21 )

Hydrostatic

Wheel Drive 15 55 20 _

(2Motors) (%

improvement) 20 54 18.4 -

For the 2-motor drive case, in the FUDS cycle, 1begal accumulator gives a
better mileage than the 10 gal and 20 gal accuomslaas shown in Figure 3-11.
However, this time, the 20 gal accumulator giveebnduel economy than the 10 gal
accumulator as the impact of the energy loss irbtia&e friction pads (totaling to 0.49
MJ) with the smaller accumulator far exceeds theaichpf the increase in the GVW with
the larger accumulator. For the HWFET cycle, wHezquent stop-and-go motion is not
prominent, the fuel economy improvement with theghDaccumulator is better than that
with the 15 gal accumulator. Similarly, fuel econommprovement with the 15 gal
accumulator is better than that with the 20 galldoth the 4-motor and 2-motor drive

systems. This is attributed primarily to the lo&YW with the lower accumulator size.
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The acceleration performance of the vehicle fofed#nt accumulator sizes is
displayed on the last column of

Table 3-2. It shows that accumulator size has aimosmpact on the acceleration
performance. This is because the accelerationstesiaracterized by high power demand
for short period of time (without breaking ) asesult accumulator’s effect is negligible
as it delivers its energy immediately while the aemmg power demand is supplied by
the engine-pump alone until the end of the tese dtceleration performance could be
further improved with an increased Engine-ON thod$ISOC value. This is because, the
accumulator pressure determines the junction presswd hence the pressure available at
the wheel-end P/Ms thereby higher threshold pressi@@ns higher torque available at

the wheels. But this is possible only at the exparfduel economy improvement.
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CHAPTER FOUR

4 OPTIMAL POWER MANAGEMENT STRATEGIES

In this Chapter, two optimization-based power managnt strategies will
presented and applied to the hydrostatic (seridsayic hybrid) powertrain described in
Chapter 2. The rule-based power management straleggribed in the preceding
Chapter is not necessarily optimal. This is becadiske following:

e Running the engine along its minimum BSFC linedach engine power demand
doesn’t consider overall system efficiency, ratlvensiders only component
efficiency (IC engine in this case). For examphe system efficiency of charging
the accumulator from the engine-pump set dependshenefficiency of the
engine, the pump, and the accumulator as well.

e It doesn’t consider the nonlinear and dynamic reatifrthe system. As a result of
this nature of the system, the threshold paramef®iag better fuel economy
result in one driving schedule may result infefieel economy result in another
driving schedule.

e For a given or known drive schedule, it is possifile example, that it is not best
to fully charge the accumulator before the end dfaad braking events (See
Figure 3-9). This may lead to lost opportunitiegecovering more energy in the
same or subsequent braking events. Such scenagosoa taken into account

with the rule-based strategy.
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Such limitations highlight the inadequacies of thke-based power management
strategy and are the impetus behind the need tb a@ee formulate optimal power

management strategies.

4.1 Global or Trip Optimal Power Management

A globally optimal power management strategy detees) the allocation of
power demand between the on-board sources thas ghee minimum integral fuel
consumption over the whole duration of the trimlove cycle. Generally, such a globally
optimal solution requires or assumes that the |madile of the trip (or the drive cycle
and road grade) is known ahead of time. In the gmtesvork, the globally optimal
allocation or power split between the accumulatut the engine-pump are determined
using dynamic programming.

Dynamic programming (DP) is a numerical technigoefinding a sequence of
time-varying state feedback control laws so thatcast function (e.g. total fuel
consumption) is minimized over a priori known stageérive profile). It works based on
the principle of optimality proposed by Bellman [423]. DP simplifies a complicated
problem by breaking it down into simpler sub-prob$eand re-combining them in a
recursive manner to arrive at a global solution: &aiven dynamic system and cost
function to be optimized (maximized or minimized),each discrete time (stage), DP can
search through all feasible discrete control indotsall state grid points to generate

global optimal solution with an accuracy of distzation interval The advantage of DP is
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its ability to handle non-linear systems and caasts while generating the optimal
control law.

In this thesis, the objective of the algorithm assearch the trajectories of the
control signalsu(k), including engine commandP{ andTe) and pump commandg) to
minimize the total fuel use over the driving schHeduPollutant emissions are not

considered in this work. Mathematically, the cosiclion can be stated as,

minJ - rgg;p(NZ_lmf (UK, Y(K)+ K SOC m)j @

whereny is the fuel use over the time segmengndy are the vectors of control
and state variabledl is the total driving cycle length under considetandh(SOGN))
is a penalty function that penalizes the deviatbthe final SOC value from the initial
SOC value if it is desired to maintain a charggansg mode. In our case, a hard
constraint is assumed where the final SOC is etjudhe initial SOC. i.eSOQN)=
SOdO0) [44], as a result the net energy stored in theumwilator is zero thereby
comparison of the hybrid powertrain with the corti@mal drivetrain can be made.

The detail hydrostatic powertrain-vehicle dynammusdel, presented in Chapter 2
is not suitable for dynamic programming analysig tlu its high computational burden.
Therefore, a simplified but sufficiently detaile@hicle model that captures the basic
behavior of the major components is needed. Figuteshows one such the simplified
hydrostatic powertrain model developed in this wdtrkhows the power flow interaction
between each component and the associated effiegeti@at have been considered in the

formulations of the DP algorithm. The engine-puntpe wheel-end P/M and the
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accumulator are assumed to be directly connectélgegunction with no pressure drop
along the transmission lines. The pressure vanaitiothe reservoir is very low and
barely affects the overall equation of the systént is taken as a constant. This was
demonstrated through the results in Figure 3-3befthe engine-pump speed dynamics
is neglected, as it is fast compared to the dynaitiie accumulator SOC, the only state

variable that needs to be considered becomes twenatator SOC.

Positive power flow

Acc »
______ .b.,
Negative power flow

Pace :
P
Pe P» v Ppin P Vehicle
. - Pum  — Y| P/M -
Engine P +
- ~- - - - | Transm 7g
7, My T i

Figure 4-1 Simplified hydrostatic powertrain model for DP algorithm

Summing up the power at the junction, the powawfequation can be written

as,

Pee=P,+ Py, (4.2)

acc

wherePq is power from/into the accumulatd?, is the power from the engine-
pump, andPpn, is the power from/into the P/M. Form Eq. (2.7), dignamics of the

accumulator SOC can be simplified as,
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dSOC_Nn-Qyu+Q,
dt Y,

(4.3)

where the flow rateQ,m, is taken to be the same for all the P/M unitss the
number of motors actively engaged in driving/bregkevent and V is the total volume of
the accumulator. The power flow in/out from the PUlits is given by the product of

flow rate and pressure difference across the uHitat is:

Pp/m =n: anAppj m (4.9

Similarly, the power output of the pump is desailas:

P, =Ap,Q, (4.5)

with the differential pressure given by:

APy =AP,=APp (4.6)

Solving for the flow rate equations in terms of fi@ver flow andAp across the

pump or the P/M from Eq. (4.4) and Eq. (4.5) andgging it in Eq. (4.3), the SOC

dynamics can be described as:

(dSOCj_Pp,m+ P, B,
dt Ap-V  Ap-V

(4.7)

Therefore, the power flow to/from the accumulatioeach instant of time is given

by:

(555
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The pressure difference across the pump and thesRgMen by:

AP= P, — Pes (4.9)

Solving forpy from Eq. (2.8) as a function of SOC and plugginig ito Eq. (4.9),

Ap s given as:

Ap=S0d R..— P+ P~ B (4.10)

The power demandPp, at the wheels of the vehicle required to follome t

prescribed velocity profile on flat road is complites:

P :(mdv L PG AV

. > + fomgj- Vv (4.11)

The P/M power reques®ym during driving and/or braking is then given by:

P .ntl
I:)p/m: Dn :
a (4.12)
(m%\t/erCdzsz + fomgj- Vin,

n

For DP algorithm Eq. (4.8), (4.10) and (4.12) arsciittized inAt=1 second

interval and rewritten as,

Pacc(k)z(soq k+1A)t_ SO¢ kj.Ap(k).v (4.13)
Ap(k)= SOG B[ pn— A+ P R (4.14)
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mV(k+D)-V(K  pG AV(H
At

+ fomgj' M 3'77:

p/m(k) (

(4.15)

After rearranging Eq. (2.20) and (2.21), the P/Mytmr request is calculated, and

discretized as,

Tp/m(k):|:(V(k+]2t—v(k)j_(n§‘:weq+ j_i_ pq A\f( K-l— Jm% R/vnlgng (4.16)

where (+) sign on the superscript stands for pumople and the (-) sign stands
for motor mode.
The P/M speed used to follow the given profile ileakated as:

iV (k)
R,

@ym(K) = (4.17)

Since the engine-pump speed dynamics are negldeged?.15) reduces to:

T, =T (X, ®,Ap,) (4.18)

For a given driving cycle, the P/M torqu&y,m and speedwpm, required to
follow the speed profile can be found from Eq. 6}.and Eq. (4.17) at each time stage
(time grid point). For each SOC grid points, asvaman Figure 4-2, the corresponding
Pacc and Ap across the pump and P/M unit are found using E4.3j4and Eq. (4.14),
respectively. Then, the P/M displacemexy,{ can be chosen to produce the desired
motor torques necessary for following the givenesbprofile. For a known P/M torque,

speed, and displacemen;, and the knowledge dfp, the efficiency of the P/M unit

59



can be extracted using 3-D interpolation from tfiieiency map. Knowing the efficiency
values, the power input (driving)/output (brakingj the P/M can be found by
dividing/multiplying the motor power request acdoglto Eq. (4.15).

For a known accumulator and P/M power values, thegautput power can be
computed with Eq. (4.2), and is then known for e&€C grid points. To simplify the
interpolations in the engine fuel consumption map #she pump efficiency map, the
speed of the engine can be discretized in to a pumbpoints. Corresponding to each
engine speed grid point, the pump displacementatambe discretized and implemented
as a vector for efficient computation in MATLAB. F&nown Ap, wep andx, of the
pump, one can then interpolate for the total efficy s, of the pump in its efficiency
map. Then, the engine powe®y, is found by dividing the pump powdt,, with the total
efficiency of the pump. This is comparable to thexifmum engine power imposed by
the constraint at that engine speed (see Eq. (dé®w). If it doesn't violate the
constraint, it will be selected. Otherwise, it sllbbbe modified to comply with the
constraint.

After the engine power is computed, the engineuerg then computed from the

relationshifl, = i . Finally, the engine torque and the engine-pungedmre used to
el p

interpolate the mass flow rate from 2D fuel constiamplook up table and plugged into
Eqg. (4.1). By moving through all the possible psiof the engine speed at a fixed SOC

grid point, the minimum fuel mass will be deterndrend stored as a cost function.
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The above calculation procedure is executed staform the last stage of the
driving cycle and is repeated at each stage adwgriowards the first stage. Figure 4-2
shows a schematic of the whole process. At eadlesthe algorithm computes and
assigns the minimum cost and associated contratsnp each state grid points and then
proceeds to the previous stage. This is repeatekivaads in time until the whole drive
cycle is covered. Along the way, the time-varyintates feedback control inputs

corresponding to each state grid points are founadstored.

sS0C

SOC min

k

SOCmax

_—-——
time j

Figure 4-2 SOC grid points at each stage used for global optimization process
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To ensure that the system operates with in phyBro#k for safety, the following
physical constraints on the state and control smpue taken in to consideration during
the optimization process. A large penalty is assilgon the cost function for those

signals that violates the constraints.

a)eng,min < a)eng(k) fo engmax

I:)eng,min (a)eng) < Peng( k) < Pengnax(a) er)g

SOG, < SOC k< SOC, (4.19)
0<x,(k)<1

~1<x, (k)<1

p/m

When the vehicle comes to a full stop, the engionalct be turned off for
maximum fuel economy improvement or it can idlehwib engine-shutdown. These two
sets of engine conditions have been considereithifoalgorithm.

The control and the state variables are discretizeslich a way as to obtain a
balance between decreasing the computation timeiregzgent and increasing the
accuracy of the result. To this end, the accumulgés pressure is quantized in 2-bar
intervals between 16 MPa and 40 MPa. This correspdodl120 quantized bins for
accumulator SOC each with intervals of 0.75%. Tingiree speed is divided in 100 rpm
intervals and constrained between 800 to 3000 figma.engine side pump displacement

factor is discretized in increments of 0.1 betw@emd 1.

4.1.1 Demonstration of DP Algorithm for a Simple Cycle

The DP algorithm presented in the previous sectias implemented for the

vehicle with independent 4-motor hydrostatic drfee city and highway drive cycles.
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Simulations were then conducted to evaluate theotiddéferent accumulator sizes in the
system as well as to see the effect of differegtrenidling conditions.

To demonstrate the basic workings of the dynamagi@mming algorithm, the
following simple driving cycle is chosen for dissien and to gain some useful insights
into the optimal behavior for maximum fuel econoniyis driving cycle is made of
UN/ECE Elementary Urban Cycle part 1 with some rficdions to include low,
moderate, and high acceleration and braking ewesntsell as cruising at low, moderate
and high constant speeds, as shown in Figure 48.r@sults of the proposed algorithm
for this driving cycle are summarized in Figure 4wdd Figure 4-5. The engine power
(Pe), engine torqueTe) and pump displacemenky) plots show the optimal control
trajectories to achieve minimum fuel consumptioor Ehe first 10 sec, the vehicle is
stationary (A-B) while the engine power is usectharge the accumulator as shown by
both the rise in the SOC of the accumulator, Figls#da, and the positive accumulator
power (charging), Figure 4-4b, This is to bring gystem pressure to the desired level
where required wheel torque can be delivered. [Qurime subsequent low-power
acceleration phase (B-C), the accumulator deliveyspower (negative accumulator
power, discharging) for propulsion with small asgiswer from the engine side. When
the SOC of the accumulator gets low, the enginegpomcreases to keep the pressure in
the accumulator high as well as to deliver the pawdhe wheels, characterized by high
Te, % and we. During the low speed cruising at 30 kph, phaseDfCthe engine is
delivering power for both the wheels and the acdatou so as to increase the pressure

of the accumulator to bring the system pressure desired level for the braking event
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and recovery opportunity ahead. When the first ingakevent happens (D-E), the
accumulator pressure increases (positive accunmuladaver, charging) as it stores
braking energy while the engine power output desgsghown by lowTe , we andxy,
Figure 4-4, where the engine is operating closéstieast fuel consumption point for the
given power requirement.

Engine shutdown is not considered in this caserefbee, during segment E-F,
when vehicle has stopped, engine is charging thenaglator by a small power to raise
the pressure to close to higher value (30 MPa) titipation of the coming acceleration
ahead (F-G). During segment F-G both the engineth@dccumulator are driving the
vehicle to overcome the large driving power requieat, as shown by large negative
power of the accumulator and large power of theirengThe high speed cruising
segment G-H power demand is just enough to be igappy the engine alone while the
pressure in the accumulator remains constant apaweer is flowing to/from the

accumulator.
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Figure 4-3 A madified Elementary urban driving cycle part 1 used for the pur pose of DP discussion

Engine power is minimal during braking and staridtat follows (H-1-J) while

the accumulator harvests braking energy. Duringneedg 1-J, when vehicle has stopped,

engine is charging the accumulator to raise thespre to close to its maximum allowed

K).

value (39 MPa) in anticipation of the hard acceleradhead (J
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Figure 4-4 DP result plotsfor modified elementary urban driving cycle a) Vehicle speed and SOC
time history plots, b) Engine torque command history, ¢) Accumulator and Engine power command

history, d) Engine speed command history
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Figure 4-5 DP result plotsfor modified elementary urban driving cycle a) Vehicle speed and
accumulator pressuretime history plots, b) Motor and pump displacement factor command history,
¢) Demand power, d) Engine oper ating points superimposed on tor que-speed map

This shows that DP achieves global minimum as itonporates future

information. It is apparent that for optimum systperformance it keeps the accumulator

full before a high driving torque requirement comgsgment J-K is similar to segment

F-G. Accumulator discharges most of its energyses from large negative accumulator

power during this period, as well as high engingvgroto maintain a pressure that is

necessary for meeting future driving torque requaents. During the high speed cruising,

the pressure in the accumulator remains low ingn for hard braking event ahead

and preserving the SOC constrain at the end.

For optimum system performance, the accumulatorggnis utilized as much as

possible since there is no cost associated wahdtit is allowed to vary in a wide range
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of values between 16 MPa and 40 MPa. The engine ala@yes to assist if the pressure
available in the accumulator is not enough to dtive vehicle and/or to deliver the
required torque at the wheels. The engine opergioigts stay close to the minimum
BSFC lines where the minimum fuel consumption isnfi for a given power output set

by the constraint.

4.1.2 DP Results for FUDS and HWFET Cycles

In this section, the results of implementing the &§orithm for the FUDS and
HWFET cycles will be considered for the cases dhwind without engine shutdown and
the three accumulator sizes of 10 gal, 15 gal &ga®. The fuel economy improvements
obtained by implementing the optimal strategy fribrea DP algorithm in comparison to
the conventional powertrain are summarized in Tdkle

It can be seen from Table 4-1 that a DP optimizgarid drive system offers a
remarkable fuel economy improvement, in the rang27657% on the FUDS and 17-
23% on the HWFET, over the conventional drive systecorporating engine shutdown
in the DP algorithm, i.e. zero engine power ougbuting braking or when the vehicle is
at rest, contributes significantly for the fuel romy improvement, particularly in the
city (FUDS) cycle. On the HWFET cycle, the fuel romy improvements, with and
without engine shutdown, are more or less the sasrhere is no frequent stop-and-go
motion on highway as a result the engine is alwaysand runs along the minimum

BSFC line.
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Table 4-1 Fuel economy improvement comparisons of DP algorithm over the conventional drive

Accumulato | City cycle Highway

r volume (FUDS/UDDS) cycle(HWFET)

(gallon)

Shutdown | W/O Shutdown | W/O
Shutdown Shutdown

Conventional - - 14 - 18
Truck, Ford
F150, 4WD, V8,
4.6L, Automatic
4spd [US DOE,
fueleconomy.goy
1 (MPG)
DP algorithm, 10 56.8 34.4 23.4 21.3
Independent
Hydrostatic 15 54.2 31.6 21.4 18.54
Wheel Drive (4
Motors) (% 20 52.5 27.7 19.5 17.3
improvements)

In addition, it can be seen from Table 4-1 that 1Begal accumulator gives a
slightly higher fuel economy improvement over btth 15 gal and 20 gal accumulators
for both engine idling conditions (with and withaghutdown). This could be explained
by looking at Figure 4-6. For the case when thegree in the accumulator is the same
and the vehicle is stationary, say for first 20osets and between 120165" seconds of
the cycle, the engine power output of the hybristeay with the 10 gal accumulator is
lower than that with the 15 gal accumulator. As mhator power request is zero during
this period, the engine power is used to chargeatteeimulator in anticipation of the

acceleration ahead. Since the accumulator powerojgortional to its volume as shown
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by Eq. (4.8) and a smaller power is required tadthe pressure to the desired level for
the system with the 10 gal accumulator than th#ét Wb gal accumulator. Similarly, the
engine power for the system with the 15 gal accatoulis lower than that of the system
with the 20 gal accumulator. This low engine poveguirement contributes for less fuel
use rate and hence better fuel economy. On the bidwed, the energy recuperation
process of the 10 gal accumulator is better than dhe with the 15 and 20 gal
accumulators as characterized by their higher SQthgl the 128 -165" sec of the
cycle. Additional power is delivered to the wheelghe vehicle from the accumulator at

the 31%' sec of the cycle which ultimately contributesrigproving overall efficiency.
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Figure 4-6 DP result comparisonsfor 10g, 15g and 20g accumulators

The detailed performance results for the 15-galiacdator are shown in Figure

4-6. Results for the other accumulator sizes actudled in the Appendix. It is worth
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noting that the optimal engine operating points superimposed over the minimum

BSFC lines of the engine.
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Figure 4-7 DP results of a 15g accumulator for the first 400 seconds of the FUDS cycle without engine
shutdown

Figure 4-8 shows system responses and time hiptoty of the control variables
for a known initial state for the 15 gal accumutatwhich minimizes the fuel
consumption over the whole HWFET drive cycle. THeCSof the accumulator starts at
80 % and ends at 80 % to meet the final state @nsimposed in the cost function. The
pump works more often close to the maximum dispied limits (higher load) for
better efficiency. It can also be observed howlRealgorithm maintains the controls for
running the pump at higher load for better efficenThis is readily noticed from the plot
of the displacement factor in Figure 4-8. For thghtvay cycle, as the requested

power/torque demand at the wheels of the vehicléows and the pressure in the

71



accumulator remains low, the pump displacemenbfasthays close to 1 so that the pump

always “sees” high load (torque) for maximizing #gféciency.
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Figure 4-8 DP results of a 15g accumulator for HWFET cycle

4.2 Instantaneous Consumption Minimization Strateqgy

Ideally, the optimal power distribution between teagine-pump and the
accumulator, EQq.3.2, should be determined in suetay that the overall engine fuel
consumption over the entire driving cycle is mirded. That is the minimal fuel
consumption described by Eq. (4.1) should be fdumah a global minimization process.
For the case where driving cycle is entirely knaavprior, dynamic programming is a
perfect tool for formulating the control law. Howesy this is unlikely to happen in the
real world applications as the drive cycle (velpat load profile) is generally not known

before the start of the trip. To overcome this dragk, a sub-optimal solution is sought
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by replacing the global criterion with a local omsing instantaneous equivalent
consumption minimization strategy (ECMS).

At all times, this local criterion can be stated as

min (Mj (4.20)
u(k) dt

: dim (9
where the equivalent fuel use rate cost functlenfd% is defined as the sum

(9)

d(m
of the actual engine fuel consumption ratefa':; and the equivalent fuel use rate of

d(m _(9)

storing/discharging power of the hydraulic accurtmlad—t. That is:

d(m (9 _dim .(3) .\ dm_ (X

4.21
dt dt dt @20

4.2.1 Formulation of ECMS Strategy for the Hydrostatic Drive

In this section of the thesis, a first formulatiointhe ECMS strategy to hydraulic
hybrid (hydrostatic) drive is presented. To underdtthe working principle of the ECMS
strategy, one has to give a close attention to &®eries hydraulic hybrid vehicle works

(see Figure 4.9).
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Figure 4-9 schematic representation of simplified hydrostatic powertrain

During vehicle propulsion with the accumulator tisiging, the total hydraulic
power supplied to the wheel-end P/M is given by shen of power output from the
engine-pump and the hydraulic accumulator. To kee@ccumulator pressure within the
desired level and provide the required torque atwheel-end P/Ms, the energy drawn
out from the accumulator at present must be reelhirgthe future. The necessary power
to recharge the accumulator needs to be providea ¢ither from regenerative braking
and/or the engine-pump set. Conversely, when tleanaglator is charging during
propulsion, the engine-pump provides the poweltttierwheel-end P/Ms plus the power
is used to charge the accumulator. This extra gr&taged in the accumulator at present
must later be discharged to maintain the pressurQC) of the accumulator near target
level and keep it low and ready for further recapien that may happen ahead. This in
turn means less fuel usage to run the vehicleariuture.

Using this power flow concept, the hydraulic acclatar can be modeled as a
virtual auxiliary reversible fuel tank within theydirostatic powertrain system. This

implies that operating the accumulator in dischangede consumes extra fuel, and
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operating the accumulator in charge mode puts bagte fuel into the fuel tank for later
use. Thus, the basis of the ECMS approach is taciatedhe hydraulic energy stored in
the hydraulic accumulatoEs.c to an amount of fuehx oo This amount of fuel is

estimated by accounting for the average efficienicthe energy path to convert fuel to
hydraulic energy as shown by Figure 4-10. As thergy stored in the accumulator is

hereby related to an equivalent fuel mass, the pdlve in or out of the accumulator

d(m (¢
Paccis also associated to an equivalent fuel use-ra{é—( d;CC( ) ,
Hydraulic
Fuel Tank Accumulator
d(mf_ICE(t))
dt
Engine-Pump
Pacc
Po

Hydraulic Junction

Figure 4-10 Ener gy flow diagram for the conversion of fuel massto hydraulic power

The virtual specific consumption of the accumula®€ac.(g/kWh), is defined as

the average amount of gasoline fuel (g) needetbte 4 kwWh of hydraulic energy in the

accumulator using the engine-pump as a chargeanlbe computed as follows:
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SCuo = S0 (4.22)

npumpﬂ char_ acc

where SCce (g/kWh) is the average specific consumption of the enfyora fuel

to hydraulic energyﬁpump is the average total efficiency of the pump a_;:gg,_acc is the

average charging efficiency of the accumulator.
To calculate the equivalent fuel use for the acdatoy the appropriate charging

and discharging efficiency has to be consideredaAssult, the equivalent fuel mass

d(m__(9)

flow fd—t in g/s is calculated as follows:

For positive accumulator power flow (accumulatocharging):

d (mf 7acc( t)) _ g:acc Ecc ndisch_ acc

(4.23)
dt 3600
For negative power flow (accumulator discharging):
dim (¢ SC
(m_..(%) oSG By (4.24)
dt 360077char_acc

where P, is the instantaneous power flow in/out of the acalator (kW),
Menar_ace 1S INStantaneous charging efficiency apg,,, ..is the instantaneous discharging

efficiency of the accumulator. The negative sigadsled to comply with the accumulator

power flow sign convention adopted above.
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Looking at the above equations, the accumulatdruse rate can take negative,
positive or zero values depending on whether theepdlow to the accumulator is
positive (charging), negative (discharging) or zebm the other hand, the engine fuel
flow rate could take only positive or zero valudsew the engine is on or off. Therefore,
to make the equivalent fuel cost minimum at alléjnthe engine fuel use should be
always close to minimum. This notion confirms tlaetfthat while we minimize the
equivalent fuel consumption, the instantaneous renduel use is also minimized
implicitly at all time.

In general, the equivalent fuel consumption minetian strategy is based on the
assumption of quasi-static behavior of the systds].[This assumption ignores fast
dynamics of the system. In the present work, tmglies the engine dynamics are
neglected and that the torque and speed of theemrgiactly matches the torque and the

speed of the pump. Sinck =T, andw, =w®,, thenn, (T, o) can also be expressed

Ao (X p AP, @ ).
The minimum mass flow rate of the engine is a fiamcbf engine power output
whereas the accumulator equivalent fuel use rate fisnction of accumulator power

output/input. Rewriting the equivalent fuel consuimp equation, we have:

dim (9) dim (&) dm (BN
) _ ) P (4.25)
dt dt dt

Given that the accumulator power is givenFy(t) = P,(9) + P, (9, plugging it

in the above equation and dropping the independsrdble “t” as it is implicitly known:
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d(m ) dm (B) dm (P R)

= + (4.26)
dt dt dt

It is known that the Brake Specific Fuel Consumpt{8SFC) of the engine is

related to the engine efficiency through a constSFC=£, whereC is a constant,
Ueng

which for gasoline engine takes the valueCof 84.7 (g/kWh). Then, the engine fuel

)

d(m =)
flow rate%z (BSFQ P, butP, =+, wheren, (x,,Ap, @) is total efficiency of
p

the pump.

dim ) 84.7P,
dt Teng 7p

(4.27)

For the engine fuel mass flow rate to be minimum ghoduct §.,) should be

maximum at the corresponding pump power outputs Timximum overall efficiency of

m )
the engine-pump set (or minimumdft-i) and the corresponding, and w, are

calculated off-line and are stored as a functiolpfcross the pump and pump power
output @p).

To enforce component limitations and ensure safbgyphysical constraints that
have been taken into consideration during DP opgation, Eq. (4.19), are considered
here. Finally, the equivalent consumption stratemy be written as:

)_dm (B.A D)+ dm _(Pr R))

d(mf equ f_ICE
dt dt dt

(4.29)
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From a given driving cycle, at each instant of tirttee drivers’ motor power
request is as assumed known. At the same tim& @t of the accumulator is estimated
through the gas pressure. By searching througpaasible values of the pump power
output, the instantaneous power flow distributiothwowest equivalent fuel cost can
therefore be selected using the formulation in(E(8).

For a hydrostatic/hydraulic hybrid drive systene tBOC of the accumulator is
allowed to vary in a wide range between the minimaay 10 %, to the maximum, say
100% to exploit two attractive features of the gharged accumulator: 1) that it can
handle high charge and discharge rates 2) it doeshawve depth of charge/discharge
related problems as do electrochemical batterissaAesult, keeping the SOC of the
accumulator within a narrow window is not usefdnr the point of view of maximizing
the fuel economy of hydraulic hybrid vehicle. O thther hand, due to its low energy
density of hydraulic accumulator, charging it frothe engine-pump side is not
recommended, unless and otherwise the pressurbeima¢cumulator is too low to
maintain the desired torque at the P/M end. Duthége reasons, the penalty functions
term used to bias the equivalent fuel use of elebemical batteries up or down as a
function of SOC as proposed by [27, 46] for electnybrid vehicles isn’t directly
applicable for the hydrostatic system consideretthimwork. The penalty function has to
be modified to account for the wide range variatmfnaccumulator SOC or a new
approach/method must be formulated.

In this thesis, as a first application to hydrauhgbrid drives, a simple

thermostatic on-off strategy is implemented to aeé establish baseline results for the
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ECMS strategy (Figure 4-11). When the engine-pumfpuiged-off, the pump power
output is zero and when the engine-pump is turmethe pump power output is chosen

to minimize the instantaneous equivalent fuel camstion.

Pp (kW)

»

Engine-pumpON Engine-pump-OFF sOC
Threshold SOC Threshold SOC

Figure4-11 ECM S power management strategy pictorial representation
4.2.2 Fuel Economy Results and discussion of ECMS Strategy

The ECMS strategy formulated above is implementedritce a series hydraulic
hybrid vehicle in a forward-facing Simulink enviment to investigate the fuel economy
improvement potential. The ON-OFF threshold paranmsebf the ECMS strategy are
chosen to comply with the Engine-ON and Engine-@#Eshold SOC points selected
for the rule-based strategy in Chapter 3. Table gufhmarizes and manifests the
expected fuel economy improvement of the ECMS gyataver the conventional drive
for city and highway cycles, for different accuntolasizes and number of wheel-end

P/Ms
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Table 4-2 ECM S fuel economy improvement over the conventional drive.

Accumulator | City cycle High way
volume (FUDS/UDDS) | cycle(HWFET)
(gallon)

Conventional

Truck, Ford F150,

4WD, V8, 4.6L,

Automatic 4spd [ | - 14 18

US DOE,

fueleconomy.gov]

(MPG)

Independent 10 41.1 12.8

Hydrostatic

Wheel Drive (4 | 15 41.1 11.2

Motors, ECMS)

(% improvements) 20 41 10.1

Independent | 4 59.6 27.6

Hydrostatic

Wheel Drive 15 59.7 26.2

(2Motors, ECMS)

(% improvement) | 20 60.6 24.7

The percentage fuel economy improvement of the qeeg strategy shows an
extensive potential over the conventional driveeglly for the city drive cycle. Unlike
the results from the rule-based strategy, accumutate doesn’t have a significant effect
on fuel efficiency for city cycle. This has moredo with the nature of the optimization.
Regardless of the accumulator size, the ECMS sirdieds the best engine-pump power
for that point. On the other hand, the fuel econamgrovement of highway cycle with
different accumulator size reveals the fact thatthe case where there is no frequent
stop-and-go-motion, reducing the rolling resistaitee GVW of the system) has an
ultimate contribution on the fuel economy improvene

For both city and highway driving schedules, redgdhe number of wheel-end

P/Ms for propulsion has a great impact on the fumnemy improvement as the
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efficiency of the P/M unit increases and is hen@dterall efficiency. This is the same

as was demonstrated with the rule-based strategy.
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CHAPTER FIVE

5 COMPARATIVE SUMMARY AND DISCUSSION OF HYBRID

MANAGEMENT STRATEGIES

In this chapter, the three power management stestetptailed in Chapter 3 and
Chapter 4 are compared using simulations of theesysnodels outlined in Chapter 2.
The comparative results are presented considerifigraht accumulator sizes with
engine shutdown during idling for the city (FUDS)dahighway (HWFET) driving
cycles.

The fuel economy results are summarized in TaldeBgure 5-1 and Figure 5-2
show these results graphically. It can be seen fggure 5-1 that, for the FUDS cycle,
the DP optimized hybrid vehicle gives a fuel ecogamprovement of 20% over that of
the percentage improvement obtained by using rased power management strategy
where as the ECMS strategy gives a fuel economyawgmnent of more than 7% over
the rule-based one. And from Figure 5-2, for the FBV cycle, the DP optimized hybrid
drive gives a fuel economy improvement of 15% mitv@n what is obtained by rule-
based power management strategy while ECMS gives than 5% over the rule-based

strategy.
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Table 5-1 comparison of power management strategies on the perfor mance of fuel economy
improvement over the conventional drive

Accumulator | City cycle Highway
size (gallons) | (FUDS/UDDS) | cycle(HWFET)
Conventional - 0 0
Truck, Ford F150,
4WD, V8, 4.6L,
Automatic 4spd (
% improvements)
Rule-Based (4 10 32 7.3
Motors) (% 15 34 6.3
improvements) 20 32 5
DP algorithm (4 | 10 56.8 23.4
Motors) (% 15 54.2 21.4
improvements) 20 52.5 19.5
ECMS strategy (4| 10 41.1 12.8
Motors) (% 15 41.1 11.2
improvements 20 41 10.1

Had the 2WD system been implemented using DP #ftgorio drive the vehicle;
the fuel economy would have been increased further.instance, considering engine
shutdown with a 2-motor independent hydrostatigedeind a 20 gal accumulator (shown
in Appendix C), it is possible to achieve as mushaar4% fuel economy improvement
over the conventional drive. This is because, esadly pointed out in chapter 3 section
3.2.1.3.1, in 2-motor drive, each wheel-end P/M sake larger individual loads than in
4-motor drive. This increases their operating eéficy and subsequently contributing to

the overall system efficiency.
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Figure 5-1 Comparison of power management strategy on fuel economy improvement for city cycle

HWEFET cycle with engine shutdown
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Figure 5-2 Comparison of power management strategy on fuel economy improvement for highway
cycle

The reason for achieving best or globally optinegults with DP algorithm is its

ability to “see and predict” or “preview” the furievents ahead by explicitly considering
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the future speed trajectory as known and searcthiingugh all alternative operating

points for the power system and its componentthelh prepares all the components to
act accordingly for optimum power split while keegitheir operating points close to

their respective maximum efficiency region at elds.

On the other hand, by formulating and implementitige instantaneous
consumption minimization principle, a sub-optimalusion has been generated with a
potential of being implemented in the real timelegapion.

A further investigation of the operating points da® done using the results in
Figure 5-3. It shows a comparison of the three pan@nagement strategies considering
the fractions of total operating time spent withaertain ranges for the pump
displacement. The HWFET cycle is considered forsysem with 15 gal accumulator.
The figure shows that the pump was running withspldcement abov¥,=0.7 only 65%
of the time for DP strategy compared to only 12%heftime for the rule-based strategy.
Again, recall that higher displacement is alwaygofable for better efficiency of the
pump/motor unit. This exemplifies how DP optimizée operating efficiency of each
component to increase the overall efficiency of #ystem. Furthermore, due to the
inherent “preview” in the DP algorithm, recuperatis more efficient as the accumulator
pressure is set to low for maximum utilization mtieipation of braking events ahead.

For ECMS strategy, the engine-pump was more oftaning (almost half of the
total time) with a displacement factor of aroun@ Or else it was set to zero for the rest
of the total time of operation. This pump displaeatnwas chose for the sake of

maximizing the engine-pump unit efficiency as whateeach instant of time when the
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engine-pump is turned on. Otherwise keeping itdmzas much as possible definitely

reduces the fuel use as no fuel consumption iscadsd during engine-off.

Fraction of Xp comparison for DP and Rule-based results
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Figure 5-3 Comparison of cumulative effect on fraction of total operating time spent within the pump
displacement intervalsfor the two types of power management strategies for 15 gal accumulator size

In contrast to the DP algorithm, the rule-based gromanagement strategy
doesn’t “preview” the future ahead of time and leeriic couldn’'t prepare the power
sources for optimum power split as well as effextiggeneration. Furthermore, the rule-
based power management strategy doesn’t considerefficient use of all of the
individual power sources (engine pump and accumrlagnd power converters
(pumps/motors). It only considered optimizing thegiee operation. This is obviously

not adequate to optimize the overall system perdoce. However, a major attribute of
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the rule-based strategy is it has a causal orientand can easily be implemented in
real-time as a feedback control law monitoringgtege-of charge online.

Despite the potential benefits presented and discliabove, the DP algorithm is
not causal and cannot be implemented in real-tiowrol. For the DP algorithm to
generate the optimal control variables the drivangedule over which the optimization is
performed must be entirely known at the beginnifithe trip, which is unlikely for real
time application. Moreover, the huge computatiomalet requirement makes DP not
feasible for practical implementation. As an exanfadr our simulation, DP algorithm
takes 17 hours to generate the time varying sesélfack law for one complete highway

cycle with Genuine Intel(R) CPU T2500 @ 2.0 GHzgassor speed machine.
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CHAPTER SIX

6 CONCLUSION AND FUTURE WORK

In this thesis, a detailed, causal or forward-fgamodel of a proposed hydrostatic
(series hydraulic hybrid) independent wheel driysteam has been outlined. It included
models of the hydrostatic drive system components. (pump, pump/motors,
accumulators, hydraulic junctions and transmisdioes, and the IC engine) and their
causal interconnection. The drive system was thesgrated with a longitudinal vehicle
dynamics model suitable for evaluating the fuelfgpaise and acceleration performance
of the drive system.

The overall system model was primarily used to @st& three hybrid power
management strategies: a rule-based strategy, ballylooptimal (drive cycle optimal)
using dynamic programming algorithm, and instandaseoptimization (ECMS) strategy.
The rule-based strategy uses the accumulator SC&Csade variable to determine the
power split between the engine-pump and the acatowin such a way that the engine
is constrained to operate along its minimum BSHK@ kvhen it is turned-on. Dynamic
programming uses the principle of optimality, pre@o by Bellman, to determine the
time-varying state feedback law with the objectfaeninimizing the total fuel use of the
engine along the entire trip and generate the dlobainimum solution. The
instantaneous equivalent consumption minimizatioatesgy (ECMS), on the other hand,

translates the accumulator power use into an elguivéuel use rate at each instant of

89



time and then determines the power split that gikesminimum equivalent fuel use rate

for the whole system.

6.1 Summary of Results Using Rule-Based Strategy

In most of simulations of the test vehicle in tthesis, the vehicle analyzed was
considered to be about 20% heavier than the basedihicle in order to take into account
the upgraded capability of the hybridization antbwal for the weight of the added
hydrostatic system components.

Simulation results showed that a well-tuned rulsdoastrategy leads to a fuel
economy improvement for the 4 hydrostatic systeer ¢tive conventional drive system of
more than 30% and 5% on the city (FUDS) and highWldWFET) drive cycles,
respectively. The improvement is higher on the atgle than the highway cycle,
because unlike the highway cycle, the city cyclehiaracterized by frequent stop-and-go
motion offering many opportunities for recuperatsgne fraction of the kinetic energy
of the vehicle during braking and subsequent uséhisf energy for propulsion. This
energy recuperation and re-use reduces fuel useeirengine. Moreover, the frequent
stop-and-go-motion in the city cycle allows shutdo®f the engine when it is not need,
especially during extended idling period. Theseditoans contribute for the significant
fuel economy improvement in the city cycle.

The effect of number of motors on the performarfdeie economy improvement
was also investigated using the rule-based pow@agraent strategy. Simulation results

show that the 2-motor drive system offers a 50% &o®nomy improvement over the
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conventional drive in the city cycle. This is a 2@86rement over what was found for a
4-motor drive system on the same drive cycle. Tighdr fuel economy improvement
with the 2-motor drive is attributed to the facathvhen the vehicle is propelled by just
the 2-motors, the individual motors take up higluead (torque) for most of the time.
This higher load (torque) is favorable for increasthe efficiency of hydraulic machines.
However, the acceleration performance suffers wheimg 2-motors, as the peak
performance the system was sized for assumed thetdr operation. Furthermore, 2-
motor propulsion gives fewer actuation choicesifgulementing vehicle stability control
with independent drive.

Another issue that was investigated using the Ipaleed strategy was the effect of
accumulator size on the performance of the vehitleas found that, for the city cycle,
the 15 gal accumulator gave better fuel economultseshan the 10 gal and 20 gal
accumulators. This is because the 15 gal accunmudate balances the tradeoff between
the frequent loss of energy recovery-opportunittege to frequent friction brake
activation, as happens with the smaller 10g accatoyland the energy loss in rolling

resistance (and some inertia) due to increased GA8Mappens with 20 gal accumulator.

6.2 Summary of Results Using Optimization-Based Strategies

To overcome some of the drawbacks of the heurlstitaned rule-based strategy
and to see how “close” it comes to the global optmrsolution, a dynamic programming
(DP) algorithm was first formulated and implemenfedthe hydrostatic powertrain. Due

to its inherent use of “preview”, the results ob& by DP are optimal for the whole trip
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or drive cycle and can therefore serve as benclsnvkwhich results from other
strategies can be compared and evaluated. In adddibeing non-causal, even when the
drive cycle could be known apriori, the computasiomtensity of the DP algorithm
limits its use in real-time hybrid power management

The DP optimal strategy applied to the hydraulibrd drive leads to a fuel
economy improvement over the conventional drivé@¥ and 20% on the city (FUDS)
and highway (HWFET) cycles, respectively. A clolmk at the comparative percentage
fuel economy improvements of the DP optimal strateger the rule-based strategy (20%
on FUDS, and 15% on HWFET) indicated that the setecontrol threshold parameters
for the rule-based power management strategy weredt more favorable for the city
cycle than the highway cycle. However, it is eviddrat a gap exists in the achievable
fuel economy improvement with the rule-based stnateompared to the DP globally
optimal solution.

This gap motivated the consideration of the thigbraach: instantaneous
optimization or ECMS. In this, the goal is to takeoi account component efficiencies
and constraints much like the global optimizatiorolglem, while attempting to
instantaneously optimize the total energy use wdeading the power split between the
accumulator and the IC engine-pump set. One of dtieactive features of this
instantaneous optimization method is that it camfjemented in real-time applications.
In this work, the ECMS computation has been incafsat in the causal or forward-

facing Simulink model of the complete dynamicshef hydraulic hybrid drive system.

92



Simulation results showed that the proposed ECM&egly applied to the 4
motor hydrostatic drive gave fuel economy improveteever the conventional drive of
nearly 40% and 10%, on the city (FUDS) and high\{ldWFET) cycles, respectively.
This is a promising result given the simplifyingsasiptions on the average efficiencies
adopted for coming up with equivalence factorsthis first implementation of ECMS to

hydraulic hybrids.

6.3 Future Work

To the best of the author’s knowledge, the impletaigon of ECMS to hydraulic
hybrids has not been reported in previous work. atidor has laid out the foundation
for conducting further studies on this. Future wenll refine the strategy specifically
recognizing the low energy density of the storagstesn in hydraulic hybrids.
Furthermore, the average specific consumption hadverage efficiencies values of the
engine-pump set and the hydraulic accumulator shat¢ not remain constant for all
drive cycles, as was assumed in this work. ThekBeesavary at each instant of time with
the driving cycle. The impact of the threshold S&®ine-pump-on-off points of the
ECMS strategy on the fuel economy improvement shbalthvestigated and, possibly, a
more continuous SOC-dependent weighing factor shdwd derived specifically for

hydraulic hybrids.
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APPENDIX A

Nomenclature

A = vehicle frontal area

Ay= pipe cross sectional area

Aw = effective accumulator wall area

Cp= drag coefficient

¢t = constant pressure specific heat of foam
¢, = constant volume specific heat of gas

D = maximum displacement of pump/motor
Fx = longitudinal tire force

g= gravitational constant

h = heat transfer coefficient

Jweq = Inertia of motor/wheel referred to wheel
Jeq= equivalent inertia of the pump/engine
m = total vehicle mass

my = mass of foam in accumulator

my = mass of the gas in accumulator

P = engine power

Py = gas pressure

pj = junction pressure

Pp, Pm = pump/motor pressure
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Qacc= accumulator flow rate

Qap: Qam = actual pump/motor flow rate
Qi = ideal flow rate

Ry = effective wheel radius

Tap, Tam= actual pump/motor torque

T, = ideal torque

T, = load (pump) torque

Tw = accumulator wall temperature

V = vehicle speed

v = specific volume of the gas
V=accumulator volume

V = vehicle speed

x = displacement factor for pump/motor
we_des Wejp= desired/ actual rotational speed of the engimagpu
o = rotational speed of wheel

p = density of air

7 = thermal time constant

nv = volumetric efficiency

nm= mechanical efficiency

Ap= pressure difference across pump/motor
M _eq= €quivalent fuel use

m_ice= ICE mass fuel use
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M_acc=accumulator equivalent mass fuel use
SCece = ICE specific fuel consumption

SCuce= accumulator specific fuel consumption

Nenar ac— @VErage accumulator charging efficiency

ﬁdis_am: average accumulator discharging efficiency

BSFC= ICE brake specific fuel consumption
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APPENDIX B

Main Parameters Specifications

Table B-1 Vehicle parameters

Vehicle mass GVWR([Ibs](Kg) - Class 2 truck 800049p
Drag coefficient, Cd 0.414
Frontal area, Af [m"2] 2.4

Rolling resistance coefficient , fO 0.015
Wheel inertia , Jw [Kg-m"2] 1.1

Motor inertia, Jm [Kg-m"2] 0.0042
Transmission ratio b/n the motor and the wheel, ig 4.0

Tire type LT265/75R16
Wheel radius, Rw [m] 0.402

Table B-2 Engine specifications

Engine type 4.6L Triton V8
Bore X stroke (in) 3.55 X3.54
Displacement (L) 4.600

Rated power (kW)@ 4750 rpm 172(231 hp)
Compression ration 9.3:1

Torque (Ib-f)@ rpm 293 @3500

Fuel system

injection (SEFI)

Sequential multi-port electronic fug

U

L

Table B-3 Accumulator parameters

Accumulator size[g] 10, 15, 20
Pre-charge pressure [Mpa] 13

Low pressure corresponding zero SOC [MPa] 13.2
Pre-charge temperature(k) 320
Maximum pressure [MPa] 40
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Table B-4 Axial piston swash plate pump parameters

Pump displacement [cc/rev] 125
Maximum speed of the pump[rpm] 2850
Nominal pressure [bar] 400
Peak pressure [bar] 450
Intermittent max speed [rpm] 3450
Pump inertia [Kg-m"2] 0.0232

Table B-5 Bent axis P/M parameters

Pump/Motor displacement [cc/rev] 55
Maximum speed of the pump/motor[rpm] 4450
Nominal pressure [bar] 400
Peak pressure [bar] 450
Motor inertia [Kg-m”2] 0.0042
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APPENDIX C

Additional System Simulation Results

Displacement Factor

400

Time [s]

1000 1500 2000

1 1 |
2500 3000 3500 4000
Ne (RPM)

Figure C-1 DP results of a 10g accumulator for the first 400 seconds of the FUDS cycle without

Power [kw] Vehicle Speed [kph]

Demand Power [kW]

engine shutdown

100 - \ 100 400 ——
80| oL 80 —_
S - N S | SE
60| ! 160 =2 00
i il x| AEEE - 40 Oo i
2011 RREFRII I 20 @ e
0 L ! 0 0
0 100 200 300 400 0
Time (sec) Time (sec)
S
21 S .
P
- = [
5 Vo
! £ 0
| § ] Xm
| = [ | A A
I @ -1 | Xp
0 100 200 300 400 o o 100 200 300 400
i Time [s]
z 300
Z 200
[0}
F 100
1<) A—

1000 1500 2000 2500 3000 3500 4000

Ne (RPM)

Figure C-2 DP results of a 20g accumulator for the first 400 seconds of the FUDS cycle without

engine shutdown
100



Power [kw] Vehicle Speed [kph]

Demand Power [kW]

100 T T 100
speed I | _
——————— soc | £
50FT——= A N TNA50 G
i Ly i A Y o
[ | L R 1y} P\ wn
NS I S VYL g Vewt
O 1 1 1 O
0 100 200 300 400
S
[}
o
[N
€
[}
£
Q
8
a
o O 100 200 300 400
o 300
£ 200
| I [}
| | = 100 ===
1 L 0
0 100 200 300 400 1000 1500 2000 2500 3000 3500 4000
Time [s] Ne (RPM)

Figure C-3 DP resultsfor a 2-motor drive and 20g accumulator with engine shutdown

101



10.

11.

12.

13.

14.

15.

REFERENCES

Baumann, B.M., et allMechatronic Design and Control of Hybrid Electric
VehicleslEEE/ASME Transactions on Mechatronics 2006l1. 5,NO. 1.

Baseley, S., et al.Hydraulic Hybrid System for Commercial Vehicles
Commercial Vehicle Engineering Congress and Exbihit2007: Rosemont,
lllinois.

NextEnergy.http//www.nextenergy.org/industriadervice/hybrid hydraulics.asp
2008 [cited 2008 07/02].

Pourmovahed, AVehicle Propulsion Systems with a Hydraulic Enesggrage:

A Literature Surveylnternational Journal of Vehicle Design, 19%nl. 12(4): p.
378-403.

Hewko, L.O. and T.R. Weberdydraulic Energy Storage Based Hybrid
Propulsion System for a Terrestrial Vehild®90.Voal. 4. p. 99-105.

Nakazawa, N., et aDevelopment of a Braking Energy Regeneration Sy&iem
City Busesin SAE paper number 87226H87.

Molla, S., J. Sill, and B. Ayalewydrostatic Wheel Drives for Vehicle Stability
Control, in SAE International World Congres8010: Detroit, Michigan.

Karogal, I. and B. Ayalew|ndependent Torque Distribution Strategies for
Vehicle Stability Contrglin SAE World Congres2009: Detroit, Ml.

Goodarzi, A. and E. Esmailzadebgesign of a VDC System for All-Wheel
Independent Drive Vehicle$EEE/ASME Transactions on Mechatronics, 2007.
Vol. 12(6): p. 632-639.

Jeongmin Kim, H.K.Electric Vehicle Yaw Rate Control using Independent
Wheel MotorlEEE Trans. Control System Technology, 2007.

L.Matheson, P. and J. S.Stedhkevelopment of Hybrid Diesel-Hydraulic System
for Large Comercial Vehiclesn The Eighth Scandinavian International
Conference on fluid power, SICFP:GZ03. Tamper, Finland.

Matheson, P. and J. StedRevelopment of Hybrid Diesel-Hydraulic System for
Large Comercial Vehicless The Eighth Scandinavian International Conference
on fluid power, SICFP'Q3003. Tamper, Finland.

Ven, J.D.V.d.,, M.\W. Olson, and P.Y. IDevelopment of a Hydro-Mechanical
Hydraulic Hybrid DriveTrain with Independent Whegbrque Control for an
Urban Passenger Vehiclan Proceedings of the International Fluid Power
Exposition

Kumar, R. and M. lvantysynovAn Optimal Power Management Strategy for
Hydraulic Hybrid Output Coupled Power-Split Transsion in Proceedings of
the ASME 2009 Dynamic Systems and Control Confer&@99. Hollywood,
California, USA.

Z.Filipi and Y.J.Kim, Hydraulic Hybrid Propulsion for Heavy
Vehicles:Combining the Simulation and Engine-irtbep Techniques to

102



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

maximize the Fuel Economy and Emission baniffEP international conference
2009: Oil & Gas Scince and Technology-Rev. IFP.

Filipi, Z., et al.,Combined optimization of design and power managewietine
hydraulic hybrid propulsion system for the 6X6 roeditruck.Int. J. of Heavy
Vehicle Systems, 200%.0l. 11(3/4): p. 372-402.

Brahma, A., Y. Guezennrc, and G. Rizz@ptimal Energy Mangement in Series
Hybrid Electric Vehiclesin Proceedings of the American Control Conference
2000: Chicago, IL. p. 60-64.

Wu, B., et al.Optimal Power Management for a Hydraulic Hybrid Dely
Truck.Vehicle System Dynamics, 20040l. 42(1/2): p. 23-40.

Jalil, N., N. A.Kheir, and M. SalmaA Ruled-Based Energy Management
Strategy for a Series Hybrid Vehiclen Proceeding of the American Control
Conferencel997: Albuquerque, NM. p. 689-693.

Lin, C.-C., et al.Power Management Strategy for a Parallel Hybrid dilie
Truck. IEEE Transactions on Control Systems Technolo§932vol. 11(NO. 6):

p. 839-849.

Musardo, C., G. Rizzoni, and B. StacddaECMS: An Adaptive Algorithm for
Hybrid Electric Vehicle Energy Managemem Proceeding of the 44th IEEE
Conference on Decision and Control and the Europ€amtrol Conference
2005. p. 1816-1823.

Kim, Y.J. and Z. FilipiSimulation Study of a Series Hydraulic Hybrid Prispon
System for a Light TrucR007. SAE Paper No. 2007-01-4151.

Baumann, B.M., et alMechatronic Design and Control of Hybrid Electric
Vehicles.|IEEE/ASME TRANSACTIONS ON MECHATRONICS, 200&/OL.
5NO. 1.

Farrall, S.D. and R.P. Jon&ergy management in an automotive electric/heat
engine hybrid powertrain using fuzzy decision mgkimProceedings of the 1983
ilnternational Symposium on Intelligent Contrdb83. Chicago, lllinois.
Rotenberg, D.A. Vahidi, andl. Kolmanovsky Ultracapacitor Assisted Powertrains:
Modeling, Control, Sizing, and The Impact on Fueo®omy in American
Control Conference2008: Westin Seattle Hotel, Seattle, WashingtiB.
G.Paganeli, et alEquivalent Consumption Minimization Strategy forrdlel
Hybrid Powertrain.IEEE Xplore, 2002: p. 2076-2081.

Liu, J. and H. Peng ontrol Optimization for a Power-Split Hybrid Veldcin
Proceedings of the 2006 American Control ConfererZ@06. Minneapolis,
Minnesota, USA.

G.Paganelli, et alSimulation and assessment of power control stragefpr a
parallel hybrid carProceedings of the Institution of Mechanical Engnse Part
D: Journal of Automobile Engineering, 2000olume 214(Volume 214, Number
7/ 2000): p. 705-717.

Daowei, Z. and X. HuControl Strategy Optimization of the Hybrid ElectBus
Based on Remote Self-Learning Driving Cycles|EEE Vehicle Power and
Propulsion Conference (VPPC)008. Harbin, China.

103



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lin, C.-C., et al.Control System Development for an Advanced-Techgolo
Medium-Duty Hybrid Electric Truck003: SAE International.

Sill, J., S. Molla, and B. AyalewWodeling and Control of Handling Dynamics
for a Hydrostatically Driven Vehiclelnternational Journal of Heavy Vehicle
Systems, 2010.

McCandlish, D. and R.E. Dorefhe Mathematical Modeling of Hydrostatic
Pumps and MotorsProceeding of Inst. Mech. Engineers. Part B.841¥%ol.
198(10): p. 165-174.

Pease, G., and Henderson, JeraldSkinulation of a Hydraulic Hybrid Vehicle
Using Bond Graphs. Transactions of ASME, Journal of Mechanisms,
Transmissions, and Automation in Design, 1988.110: p. 365-369.

Wilson, W.E.,Rotary-Pump TheoryASME Transactions, 1946/0l. 68(4): p.
371-384.

www.Tobul.com
http://www.ahscorp.net/Individual%20Prod%20Imagesidmulators/Bladder%?2
OAccum.pdf 2010 [cited 2010.

Pourmovahed, A., N.H. Beachley, and F.J. Frakdzlodeling of a Hydraulic
Energy Regeneration System- Part I: Analytical Tmeent. Transactions of
ASME, Journal of Dynamic Systems, Measurement amatrGl, 1992 Vol. 114:

p. 155-159.

Pourmovahed, A.An experimental thermal time constant correlatioor f
hydraulic accumulatorsTransactions of ASME, Journal of Dynamic Systems,
Measurement and Control, 19900l. 112: p. 116-121.

Cengel, Y.A. and M.A. Bole§hermodynamics: An Engineering Approachi, 5
Edition. 2005: McGraw Hill.

Watton, J., Fluid Power Systams: modeling, simulation, analogd a
microcomputer control1989: Prentice Hall International(UK) LTD.

Ayalew, B. and B.T. KulakowskiMlodal Approximation of Distributed Dynamics
for a Hydraulic Transmission Line with Pressure ubp-Flow Rate Output
Causality. Transactions of the ASME, Journal of Dynamic SystdVleasurement
and Control, 2005v0l. 127.

Cross, P.W.System Modeling and Energy Management Strategy|@mewent
for Series Hybrid Vehiclesin George W. Woodruff School of Mechanical
Engineering 2008, Georgia Institute of Technology. p. 133.

Kirk, D.E.,Optimal Control Theory: An Introductiori970, Mineola, New York:
Dover Publications, Inc.

Bellman, R., E.Pynamic Programming1957: PrincetonUniversity Press, New
Jersey.

Sciarretta, A. and L. Guzzell&ontrol of Hybrid Electric Vehicles: Optimal
Energy Managment Strategjas IEEE Control Systems Magazin2007. p. 60-
70.

Pisu, P. and G. Rizzowi.Supervisory Control Strategy for Series Hybriddilic
Vehicles with two energy storage systemsVehicle Power and Propulsion
Conference 20022005. Chicago, IL.

104




46. Paganelli, G., Y. Guezennec, and G. Rizz@mtimizing Control Strategy for
Hybrid Fuel Cell Vehiclgin SAE World Congres2002: Detroit, Michigan.

105



	Clemson University
	TigerPrints
	5-2010

	SYSTEM MODELING AND POWER MANAGEMENT STRATEGY FOR A SERIES HYDRAULIC HYBRID VEHICLE
	Sisay Molla
	Recommended Citation


	Microsoft Word - $ASQ47766_supp_CFF047FE-522F-11DF-AF09-2934D352ABB1.doc

