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NONLINEAR CONTROL AND ACTIVE DAMPING OF A FORCED-FEEDBACK
METERING POPPET VALVE

C. Harvey O. Cline

Dr. Roger Fales, Dissertation Supervisor

ABSTRACT

For a metering poppet valve which was developed at the University of Missouri (MU
valve), the valve can be configured for performance at the cost of stability. It is desirable
to achieve both performance and stability using electronic control. Presently, in the MU
valve, the pilot poppet motion is damped by the flow of hydraulic fluid through a channel
or orifice running through the poppet. In this research, it is proposed that the solenoid be
used to provide damping (active damping) to the pilot poppet. The damping input signal
to the solenoid is determined as a function of the pilot poppet velocity. In practice, the
velocity is difficult to measure due to the MU valve’s configuration and it is estimated
according to the self-sensing actuator concept. Theoretical results demonstrated that a
valve actuator could be designed with an emphasis on high speed performance while an
electronic control system is used to damp unwanted oscillations. For flow control,
several researchers have used feedback linearization to cancel part of a hydraulic
system’s nonlinearities in spool valves. In the case of the metering poppet valve,
feedback linearization is an attractive approach since experimental studies have shown
that poppet instabilities are caused by nonlinear mechanisms like flow forces. In this
work, nonlinearities are cancelled in the input-output relationship of the metering poppet

valve. The controller was shown to achieve robust tracking of a reference trajectory.

xi



CHAPTER 1

INTRODUCTION

1.1BACKGROUND, MOTIVATION, AND OBJECTIVES

Hydraulic control systems are used to transfer poseefluid. Such systems can
be valve-controlled or pump-controlled. Each ageanent offers certain advantages and
disadvantages over the other. For the valve-cthetidydraulic system, a control valve
is used to control the flow and pressure differdoetveen the hydraulic input
component (the pump) and the hydraulic output carepb(the actuator).

Control valves may be classified according to thection-type. Three broad
categories of function-type are generally accepd@dctional-control valves, pressure-
control valves, and flow-control valves. Directabtontrol valves mechanically shift the
direction of fluid flow. Pressure-control valvesimtain or limit the pressure in a circuit
at a specific level. Flow-control valves contingiyumodulate the fluid flow in a
hydraulic circuit. Valves may also be classified@ding to the construction type.
Typically, the major restrictive components of ttave define its classification.
Examples include poppet valves and spool valved) gge having a poppet or spoaol,
respectively, which provides the primary restrigtias shown in Figure 1.1. In the
present research, a poppet type flow-control ve\studied.

Poppet valves have been available for many yedrsbstly limited in use to

provide pressure-relief in high-powered hydrauircuwts. Recently, there has been an



interest in developing poppet valves for flow metgrapplications in place of the
typically used spool valves [1-5]. The poppet eabifers certain advantages over the
spool valve. Mainly, poppet valves have extrenti@ly leakage when closed, require less
precise machining, are capable of adjusting themasekith wear, and are self-flushing
and therefore less sensitive to contamination &y disadvantages to using the poppet
valve for flow metering are centered on dynamidahgity issues [7-9]. Here, “dynamic
instabilities” refers to undesirable oscillationstihe valve position response. Such
oscillations result in unacceptable fluctuationfianv control and possibly vibrations in
the mechanical system being controlled by the hydraystem.

A. B.

Control Force

Control Force : —
<> Flow Force

Unbalanced
Hydrostatic and
Flow Forces

Figure 1.1 Poppet (A) and spool (B) valves
The objective of the research documented in tlgsadtation is to produce a
closed-loop metering poppet valve hydraulic systapable of performance while
ensuring stability. Towards this end, two complataey sub-objectives were

formulated: (1) develop active damping to atteauhé instabilities of an open-loop



metering poppet valve hydraulic circuit; (2) deyebnonlinear feedback control system
for a closed-loop metering poppet valve circuihe$e sub-objectives were first pursued
using modeling and simulation techniques and ttsamguexperimentation with a
solenoid ElectroMechanical Actuator and componehtsvalve prototype.

The valve used in the present study was developtn &niversity of Missouri-
Columbia (MU valve). lItis a two-stage, electrorauic, forced-feedback, metering
poppet valve, Figure 1.2. The pilot poppet is atdd by a solenoid ElectroMechanical
Actuator (EMA) while the main poppet is hydrauligehctuated by the pressure in a
control volume which is situated between the maipget and the pilot poppet. The
valve incorporates forced-feedback in the form tdexdback spring.

In Figure 1.2, the valve is in the closed positiath high pressure connected to
the inlet port and low pressure connected to thkebport. In order to raise the main
poppet off its seat, current is supplied to thesold EMA which forces the pilot poppet
off its seat. Fluid is then allowed to flow froimet control volume through the pilot
poppet orifice to the outlet port.

With the pilot poppet initial opening, the flow tugh the control volume inlet
orifice is smaller than the flow through the pipippet orifice producing a net outflow
from the control volume and decreasing the pressuilee control volume. The pressure
in the control volume decreases to a level whezentt force on the main poppet is in an
upward direction, effectively lifting the main pogtpoff its seat. This opens an orifice
between the high pressure inlet port and low pressutlet port through which passes a

metered flow.



The upward movement of the main poppet pushesepitbt poppet through the
feedback spring. The force on the spring causegitht poppet to move towards its seat
decreasing the size of its orifice until a steadyesis reached where flow into the control
volume equals flow out of the control volume ane pinessure in the control volume
balances the upward force on the main poppethidttoint, both poppets are no longer
moving but are off their seats allowing flow thrdudpeir orifices.

The pilot poppet is pressure balanced by allowiog bf hydraulic fluid from the
control volume to pass through a tube in the glmtpet into a pressurized volume (pilot
volume) above the pilot poppet. In addition, thedf flow through the tube has a
damping affect on the pilot poppet since the tutowides a small flow resistance and
thus a pressure drop. A Brder mathematical model of this valve has beaeldped

by Muller & Fales [10,11].
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Figure 1.2 Forced-feedback metering poppet valve configarati

™

o

N

RN

— Main Poppet

Outlet Port

E

1.2 LITERATURE REVIEW

1.2.1 Stability

The literature contains many studies of the stgtli hydraulic systems with
poppet valves. In a review of these studies, Haydistinguishes between local and
global stability [7]. This important distinctiorelps to reconcile the results from
theoretical studies with those from experimentatists. Theoretical studies used linear
approximations to examine the system’s stabilityaweor in the neighborhood of

equilibrium points. Experimental studies producesllts not predicted in theory,



indicating that poppet valve hydraulic systems wayerating in regions too far from the
equilibrium point for linear approximations to pretidoehavior accurately.

The primary behavior discussed by Hayashi whiafoispredicted by theoretical
studies is “hard” self-excited vibrations [7]. Heevibrations took the form of relatively
large amplitude, sustained oscillations of the @bp@A his behavior occurred at stable
steady states and was induced by sufficiently ldigirbances. In the phase plane,
“hard” self-excited vibrations were representedalstable equilibrium point within a
semi-stable limit cycle where trajectories outqiitiside) the limit cycle converged
(diverged) to (from) it. It has been shown thas thehavior is affected by nonlinearities.

At this point, it is important to note that lineayntrol techniques would be based
solely on the linear approximations which produttesllocal stability results and thus
unable to control the complete range of actualesydiehaviors. Local and global
behavior must be considered when designing coatsofbr these types of systems.
Since the systems global behavior is impacted biesy nonlinearities, nonlinear control
strategies are advisable.

Hayashi and Ohi [9] studied the mechanisms of mbtain a pressure-relief
poppet valve circuit through an analysis of the Inagecal energy of the poppet. They
found that, for one cycle of sinusoidally varyingppet displacement and valve chamber
pressure, the phase lag of the pressure with regpdee poppet displacement caused the
energy added to the poppet by flow forces to exteeednergy extracted from the poppet
by damping. The net result was an increase imtbehanical energy of the poppet
during one cycle. The authors discussed threeguyirmontributors to the phase lag:

hydraulic fluid compressibility, interference byhet system components, and negative



damping forces. It was concluded that these mesimsnare essentially responsible for a
poppet valve circuit’s instabilities. Furtherwiis theorized that the instabilities can be
attenuated with an actively increased damping forcéhe poppet.

It is important to emphasize that the hydraulicwaits used in the studies
reviewed to this point employed poppet valves enhessure-relief role. While the
results from the studies discussed to this pomeaplicable, it is important to directly
study the stability behavior of metering poppetvedtydraulic circuits.

Zhang et al. and Fales [1,12] have studied thelsyatharacteristics and
performance limitations of one of the few metenoogppet valves available to the
hydraulic industry, the Valvistor. This meteringgpet valve is a two-stage,
electrohydraulic flow valve. The pilot poppet idt@ated by an EMA while the main
poppet is hydraulically actuated by the pressuie ¢ontrol volume which is situated
between the main poppet and the pilot poppet. Ffom the control volume through the
pilot poppet orifice is the primary mechanism fontrol of the pressure in the control
volume. Thus, the flow through the pilot poppeéfice both controls and contributes to
total flow. Zhang et al. used linear analysis arderimental validation to obtain results
which indicated that the dual effect of the piloppet orifice flow on the total flow limits
the closed loop performance of valve controlledesys. Analytically, the pilot poppet
orifice flow was shown to result in performanceiting open loop zeros.

Fales [12] added to the simulation results of Zheingl. and showed that the
valve dynamics vary with supply pressure. In additit was shown that the speed of
response and steady state flow error increasedswjiply pressure and oscillations

occurred at the higher supply pressures. Intamgit to improve performance, Fales



examined the effect of parameter variations. Esilts showed increased performance
with decreased stability. In addition, the implioas of these results for controller
design were briefly discussed. A controller wonékd to change with the system’s
dynamics in order to maintain optimal performance.

1.2.2 Metering Poppet Valve Control

Muller has developed electronic, feedback conwolf metering poppet valve to
control flow [10]. The importance of this studydia the fact that the valve used, is the
same valve used in the present research. Fourotlers were developed and tested by
Muller. The first controller made use of a look4aple which contained a functional
relationship between desired flow and requiredrsmtéforce. This relationship was
determined as a function of the pressure drop at¢hesvalve. Essentially, this controller
was an open-loop controller with a feedforward pd®esults showed that a
comprehensive look-up table across the range skpre drop values is important. In
addition, results showed the existence of flowl&gmns at high pressure drops.

In principle, the look-up table is not a robust @gaeh if it is determined using a
representative production valve and then applieathier production valves. Developing
a closed-loop control system would enhance thestolegs of the look-up table approach
by providing feedback of the output. This wasdhee with the next controller
developed by Muller. Valve flow feedback with Poofoonal Derivative (PD) control
was used with the look-up table. Results showeterdamping with reduced transient
spikes as well as reduced steady state error. $garduled PD control was tried without

the look-up table and resulted in a higher steaakg ®€rror. The best controller, which



consisted of a combination of gain scheduled PDRrobwith table look-up, exhibited the
best damping, reduction of transient spikes analdststate error.

Opdenbosch et al. conducted a modeling and costidly of an electro-hydraulic
poppet valve [13]. The valve used by Opdenbosdéth. etas a flow metering poppet
valve very similar in configuration to the valveedsin the present research. In the work
by Opdenbosch et al., modeling the valve was thedavith a brief treatment of control.
The control focused on reference tracking of desstates. This was accomplished using
a Nodal Link Perceptron Network. Though trackingsvachieved, Opdenbosch et al.
made no mention of any other performance or stglaiiteria.

1.2.3 Nonlinear Control of Valves

Feedback linearization is one nonlinear controlhodtdeveloped to handle
system nonlinearities and draw from linear systeargrol theory to ensure stability and
performance. This type of controller is capabléafdling global system behavior and
has seen use in a wide variety of applicationsigtiolg spool type metering valve
systems. Sohl and Bobrow investigated the appdicadif a feedback linearization
control strategy for force and position referemegking by a hydraulic spool valve servo
system [14]. The result was a nonlinear contralleich better handled system
nonlinearities as compared to advanced linear otbets. Hahn et al. conducted a
simulation study of the input-output, feedback éineation control technique applied to
an electrohydraulic spool valve servo system [IHje controller demonstrated excellent

transient and robustness performance.



1.2.4 Self-Sensing Actuator Concept

Typically, in order to determine the position oétkpool or poppet in a flow
control valve, an LVDT is used. In the literatuae, alternative approach that uses the
estimator based self-sensing actuator conceptaslel® If an EMA is used to
manipulate the position, this concept proposestinate the position and velocity using
a dynamic model of the EMA and the electronic sigflm the actual system. This
approach is attractive because it circumventsrtbeeased hardware complexities which
accompany the setup and attachment of an LVDTharqiosition transducers. In some
cases, the self-sensing actuator concept makebj@otse acquisition of position when
the direct measurement of position is otherwiseraofcal.

Several Researchers in the fluid power communitiemaade use of the self-
sensing actuator concept [16-19]. Eyabi [16] ubexlconcept with a sliding mode
estimator to determine the position for the clokmxp control of an electromagnetic
valve actuation system. Yuan and Li [17-19] contddseveral modeling and
experimental studies on the self-sensing determomaif position and velocity
information for a dual solenoid actuator configioat The work done by these two
researchers contrasts with each other in many vieaysnost importantly in terms of the
complexity of the EMA model used. Yuan and Li usesimplified model which
neglected certain effects, where as the model dpedland used by Eyabi was more
comprehensive.

In the research conducted by Yuan and Li, signatgssing techniques along
with estimator design were used to determine tls#tipa and velocity states. In

particular, in order to avoid mechanical loadingentainties, Yuan and Li did not

10



directly estimate the position and velocity. lastethey estimated the flux linkage of the
solenoid EMA and used this estimate with the curme@asurement to calculate the
position and velocity states. For estimators, @wdgmpted to use the boxcar window
observer and a Kalman filter. The research of Egatd Yuan and Li validated the self-
sensing actuator approach with Yuan and Li highiighthe importance of an accurate
solenoid model.

Outside fluid power applications, researchers faggl situations where a
reduction in the number of signal carrying wiresésessary have also been attracted to
the self-sensing actuator concept. These apmitaiinclude magnetic bearings, heart
pumps, and reluctance motors [20-22].

1.2.5 Summary

In summary, the literature reviewed indicates fivassure-relief poppet valves
are inherently susceptible to local instabilitiés.the flow metering poppet valve, these
instabilities persist. Designs have been creat@densure stability, but at the cost of
performance (speed of response). In the flow nmgi@oppet valve, performance is
important for flow control and disturbance rejeatidt is thus desired that a metering
poppet valve meet certain performance criteriagvtemaining stable. The particular
approaches of active damping and nonlinear cohtreé been suggested to maintain
performance while attenuating stabilities. Thé-sehsing actuator concept makes the

previously impractical approach of active dampionggble.
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1.3DISSERTATION OUTLINE

This dissertation is organized into two, self-aurghg, sections. In the first
section, the focus is on the development of actev@ping. In the second section, the
focus is on the development of an input-outputibeek linearization controller. The
first section is composed of chapters 2 and 3 whigesecond section is composed of
chapter 4. Both sections focus on the MU valveudised above. The MU valve model
is the only component shared between the two sectidhus, some variables introduced
in the first section for the MU valve model will nioe reintroduced in the second section.

In chapter 2, the theoretical foundation is laidtfee self-sensing actuator concept
and the active damping approach. Here, in ch&ytenly modeling and simulation
results are presented. Three self-sensing actapproaches are developed and the
optimal design of the three was chosen for use agtlve damping. A proportional
active damping scheme is attempted. The simulaé@sults demonstrate the advantages
and disadvantages of the proposed active damphegse. The results are intended as a
“proof of concept” for both the self-sensing actratoncept and the active damping
approach. In chapter 3, the results of experimemtsiucted on a solenoid testbed are
presented and discussed. Here, the central chastict of the solenoid EMA, which
makes possible the self-sensing actuator concepighlighted.

In chapter 4, the mathematical development of tipet-output feedback
linearization controller is detailed. Here, cartaecessary conditions for the application
of this type of controller are presented and showioe satisfied. Results were obtained

from a mathematical model and focus on the comirsliability to perform reference

12



tracking under four different pressure conditiohs.addition, certain mechanisms
inherent to the system which affect the contrafidiriearization are shown numerically,
discussed analytically and given a physical intiggiton. The controller’s robustness
and disturbance rejection are briefly analyzedgisimulations. The conclusions on all

results from this work are presented in chaptdobgwith future work.
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CHAPTER 2

SOLENOID DAMPING OF THE PILOT POPPET — DEVELOPMENT AND
MODELING STUDY

2.1 INTRODUCTION

With passive damping, a physical mechanism, suatdiag friction or fluid
drag, dissipates the kinetic energy of a movingatj The dissipative mechanisms are
usually intrinsic to the system of interest anduingnergy to these mechanisms is not
necessary for the dissipative mechanisms to rerkioitic energy. In contrast, active
damping involves the active modulation of inputrgyeo active damping mechanisms
such that these mechanisms dissipate kinetic ememgygontrolled way. In the present
study, the benefit of an active damping approat¢hasthe valve can be designed with a
greater emphasis on performance while active dagrpinsed to reduce the
accompanying dynamic instabilities. As previoustigted, “dynamic instabilities” refers
to undesirable oscillations in the valve’s respaiasiaput commands. Thus, for active
damping, there must be a means for sensing ingiadjlan input which modulates the
damping of the valve, and a stated control law talatate the input energy to produce
the desired kinetic energy dissipation.

The input to the metering poppet valve used impttesent study is the
electromechanical force applied to the pilot pogpethe solenoid. This force is
electronically controlled and thus can be adjusteprovide appropriate damping on the

pilot poppet. The importance of pilot poppet opierais indicated by the fact that the
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main poppet is hydraulically actuated, while thietgpoppet controls this hydraulic force.
Therefore, due to the input location of the metgpoppet valve used in the present
study and the functional significance of the ppoppet, this poppet was chosen as the
point of application for active damping.

The position and velocity information of the pifmippet can be used to identify
dynamic instabilities. To measure position anaery, a position transducer can be
connected to the poppet or spool of a flow contatve to determine its position. Here,
the pilot poppet position and velocity informatiare not measured due to increased
hardware complexities. Also, there are economasaas for not measuring position due
to increased manufacture costs. For these reasanself-sensing actuator concept is
used. The self-sensing actuator concept invdlvesneasurement and use of the
electrical variables (current and voltage) of @&sold EMA to estimate the position and
velocity of its armature. Here, the position ardbeity information of the armature is
also the position and velocity information of theppoppet. Since velocity holds the
dynamic information of the pilot poppet mass, iliwe used in the active damping
scheme.

The objective of the research presented in thiptenas to evaluate the feasibility
of using the solenoid with the self-sensing actuetmcept [17-19] to achieve pilot
poppet damping in order to attenuate dynamic inlgieb. This is first done with

modeling and simulation techniques.
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2.2 MATHEMATICAL MODELING

A simplified representation of the pilot poppet wasdeled to ease the initial
development and analysis of the estimator and clbetrconcepts. This model consists
of a mass and spring mechanical system enclosagtiaessurized cylinder. The flow of
hydraulic fluid through a tube in the mass is meddb simulate the pressure balancing
and damping effects on the pilot poppet. A solén®included to force the mass down

against the spring as shown in Figure 2.1.

Solenoid EMA

,gﬁ Pilot Volume
; AY |/

7 — Pilot Poppet

. — Pilot Tube

NN,

Feedback Spring

b

i

\\\x\\\\
n

Control Volume —

DA\

N
N

&

Figure 2.1 Simplified model configuration
The proposed model is §-4#rder model composed of three ordinary differdntia
eguations: one mass-spring equation of motionhfermilot poppet, one pressure rise rate
equation for the pressurized volumes above andibile mass and an electric circuit

equation for the solenoid. For the mass, Newt&&sond Law of Motion was applied
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with terms accounting for the solenoid actuatocéofd®/2, ), pressure forces\PA)
and the spring 1“orcek(xp + Xgq )). The governing equation of motion for the masas

follows:

2

- BPA-K(x, + X y), (2.1)

2
wherem is the pilot poppet mass (kgj, is the pilot poppet position (m), is the flux
linkage of the solenoid EMA (Wb)3, is a composite solenoid parameter (see Appendix

B.4) (H-m), AP is the net pressure acting on the pilot poppe}, (Ras the surface area

acted on by the net pressure (ik)js the feedback spring constant (Nypand Xgq IS

the feedback spring preload (m). A mathematicptession for the solenoid EMA force
was derived by Yuan and Li [17-19] and is usedan E1.

A solenoid EMA consists primarily of a coil of wivéith an iron core and an
armature, Figure 2.2. With a constant currentipggbrough the coil, the flux linkage
depends on the position of the armature. The tieimnof flux linkage is stated as:

A=L(x, ), (2.2)
where L is the position dependent inductance of the ¢djlgndi is the current in the
solenoid coil (A). Eq. 2.2, indicates that it mbstthe solenoid inductande that varies
with the position of the armature. Thus, for tb&esoid EMA, Kirchoff's Voltage Law
(KVL) was applied to a Resistor-Inductor (RL)-cifgUrigure 2.2, with a position-

dependent inductance.
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L(x)

DC
JL

Figure 2.2: Solenoid EMA electrical circuit
The result of KVL is given by:

V-Ri-4=0, (2.3)
whereV is the voltage across the coil (Volts) aRglis the current resistance of the
EMA (Q).

A mathematical expression for the position depehuteluctance was derived by Yuan
and Li [17-19] and is used in the present reseaildte position dependent inductance is

represented by:

L(x,) = P (2.4)

d+xp

whered is a composite solenoid parameter (see Appendix (&).
Substituting foii and rearranging terms produces the first ordeatogu used to simulate

the electrical dynamics of the solenoid EMA:

d=-Re(gex J+v (2.5)

2
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As discussed above, the self-sensing actuator ppases the voltage and current. The
voltage { ) is the input () to the modelu =V . To access the current)(for the self-
sensing actuator concept, it is defined as theubgp of the model. This output current
is determined using the following equation:

_Ald+x,)
y=i= 20, (2.6)

Equation 2.6 was derived from Egs. 2.2 & 2.4. Trgposed approximation of the
solenoid’s dynamics is made possible by the exafusf saturation and hysteresis effects
of the model. Such simplifications are valid whbka solenoid is designed to work in the
linear region with little hysteresis, which is tte&se for most commercial valves [17-19].
The change in the pressures in the pressurizednedwabove and below the mass

can be determined using the pressure rise ratdiegsiawhich are given by:

Pp:(—rx fx A(Q—)‘(pA), (2.7)

s B

P, _m(_Q+ % A), (2.8)
where P, is the pressure in the volume above the pilot pofipa),P, is the pressure in
the volume below the pilot poppet (P#),is the bulk modulus of the hydraulic fluid
(Pa), x. is the initial position of the pilot poppet (), is the flow in the pilot poppet
tube (m/s), andV, is the initial volume of the space below the ppoppet ().

The pressures in the control volumes are repregdtéhe net pressure acting on

the massAP=P.—P;). The rise rate equation for this net pressupgésented as:
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(-Q+xa). (2.9)

The flow through the mas®) is modeled as laminar flow through a tube by the

following equation:

7R4

— 8’u|_p (AP) (2.10)

Q

where R is the radius of the pilot poppet tube,is the viscosity of the hydraulic fluid,
and L, is the length of the pilot poppet tube. Modelgmaeters were taken from the

work of Muller [10] and Yuan and Li [19] and arevgn in Appendix A.

For the self-sensing actuator concept, the discliear equations of motion
were needed. To facilitate this need, the ma@e converted into state space form,
linearized and discretized. The derivation oflthearization and discretization forms
used in the present study are presented in Appdéhdiand B.2, respectively. Here, only
the final forms are defined for convenience. Ttatesspace variables are defined as:

z =X,, Z,=X,, Z,=AP,andz, =A. The state space equations were determined as

follows:
2=lz 2, z z] =[x, x, &P Af, (2.11)
7 =f_(z,u) (2.12)
y=hy(z), (2.13)

wherez is the 4 x 1 state vector. The nonlinear statetfan vectors were determined

to be:
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%
2
: ( - Z3A_k(21 + X )j

m| 25,
f,\z,u)= V o+ X A 4 , 2.14
s )xc)A[‘ o, A] o
o plaramey
whereu=V , andh,(z) =i :M. (2.15), (2.16)
B,
The linear, state-space equations were determbd:t
&z=2z-2", (2.17)
6z = Adz +Bdu, (2.18)
oy =Céz, (2.19)

wheredz is the 4 x 1 state, perturbation vector (pertudneabout the reference state
trajectory),z” is the 4 x 1 state, reference trajectory vecdyrijs the output perturbation
(perturbation about the reference output trajegtady is the input perturbation
(perturbation about the reference input traject@y)s the 4 x 4 system matrig is the

4 x 1 input vector, an€ is the 1 x 4 output vector. The system matripuirvector,

output vector, and reference trajectory were ddtexdhto be:

S . 0
k A z,
—__ O _
m m mg,
A=l BV, +x A) BV, +x.A) (_ nR“} 0 (2.20)
Vo -zAkz +x.) Vo -zAfz +x Al 8,
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B=[o 0 0 1',c=|% o0 o 4*%| (2.21), (2.22)
B, B,
and
.
2kp,
. 0
z' = 0 . (2.23)
Bla)
- Rld+z)]

The reference trajectory that the system was linedrabout was its equilibrium
point (z*), given by Eq. 2.23. Equation 2.23 is derived\ppendix B.3. The
equilibrium point used in the simulations was clmogecording to the following logic. In
the simplified model, the spring is preloaded ahéscase in the complete valve design.
However, unlike in the complete valve design, theneo seat for the mass in the
simplified model and the solenoid must hold the srtasmaintain the volume of the
space above the pilot poppet found in the completdke design. The voltage required
and the corresponding states together are theilegunh point about which the simplified
model was linearized.

Assuming control ) is constant over a sample period, the discreteat state-

space equations were determined to be:

6z, =2,-2 (2.24)
6z, =® .0z, +B, A, (2.25)
o, =C, 0z, (2.26)
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wherez, is the 4 x 1 discrete state vectdg, is the 4 x 1 discrete state, perturbation
vector (perturbation about the reference statedtary), dy, is the discrete, output
perturbation (perturbation about the reference witajectory),du, is the discrete, input
perturbation (perturbation about the referencetim@jectory),®, is the 4 x 4 discrete
system matrix (state transition matrixg, is the 4 x 1 discrete input vector, a@g is

the 1 x 4 discrete output vector. The discretéesysmnatrix, discrete input vector, and

discrete output vector, were determined as:

T2 T3

(I)k:I+ATS+A2j+A3§+..., (2.27)
T2

B, =B|IT.+A—=+...|, (2.28)
k s 2'

C,=C, (2.29)

wherel is the 4 x 4 identity matrix and, is the sample period. In the present study, the

higher-order terms fo®, andB, were neglected.

2.3 SELF-SENSING ACTUATOR CONCEPT

At the heart of the self-sensing actuator conceptate estimation. A state
estimator must be developed which accepts asptgsrthe voltage across and the current
through the coil of the solenoid and has positiod 2elocity estimates as its states. The
literature provides a number of practical techngtiat can be used to perform state
estimation. Here, three related estimator type® wevestigated: a linear estimator with

pole placement, a linearized Kalman filter, anceatended Kalman filter. Approaching
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the problem by designing these three estimatoosvalll for a gradual increase in
developmental complexity.
2.3.1 Linear Estimator with Pole Placement

A continuous linear estimator was developed fifghis type of estimator uses a
continuous linear model in state space form toeggmt the dynamics of the system [23].
Here, the linear model is the result of the linzation of the nonlinear model, Egs. 2.17 —
2.22. This is summarized in Figure 2.3. The estimitself is a linear dynamic system
in state space form and is designed to estimatst#te vector of the linearized model.

The equation which comprises the linear estimatgiven:

572 = A&7 +BAu+K (2.30)
where the symbol ” over a variable denotes an agtiof that variableA is the 4 x 4
state matrix of the linear estimatd, is the 4 x 1 input matrix of the linear estimator,
andK . is the 4 x 1 gain matrix of the linear estimator.

A straight forward derivation is used to deterntine system,(& ), control (I§ ),
and gain K ,,) matrices of the estimator. Define an estimaterarector as:

e=0z-62 (2.31)
Taking the first time derivative of Eq. 2.31 andbstituting into this derivative the model

and estimator dynamics produces:
6 =A8z +BU-ASZ -Ba-K (2.32)
Substituting the model output dynamics into Eq228d rearranging terms produces:
é=(A-K,C)oz-A87+(B-B)u. (2.33)

In EQ. 2.33, setting& =A-K, .C, B=B and substitutingdz - 6z = e produces:

24



e=(A-K (2.34)
To complete the estimator design, the pole-placeéteehnique is used to determike,
such that the estimator system matix; K .C, is Hurwitz. When this is the case, the
estimation error asymptotically approaches zeroe @stimator is thus given by:

57 =(A-K C)82 +BaI+K .y (2.35)

In using the pole-placement technique to deterrtlireestimator gain matrix
(K ), the general rule is to choo&g, such that the estimator’s system matrix,

A -K C, has eigenvalues 2 to 4 times larger than theneajaes of the model’s system

matrix causing the observer to be 2 to 4 timesfastan the system’s dynamics. This

rule was applied here.
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nonlinear model (SSR):
7 =f (z,u)

y=h,(z)

teady state

§

solution

(‘\

operating point)

linearization

linear model:\ ~— T TS
6z = Adz +Bdu A, B, C >‘ Continuous Linean‘
Jdy=Cdz \ Estimator /
6z=2-7 ) —_—— —

%tzmon

discrete linear model:

6z,,, = ®,67, +B, A, Kalman Filter Loop]
o, =C 0z, \ /

(I)k’ Bk’ Ck

Figure 2.3: Linear estimator and Kalman filter pre-development

2.3.2 Kalman Filter

In the present work both a discrete linearized Kalrfilter and an extended
Kalman filter were developed. In this sectionf@fbexplanation of the linearized
Kalman filter is presented [24]. In the next seetithe modifications to this linearized
form which constitute the extended Kalman filtez discussed [24]. As the discussions
will be brief, the reader is referred to the litewra for a more comprehensive treatment of

the filter derivation [24].
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The discrete Kalman filter is a recursive stat@weior which uses a discrete
linear model in state space form to represent yinauhics of the system. As before, the
linear model is the result of the linearizatiortlod nonlinear model, Eqgs. 2.17 -2.22, and
this model is then discretized to obtain a discliear model, Egs. 2.24 — 2.29. This is
summarized in Figure 2.3. The derivation whichduees the filter assumes that the
discrete linear system is a discrete random proceélss is modeled by adding process

noise (, ) to the state equation, Eq. 2.25, and measurenoésg (v, ) to the output
equation, Eq. 2.26. The resulting discrete, linstte-space system is given by:

6z, =®.0z, +B,, +r,, (2.36)

%, =C.0z, +v,. (2.37)
where process noise and measurement noise aretdisehite, Gaussian noise processes
with covariance matriR, and variancé/, , respectively. The process noise and
measurement noise are uncorrelated.

The objective of the Kalman filter is to minimizeetestimation error. Thus,
similar to the linear estimator, an estimation eoriterion is defined. Unlike the linear
estimator situation, the system is a discrete rangmcess and the conventional
e =&z — &z would not be a good criterion. It is the errovadance matrix B, )
associated with this estimation error that is usieevas determined as:

P =(I-K.CP;, (2.38)
where P, is the error covariance matrik;, is the Kalman filter gain matrix, and the

symbol ~ in the superscript position to a variable denatea priori estimate of that

variable. The error covariance matrix is importa@tause it contains the estimation
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error variances for the elements of the state vdxing estimated along its major

diagonal.

Kalman filter estimation begins with arprior state estimatedz, ) and ana
prior error covariance matrixR, ) and the measured system outpyt (). Anapriori

estimate outputy, ) is created using theepriori state estimate and Eq. 2.26. The

estimator compares the actual system measuremgnitauth thea priori estimate

output in order to update tlapriori estimate. A linear update equation is used:

62, =82, +K (Vo = %) (2.39)
In the derivation, optimization is done to develegq 2.40, which will produce the proper
gain matrix (K, ) at each time step. This gain matrix is optimunthiat the estimation
error variances for the elements of the state vdmimg estimated along the major
diagonal of the error covariance matrix are mingdiz This gain is called the Kalman
gain.

K, =P.Cl{cPCl +V, )" (2.40)
For estimation at the next discrete tinig,(), the state estimate vector and error
covariance matrix are projected ahead to prodyméori estimatesdz,,, and P, at the
stepk+1. This is done using the following equations:

62,,=®.62z, +B,u, (2.41)

P., =®P® +R, (2.42)
The linearized Kalman filter loop in the proper sence for digital computer execution is

shown is Figure 2.4.
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2.3.3 Extended Kalman Filter

There are three differences between the extendedafdfilter used here and the
linearized Kalman filter. First, with the lineaed Kalman filter, the nonlinear model is
linearized about a precomputed reference trajectdffith an extended Kalman filter,
the nonlinear model is linearized at each time atequt the updated state estimates’
trajectory. Second, in the present study, thereldd Kalman filter uses the nonlinear
model dynamics and the Euler numerical integratemmnique to produce tleepriori

state estimates. This is done using the follov&ggations:
27 =t(z,.u,) (2.43)

7e,=2,+2,T (2.44)
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Finally, in the update Equation (2.39), thpriori estimate outputy, ) is determined
using the nonlinear output dynamics from Eq. 2.16:

§e =h(z;). (2.45)
The extended Kalman filter loop in the proper segecor digital computer execution is

shown is Figure 2.5.

< - - "————-—-—_—_-_——_—n—— \

Enter loop witha priori estimates:
z, and P,

Compute Kalman gain:
K, =P.Cy (Ckpk_cl +Vk)_l

|

I

|

| k=k+1 Yo Yu Yoo
| (Project ahead in tin% (—

|

I

|

I

I

- T
Pea = @ PD, +R, Measurement updat

720 =t(Z.u,) 2, =2 +K (y, —h(z;))

ZAk_+1 = ik + ZAkTs
\ J l
2y,2,,2,,...

Update error covarianc
P = (I -K ka)Pk_

Figure 2.5: Extended Kalman filter loop

For both Kalman filters, measurement noise is sated using the ‘randn’
command within Matlab. This command returns nolydiktributed random numbers
with a mean of zero and standard deviation of oh@better simulate the noise of a
current sensor, the random numbers can be muttiplyethe standard deviation of an

actual current sensor. Such a value was unaveitaid the measurement noise was used
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as a tuning parameter to adjust filter performanioegeneral, the process noise is also

adjusted to produce desired filter performancee Rl andV, matrices used for both

the linearized Kalman filter and extended Kalmdtefiare displayed in Appendix A.

2.4 ACTIVE DAMPING

To convert the estimated state into a damping ifat the solenoid, a
conversion gainG) was tuned until satisfactory damping was accoshglil. The control
input based on the solenoid voltage command amtha&std state is given as follows:
(given in Eq. 2.46 and illustrated in Figure 2.6):

u=Vv-GxX,. (2.46)

whereG is the active damping gain (V-s/m).

Estimator

A

Valve and
Solenoid EMA | X

Figure 2.6 Active damping scheme
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2.5 SIMULATION RESULTS AND DISCUSSION

2.5.1 Model

All modeling and simulations were carried out ie tatlab/Simulink
environments. Using the ‘eig’ command within Matlghe poles of the fourth order
simplified model were determined to be: -3.64e647&2, -2.35e% j4.10e2, and -2.35el
- j4.10e2. Comparing the largest pole of -3.64e®¢osecond largest pole of -1.47e2, it
is evident that the dynamics of one of the statatstes are considerably faster than the
dynamics of the other state variables. Since mbattsystems generally have faster
dynamics than mechanical systems, it was initiaigumed that the largest pole was
associated with the dynamics of the EMA modelthdf largest pole was associated with
the dynamics of the EMA, these dynamics reach gtetade much quicker than those of
the other state variables. The dynamics of the EddA be approximated as

instantaneous and thée state determined using a steady state equatiba.sfeady state

equation used to determine thestate was derived by settinfy equal to zero in Eq. 2.5,

then solving forA to produce:

_ b
TR an"

(2.47)
The replacement of the EMA’s dynamics with Eq. 204 not eliminate the

largest pole. Since the elimination of the EMAgdmics did not eliminate the largest

pole and it was assumed that the complex-conjygaes are associated with the states

of the pilot poppet, it was theorized that the éstgpole was associated with the pressure

dynamics. The pressure dynamics in the cylindeeweplaced by a steady state
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equation, which was derived by settin@ equal to zero in Eq. 2.9, substituting Eq. 2.10

into Eq. 2.9 for th&) variable, and then solving fdP to obtain:

KB, A

AP = et (2.48)

This indeed eliminated the largest pole. To \&kdhe reduced-order, simplified model
(ROSM), the step responses of both models were amdmt steps of 0.01, 0.1, and 1.0
V. The results, shown in Figure 2.7, demonstradettiere are negligible differences

between the two models. Thus, the reduced-ordepliied model was used for the

simulations that follow.

% 15° step=0.01V

of \ \ \

0 | ! | I b ROSM
0 0.05 0.1 0.15 0.2 0.25

-3 step 0.1V

x
=
o

OO

0.05 0.1 0.15 0.2 0.25

)

o o Position (mm)
&

0.05 0.1 0.15 0.2 0.25
Time (s)

|

OO

Figure 2.7: Simplified Model (SM) step response vs. Reducede@ Simplified Model
step response (ROSM)
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2.5.2 Self-Sensing Actuator Concept

The simulation results of the three types of estimsaare shown in Figures 2.8 —
2.25. In these results the position and veloditthe nonlinear model are compared to
the position and velocity of the estimators. Eastimator was tested at 0.01, 0.1, and
1.0 V steps from the operating point.

Comparing Figures 2.8 - 2.13 with Figures 2.14192ndicates that the results for
the pole placement estimator and the Kalman fdterthe same. This is an expected
result since the literature [23] reveals that thie estimator types are functionally the

same. They differ in the determination of theliraator gain matricesk

K. andK,.
The linear estimator is a suboptimal form of thérkan filter where the choice of its
gains does not optimize a performance criteriaiaddes not account for noise. The
Kalman filter gain matrix is calculated to minimittee estimation error covariance matrix
in the presence of white, Gaussian noise in thegg®and measurement. Since the
inclusion of process and measurement noise soareates a more realistic simulation,
the Kalman filter is the superior of the two. Friims point on, out of these two
estimators, only the Kalman filter will be discudse

The results of the Kalman filter and extended Kairfiker are presented in
Figures 2.14 — 2.25. In the displayed resultspst estimation of position and velocity
by the Kalman filter occurred at a step input lese0.01 V (Figures 2.14 — 2.17). For
the Kalman filter, at the 0.01 V step input lexBkre is transient and steady-state

position estimation error. Compared to the Kalrfider position estimates at the other

two step inputs, the Kalman filter’'s position esiion error at the 0.01 V step level is
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small. For the Kalman filter's velocity estimatetlae step input level of 0.01 V, there is
indistinguishable error between the estimate aadhtinlinear model state.

For the Kalman filter’s position estimates, in resge to the step level inputs of
0.1 and 1.0 V, there is increased transient aratlgtstate estimation error with the
increase in input step, (Figures 2.15 and 2.1B)e Kalman filter’s velocity estimate at
the step level of 0.1 V displays peak-to-peak atugé error relative to the nonlinear
model state for the first 3 oscillations, (Figut@&®. The peak-to-peak amplitude error
decreases as the time after the step increasesK&dlman filter’s velocity estimate in
response to the step level of 1.0 V (Figure 2.4%jmilar to the estimate at 0.1V. The
Kalman filter’s velocity estimation at both stepédés exhibit peak-to-peak amplitude
error with the error decreasing as steady-staepsoached. However, the Kalman
filter's velocity estimate at the step input lee¢l1.0 V has greater peak-to-peak
amplitude error.

In contrast to the Kalman filter's position estiestall of the Kalman filter’s
velocity estimates exhibit negligibly small steadsgte error. All of the Kalman filter’s
velocity estimates approach zero at steady stadeesthe nonlinear model state. At all
three step level inputs, the extended Kalman fgteduces estimates for both states
which are indistinguishable from the nonlinear mM@dstates (Figures 2.20 — 2.25).

Overall, these results show that the accuracyeKi#man filter estimates
degrade with step size. This is another expeatécbme since the Kalman filter
estimates the states of the linearized model. alilgy of the linear model to
approximate the states of the nonlinear model disgravith the deviation of the linear

model’s states from the operating point. Thusg$t@nator is limited by the
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linearization approximation. Here, the extendethiéan filter is not limited by a
linearization about one operating point and so pced estimates, which appear in the

Figures, as identical to the nonlinear model statedl three step level inputs.

x 10

e
I R il M

Position (mm)

R
|

=

—nonlinear model
‘ ‘ === linear estimator
8.1 0.15 0.2 0.25
Time (s
Figure 2.8 Linear estimator, position estimate in responsa $tep input level of 0.01 V

-3
gX 10
6 |
E :u B T T
E R S —
S 4 ; |
-a ’
@)
o
Al i
—nonlinear model
| ‘ =+ linear estimator
8.1 0.15 0.2 0.25

Time (s
Figure 2.9 Linear estimator, position estimate in responsa $tep input level of 0.1 V

36



0.15 8
S
E
c
o 0.1- a
‘0
@]
o
0.05 |5 & e e e e e u
—nonlinear model
‘ ‘ ==+ linear estimator
8.1 0.15 0.2 0.25

Time (s)
Figure 2.1Q Linear estimator, position estimate in respowsa $tep input level of 1.0 V

0.08 —nonlinear model
=+ linear estimator
0.06 g

0

Velocity (mm/s)
o
o
N

-0.02

-0.04 |

0.1 0.15 0.2 0.25
Time (S)
Figure 2.11 Linear estimator, velocity estimate in resportsa step input level of
0.01V

37



—nonlinear model
=*=|inear estimator

Velocity (mm/s)

-0.5 ! ‘
1 0.15 0.2 0.25
Time (s)

Figure 2.12 Linear estimator, velocity estimate in resporsa step input level of 0.1 V

—nonlinear model
=== linear estimator

N
=

Velocity (mm/s)

A 0.15 0.2 0.25
Time (s)
Figure 2.13 Linear estimator, velocity estimate in resportsa step input level of 1.0 V

38



Position (mm)

== Kalman filter

—nonlinear model

S O PN WS 0O

1 0.15

Time (s)

0.2

0.25

Figure 2.14 Kalman filter, position estimate in response &iep input level of 0.01 V

Position (mm)

—nonlinear mo
=== Kalman filter

de

0.1 0.15

Time (s)

0.2

0.25

Figure 2.15 Kalman filter, position estimate in response &iep input level of 0.1 V

39



0.15

0.1-

Paosition (mm)

0.05

/ —nonlinear model
0 | -+ Kalman filter
0.1 0.15 0.2 0.25
Time (s)
Figure 2.16 Kalman filter, position estimate in response &iep input level of 1.0 V

—nonlinear model
=== Kalman filter

0.05

Velocity (mm/s)

-0.05 1

0.1 0.15 0.2 0.25
Time (s)
Figure 2.17 Kalman filter, velocity estimate in response tstep input level of 0.01 V

40



—nonlinear model
1 === Kalman filter

Velocity (mm/s)

A1 0.15 0.2 0.25
Time (S)

Figure 2.18 Kalman filter, velocity estimate in response tstep input level of 0.1 V

-0.5

—nonlinear mode
=== Kalman filter

20

Velocity (mm/s)

A 0.15 0.2 0.25
Time (S)

Figure 2.19 Kalman filter, velocity estimate in response tstep input level of 1.0 V

41



x 10

Position (mm)
D« & G o

=

—nonlinear model
== extended Kalman filter

8.1 O.‘15

Time (s)

0.2 0.25

Figure 2.2Q Extended Kalman filter, position estimate in @3ge to a step input level of

0.01V

x 10°

Position (mm)
= N w -l} )] (o)) ~

—nonlinear model
- extended Kalman filter

(o]

1 0.15

Time (s)

0.2 0.25

Figure 2.21 Extended Kalman filter, position estimate in @3ge to a step input level of

0.1V

42



0.2

=

0.15 i
IS
E
S 0.1 :
3
o
a
0.05 a
—nonlinear model
‘ ---- extended Kalman filter
8.1 0.15 0.2 0.25
Time (s)
Figure 2.22 Extended Kalman filter, position estimate in @sge to a step input level of
1.0V
0.1 .
—nonlinear model
-+ extended Kalman filte
w
= 0.05
E
2
i)
e}
g o0
-0.0 ‘ ‘

A 0.15

Time (S)

0.2 0.25

Figure 2.23 Extended Kalman filter, velocity estimate in respe to a step input level of

0.01V

43



1+ —nonlinear model
- extended Kalman filte

=

Velocity (mm/s)

-0.5 ’ I |
A 0.15 0.2 0.25
Time (S)
Figure 2.24 Extended Kalman filter, velocity estimate in respe to a step input level of
0.1V

—nonlinear model
20- = extended Kalman filter

Velocity (mm/s)

181 0.15 0.2 0.25
Time (s)
Figure 2.25 Extended Kalman filter, velocity estimate in respe to a step input level of
10V

44



2.5.3 Active Damping

The active damping results are displayed in Figdr26 and 2.28. During the
implementation of the active damper, instabilityuss were encountered. It was
determined that this was due to measurement ntieseting the velocity estimate before
the step input. By keeping the active damper offrd) steady state and turning it on for
transient inputs, this undesirable result was aaidThis noise induced instability
problem may be eliminated by employing a low pdssrfalong with the active damping
gain G. The addition of a low pass filter is left fortdwe work.

At each step input level, the results show deciepsak-to-peak amplitudes and
shorter settling times. Essentially, the amplitadd settling time became progressively
smaller as the step input level was increasedhdmeal-world, peak-to-peak amplitudes
and settling times are direct measures of thelilgtas in the poppet position. The
amplitude and settling time indicate the severftthe oscillations of the pilot poppet.
Decreasing these indicators show that instabilitighe pilot poppet’s position can be
attenuated when the estimated velocity signaleésiuis an active damping scheme. The
results also display a disadvantage of using tttisedamping scheme. For the position,
the active damping scheme also decreased thamisertdicating that reduced

oscillations come at the expense of system perfocma
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Since active damping involves the adjustment ofEN®A input force on the pilot

poppet, there is some concern that this will reisudfreater energy consumption. To

examine the energy consumption, the solenoid poaesumption P =Vi) during

active damping simulations was compared to the poaesumption during passive

damping simulations. As discussed above, the gieghimodel of the pilot poppet

includes a tube in the pilot poppet mass to sinybatssure balancing and damping

effects. To this point, the radius of the piloppet tube has been set at a value which

promotes performance over damping. To simulatsipaslamping in the study of

energy consumption, the pilot poppet tube radius eecreased to promote damping over

performance. In order to obtain a proper energysamption comparison, the pilot

poppet tube radius was decreased until the posisertime equaled the position rise

time with the active damping approach, Figure 2.R®e time is defined here as the time
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it takes for the position to rise from ten percehits steady-state value to ninety percent
of its steady-state value.

In the results that follow, three damping cases valreferred to: two tube
damping cases (large radius case and small radgaey and one active damping case.
For the two tube damping cases, no active dampagjimcluded. For the large radius
case the pilot poppet tube radius was set to 9eaddrfor the small radius case the pilot
poppet tube radius was set to 3.1 e-4 m. Foreadamping, the proportional damping
scheme was used with a gain value of 0.23 V-s/ntla@gilot poppet tube radius was set
at 9e-4 m. A voltage step input of 1 V was used.

In Figure 2.29, it is shown that there is a tramsggfference in the rise of the
position for the small radius case compared tatiire damping case. The greater
initial increase in the position from the activengang case is caused by the low, passive
damping from the large radius pilot tube. Thewactiamper/velocity controller responds
with an initially small reaction to the velocityarease to attenuate the initial rise.
Through the transient stage, the active dampersstbe position rise to the point where
the rise time is less than that for the large radibe alone. Despite the transient
difference, the active damping case and the smdilis case have similar rise times,
approximately 49.3 ms for the active damping cask46.1 ms for the small radius case.
In addition, the active damping case displayedvershoot and a quick settling time.

Figure 2.30 shows that with tube damping, the smtemputs approximately the
same power for both tube damping cases. Recdjlgbwer is the product of the voltage
and current. In the tube damping cases, the wpitage is the same. However, Eq. 2.6

and Eg. 2.5 show that because current is depeodehe position of the pilot poppet,
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current is not the same in both tube damping casesrns out that the position
dependence of the current only has a small effactignificant zoom-in on the power
plots, Figure 2.31, shows the influence of the fpmsidependent current on the power.

To compare the two tube damping cases, conside2.E§.

S8, A

AP ==

(2.48)

From Eq. 2.48 It can be seen that, at the onstteoEMA force input, foR, > R;:

X, = X,
X, 84, A
AP, =# = AP, <AP,
R,
%, 80, A
APbZ#
TR,

In the case of the smaller radius tulb® ) relative to the case of the larger radius tube
(R,), there was a greater, initial build-up of pressarthe control volume relative to the

pilot volume. By examining the effect of tld> term on the mechanical dynamics (Eq.
2.1), it can be seen that the greater pressurd-hpiin the smaller diameter case acted to
dissipate kinetic energy faster than the case thigHarger diameter tube. The faster
dissipation of kinetic energy explains the obseorabf slower rise time, and no
overshoot in the smaller radius case compareditkeurise time, overshoot and
oscillations in the larger radius case.

For active damping, the voltage and thus energytirgocontinuously adjusted by
the velocity feedback term at the voltage inputthie small radius case, approximately
the same amount of energy was input to the syssewaa input during the large radius

case. Inthe small radius case, the hydraulid flamoved the excess energy to produce
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the desired response. In contrast to the smallsazhse, in the active damping case,
only the energy that was needed to produce th@nsgpwvas input to the pilot poppet
mass. Figure 30 shows that, with the simplifieddei@nd a proportional active damping
scheme, active damping is more efficient than pasdamping accomplished by tube
flow in the pilot poppet. In Figure 30, power cangption for active damping is always
less than the other cases. Therefore, less worieded to accomplish the same task of

moving from one position to another.
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CHAPTER 3

SOLENOID DAMPING OF THE PILOT POPPET — EXPERIMENTAL STUDY

3.1 INTRODUCTION

A mechanical setup was developed as a testbetldaadienoid EMA. The EMA
testbed was less complex than a hydraulic setugamhs less complex to develop and
operate. In addition, the testbed allowed theattaristics of the solenoid to be
determined in isolation. However, because thééesisolated the solenoid EMA, the
self-sensing actuator concept and active dampipgoagh could not be validated in the
proper hydraulic environment. Complete validatdrthe self-sensing actuator concept
and the active damping approach applied to the MiMevwould require a complete
hydraulic circuit which includes an MU valve protpé. The complete validation with
the MU valve prototype was planned. However, EMWaracteristics prohibited the
complete validation. The results presented beletaitithe experimental study
conducted on the solenoid EMA testbed and distwessripact of these results on future

testing.

3.2 EXPERIMENTAL SET-UP

The physical configuration of the testbed is diagreed in Figure 3.3. The

solenoid is fixed to a table top and the solenand(golenoid extension in contact with
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the armature) is in contact with the LVDT rod. ®e other end of the LVDT rod is
connected the LVDT’s magnetic core (also callecdiamature). The armature is free to
translate within the LVDT housing providing measuest of the solenoid armature’s
displacement. The LVDT is fixed to the same tasd¢he solenoid.

To provide a load for the solenoid, the setup ringdoaded with the forced-
feedback metering poppet valve spring. To do theeve contacts the LVDT housing
and has a washer fixed to the end not in contatttive LVDT housing (end-stop
washer). A spring is placed concentric with thelllVrod and in contact with the end-
stop washer. This allows the spring to be compeagainst the end-stop washer while
allowing the LVDT rod to pass through. On the efhthe spring not in contact with the
end-stop washer is another washer (compressionemashhe compression washer is
fixed by the rod pin and a slight pre-compressibthe valve spring such that it
translates with the LVDT rod. This allows the sael armature to compress the spring
when it is energized and be returned to its ing@dition when the current is removed.
Return is important since the solenoid only foricesne direction. Figure 3.4 shows a
photo of this testbed.

The solenoid EMA, pictured in figure 3.1, was sugglby Caterpillar®. It
produces a push force with no internal return meigmas. From the specifications sheet,
the EMA has a maximum current rating of 2 A . HIMA can travel approximately 3
mm from one end-stop to the other end-stop. F®EMA used in the present study, a
coil resistance of 5.@ was measured at room temperature. Table 3.1lagsihe
steady-state, input-output values from the spegifins sheet for the EMA and Figure

3.2 contains a simple diagram of the solenoid’'mpry components.
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Figure 3.1: Forced-Feedback metering poppet valve prototype

stroke (mm) force (N) current (A)
0.8 45.0+£2.5 1.5
0.8 10.0£2.5 0.5
2.2 45.0+2.5 1.5
2.2 10.0+2.t 0.t
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Table 3.1 Steady-State input-output values for the solgifibom the specifications)
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Figure 3.2: Primary solenoid components

3.2.1 Instrumentation

The testbed was instrumented to measure the vadiagss and current through
the solenoid coils and the position of the soleraridature. Data was collected via a PC
based data acquisition system which was also useedl time control of the solenoid,
Figure 3.5.

Data acquisition and control was accomplished usiagab/Simulink® with
Real-time Windows Workshop software. For hardwtre ,National Instruments® PCI-
6036E card with the SCB-68 shielded 1/0 conneclockwere used. This was all
implemented on a desktop PC which executed bothollee of host and target computer.
The sampling period was set to 0.1 ms. The anajog channels were set for

differential input.
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The solenoid EMA was controlled using an Advanceatibh Controls® Brush
type PWM servo amplifier. The amplifier accepte2davDC driver input from a voltage
source and @10 VDC reference input from the DAQ system. In&diyn the reference
voltage was converted into a reference current vivas the reference input to a
feedback current controller. This controller tmeadulated the duty cycle/pulse width of
a voltage pulse wave such that the average curreéné coils of the EMA was equal to
the reference current value. This is summarizdélgnre 3.6. Actual current feedback
was accomplished using a current control systenchvisiintegrated within the PWM
amplifier. The affect of this current controlleiivbe displayed in the results.

A 1 Q resistance was placed in series with the solecmild as the initial
approach to current sensing. It was determinetthiearesistance change and thus
heating due to ohmic losses was too large. Thisexhthe resistance value to increase
during testing which introduced additional uncertgiand inaccuracy. Thus, current
sensing was accomplished using the F.W. Bell® NWagneto-resistive current sensor.
This instrument offered relatively excellent acaydinearity, and a low sensitivity to
temperature. In addition, it contained an extrgniel load resistance of less than 2
mQ. This translated to less than 0.235% of the steresistance.

DC voltage measurements are generally straightafahgiven the nature of the
DAQ system. In the present research the DC voleagein the form of a 36 kHz pulse
wave with amplitude of 24 VDC. This presented thallenges to the DAQ system.
First, the input range of the Al channels wd® VDC. Second, with the system setup to
perform data acquisition and control, it had aeeff’e maximum sampling frequency of

10 kHz. In dealing with these challenges a voltdigaler was used to obtain a
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measurable magnitude and an analog, low-pass Buattir filter with a cutoff frequency
of 2.5 kHz was used to provide an average voltaggeak The voltage divider had an
experimentally determined ratio of approximatel$ and due to a small amount of
inductance of the resistors the voltage divider feasd to behave like a filter with its
own cutoff frequency of approximately 30 kHz.

To measure the displacement of the armature, aat.Mariable Differential
Transformer (LVDT) was used. The Omega LD620-2a5 whosen for its small range
(x2.5 mm), DC input/output characteristics, and lostion characteristics. This LVDT
features a guided core and an unusually large toecere clearance which helps prevent
misalignment and friction. The full testbed, witistrumentation, is pictured in Figure

3.7.

end-stop
washer solenoid pin Sc])Elf\illOAid
sleeve valve spring
LVDT LVDT rod
pin
@77 /// / LVDT rod
/ compression

asher T, //////

Figure 3.3: Solenoid EMA testbed
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Figure 3.5: Solenoid EMA testbed instrumentation
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Figure 3.6: Current control via a pulse width modulation arfigti

Figure 3.7: Solenoid EMA testbed with instrumentation

3.3 RESULTS AND DISCUSSION

To parameterize the model, the relationship betvpeasition and inductance must
be determined. Initially, the assumption was madé the inductance for the EMA used

in the present study has the same dependence tiopas the EMAs used in the work
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conducted by Yuan and Li [17-19]. Making such asusmnption allowed for the use of
the functional form of the inductance, Eq. 2.4,cusethe model and for the use of the
self-calibration procedure also developed by Yuaohla [17]. The self-calibration

procedure was developed to empirically determieepdrametersf£, andd) of the

functional relationship between position and indace. The functional relationship was
derived from first principles and intended to regamt the position dependent inductance

of a typical, commercially available EMA.

Lx,)=-P2 (2.4)

S d+ X,

As discussed in chapter 2, the electrical dynamii¢ee solenoid are modeled
using an RL circuit. KVL applied to such a circpibduces a first order ODE. In the
purely electrical case, simple model identificatienhniques could be used to identify
theL parameter. However, in the present casel. th@rameter changes with the position
of the armature. Using the functional relationsbiifieq. 2.4, Yuan and Li proposed a

self-calibration procedure to determine tBg andd parameters. The self-calibration

procedure offers certain advantages over convealtfmocedures: it takes seconds to
conduct, it can be conducted with the solenoidasmormal operating set-up and it only
requires hardware for measuring current, voltagd,@ositions of the end-stops of the
solenoid. These advantages made the procedusetattr for the present study.

To conduct the procedure, the measurements dgalicurrent, and position
were monitored during a step input to the systdimdetermine the change in flux

linkage, the voltage and current measurements wsaé in the following equation:
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tk+
AA, = j](—ieRe,2 +V, )t , (3.1)
b
where A4, is the change in the flux linkage of the EMA usethe present study (Wb),

i, is the current of the EMA used in the presents{dd, R, is the current resistance

of the EMA used in the present study)(andV, is the voltage across the coil of the

EMA used in the present study (V). Equation 3.5 @earived from Equation 2.3, which

is restated here in a form that is applicable &EMA used in the present study:

Ao =R, +V, (3.2)
where A, is the flux linkage of the EMA used in the pressidy (WD).

The procedure is based on the comparisoAAf, determined from Eq. 3.1, with
AA,, determined algebraically. The calculation foredenining AA, algebraically
proceeds as follows. An equation fdy is derived by substituting Eq. 2.4 into Eq. 2.2

(A =Li) to obtain the following equation:

:Be,z

d. +X,

i, (3.3)

e

where S, , is the composite) solenoid parameter for the EMA used in the presen

study (see Appendix B.4) (H-m) ard is the composited) solenoid parameter for the

EMA used in the present study (see Appendix B.4) (Bguation 2.2 is restated for the

EMA used in the present study as:
A = L, (3.4)

where L, is the inductance for the EMA used in the presandy (H).
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If the B,, andd, parameters are known, then Eq. 3.3 can be usedivth

current and position measurementt aindty. 1 to determine the flux linkage at these

time instants 4., and A,,,,). Finally, the change in flux linkage is calc@ldtas

AA, = A — Ao~ Sincef,, andd, are not known, estimate;zfz’e(2 and ae) can be

e

chosen to produce an estimate of the change ifiukhénkage:

A A

Yy 7 7 ﬁez . ﬁez .
A=A -A = —_— 3.5
e e(tk+1) e(tk) d + Xp (tk+l) Ie(tk+1) de + Xp (tk ) Ie(tk) ( )

e

The parameters can be determined by minimizingtjective function ), Eq. 3.6.

5 3 A A 2
J e,2’de)= [/]e(tk+1)_/]e(tk)_A/1e] (36)
To increase the accuracy of the parameters detedndata froniN steps was collected

and the objective function in Eq. 3.7 minimized.

A A

J e,z’de): Nz:i[je(tkﬂ)_je(tk)_A/‘e]z (3.7)

In using the self-calibration procedure in the preésstudy, the input to the PWM
was a 2 Hz square wave with an offset of 3.5 Vamglitude of 1 V. The test duration

was 12 s. The results are plotted in Figures 382. The voltage\(,), current {,),

rate of change of flux Iinkageig), and flux linkage 4, ) are plotted with just 1 s of the

12 s test shown.

The voltage stepped up from a steady-state valapmfoximately 2.31 V to a
steady-state value of approximately 4.32 V whike ¢brrent stepped up from a steady-
state value of approximately 0.465 A to a steadtestalue of approximately 0.87 A.

Both variables consistently assumed these valual 24 cycles. When viewing the
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results forA, and /, it is important to remember that voltage and aurege measured,

whereas the rate of change of flux linkage is aigiehlly calculated, and flux linkage is

the result of numerical integration. To verify tlesults, the steady-state form of Eq. 3.2

can be used. This is simply Ohm’s la\,=i R, ,, whereR,, was measured as 51

This information is also contained in Figure 3.J41. steady-state, this plot should tend to
approach zero. This is approximately the case.

Qualitatively, the first observation to note is thege overshoots and undershoots
in response to the steps up and down. The ankfigesigned to control current.
Therefore, voltage and current overshoot are likielg to the performance of the current
control system integrated into the amplifier (Fg3t8 and 3.9).

The second important observation is the trendeem} result, Figure 3.12. If
A, has a nonzero average value at steady-statd| ihaifest its self as a slopeAp.
Closer inspection of thd_ result, Figure 3.11, reveals a small negativeay@wvalue at
steady-state, accounting for the negative slopek inMathematically, this means that
V, does not exactly equalR, , at steady-state. This is likely due to slight mament
errors inV, andi,. In addition,R,, was determined at room temperature and is

assumed to be constant. In reality, heating otthleoccurs due to ohmic losses. This

increase in temperature will increase the effeciye value. This can produce the type

of error in J, that is seen in the results.

For parameterization, these errors can be ignoEephiation 3.7 indicates that it is

the change im, (AA,) that is needed for the calculations. In the se@nd window,
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AA, was determined to be approximately 0.0874 Wb alRinto complete

parameterization, the armature displacement isateedhis result is shown in Figure
3.13. The armature steps from approximately 1.B8vtm2.79 mm.

The optimization failed to uniquely converge (chedigvith small changes in the
starting point). The failure to converge leadhe theory that the inductance of the EMA
used in the present study does not have the samidnal dependence on position as
that used by Yuan and Li. To determine the fumaialependence for the inductance in
the present study, a more conventional systemifttion technique was conducted.

This technique does not identif, , andd,. Itidentifies the system time constamt)(

Once the time constamt is determined, the inductance can be calculatex) tise
following equation:

L
T =

e 3.8
"R, (3.8)

wherer, is the time constant for the EMA used in the pnéséudy (s).

When parameterizing the model using system ideatifhn techniques, the
position dependence of the inductance must be derexi. To account for the position
dependence of the inductance, the armature was &ixeegular, known positions across
its range. Multiple model identification tests weun at each position.

r, can be determined directly using a step responselwectly from the
frequency responser, was initially sought directly from the step respen The

experimental approach was to give the model aiefp and record its response. From
this, the time constant can be determined as e ait which the response was 63% of

the way from the initial value to the steady-stzfie. Figure 3.9 shows the system’s
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step response. As discussed above, the systeondssto a step-up with an overshoot of
the steady-state value. It was theorized thatvwiass the result of the high gain current
controller integrated into the PWM. To avoid thise frequency response approach was
conducted.

To conduct the frequency response approach, simesagith frequencies ranging

from 1 to 10 Hz stepping 1 Hz and 10 to 60 Hz sitegp 10 Hz were supplied to the

solenoid. The amplitude ratioélﬁ(lt , Wwhere A, is the amplitude of the input sine wave

(V) and A,, is the amplitude of the output sine wave (A)) waetermined at each
frequency and used to construct frequency respmgmitude plots. From these plots,
the bandwidth ,,) was determined as the frequency at which theureqy response
magnitude dropped 3 dB from the DC gain magnitudeuctance [,) was calculated

using the following equation:

1 _Re 1 (3.9)

r.*2m L, 2

a,, (Hz) =

This procedure was conducted at three differentipas relative to the pilot poppet
housing: 0, 1.408 and 2.804 mm.

The data from the frequency response system ideattdn tests are displayed in
Figures 3.14 — 3.16 along with fitted first ordeagnitude curves. As a means of
validation, the bandwidths from the EMA used in pinesent study were compared with
the bandwidths of the solenoid used by Yuan andHg. 2.4 is plotted in Figure 3.17

with the parameterg, = 2.64e-4 H-m and = 7.76e-3 m taken from the literature [19].

For the positionx), the position range of the EMA used in the présesearch was
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used, 0 mm x, < 3 mm. The bandwidth for the solenoid used eliterature was
determined using Eq. 3.9, whdRe= 0.5Q was also taken from the literature [19]. A
plot of the position dependent bandwidth is showRigure 3.17. Similar to the results
obtained in the present research, the bandwidtthéosolenoid used by Yuan and Li is
less than 10 Hz for the 0 to 3 mm position range.

In regards to model identification, the resultsrirthe present research show that
at all three positions, the data is very closdldteguencies. From the fitted first order
magnitude curves, the bandwidths at the positié®s .408, and 2.804 mm are 8.603,
8.543, and 9.181 Hz, respectively. Figure 3.1&shihe fitted first order magnitude
curves plotted together for comparison.

Results from the present study were inconclusiveetermining a functional
relationship between position and inductance. dffrenge in bandwidth with position
was small, 0.578 Hz for a 2.8 mm displacement efatmature. It was theorized that the
0.578 Hz change in the bandwidth was a result@fiieplacement of the armature,
instrumentation measurement error, or both.

If the observed change in bandwidth, in the presssults, was the result of
instrumentation measurement error, there is notiomal relationship between armature
position and inductance. The manufacture’s speatibins for the solenoid EMA used in
the present study indicate that the electromagh@toe is independent of the armature’s
position, Table 3.1. Itis possible that the EM8oahas an inductance that is
independent (or at least close to independent)@matmature’s position. Examining
Figure 3.19 reveals that the position independét\ Eorce does not adversely affect the

self-sensing actuator concept. Examining Figur#8 a8nd 3.20 together indicate that a
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position independent inductance is detrimentah#&dgelf-sensing actuator concept. In
Figures 3.19 and 3.20 it is graphically shown thathe system used in the present
study, with the output defined as the current, olagality is maintained as long as the
inductance is dependent on position.

If the observed change in bandwidth, in the prestmty, was the result of both
the change in armature position and instrumentatieasurement error, the position
dependence of the inductance is too weak to berdeted with the instrumentation of
the present setup. This case invokes a questiow:Wweak can the relationship between
armature position and inductance be before thesystobservability is lost? The
analysis and results presented next answer thigique

To test how weak the inductance’s dependence oatareposition can become
before observability is lost, the rank of the olaéility test matrix N) was calculated
for increasingly weaker relationships between amnggposition and inductance. For the
system to be observable, the observability testirmadust be full rank. For the present
test, the reduced-order, simplified model was ws®tithus it was necessary for the
observability test matrix to have a rank of 3. Diservability test matrix was calculated

as follows:

N=lc,” Ac, (a7 fe,] (3.10)
where A , is the 3 x 3 system matrix of the linearized reztliorder, simplified model
andC , is the 1 x 3 output matrix of the linearized reeiorder, simplified model [23].

To conduct this analysis the functional relatiopsbii the inductance used by

Yuan and Li, Eq. 2.4, was approximated by a lirfiigarA plot of the linear fit and
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original functional relationship, Eg. 2.4, is digpéd in Figure 3.21. The equation of the
linear fit was determined to be:

L, (x,) = -3.1285, +0.0335 (3.11)

where L, denotes the inductance determined by the line@dJi the units for the slope

areﬂ, and the unit for the y-intercept 8. To weaken the relationship between the
m

inductance and the armature position, the slopgkeofinear fit was decreased. The force
produced by the EMA was given the same equatios sisown in Figures 3.19 and 3.20.
This equation was not altered as the slope waredlteThe force equation is presented

here as:

F(i,xp):—(—yz d/izix : (3.12)

The observability test matrix was calculated in lslausing the ‘obsv’ command and the
rank was determined using the ‘rank’ command.
The results showed that the rank of the obsentglivst matrix changed from 3

to 2 when the slope of the linear fit was decredsedlevel between -1.0e-12 and -1.0e-

13 i. Numerically, these values are approximately zedacating that for the
m

linearized, reduced-order, simplified model, thstsyn is observable for any practical,
linear relationship between armature position agdictance. A practical linear
relationship is a linear relationship which camieasured. For the hypothetical,

solenoid EMA, with a linear relationship betweersition and inductance having a slope

of -1.0e-12£, the relationship cannot be measured and theréferelationship is not
m
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practical. Furthermore, if the relationship carétmeasured, the system is not
observable in the practical sense. In summatigisolenoid EMA has a measurable,
linear relationship between armature position adictance, simulations indicate that
the system is observable.

In the present experimental study, a relationskigvben armature position and
inductance could not be determined with any comicge Without a functional
relationship between inductance and armature posithe self-sensing actuator concept
is not applicable. Without the self-sensing acuabncept, an active damping scheme
would be very complex in practice. The inabilibydetermine a relationship between
position and inductance for the solenoid used énpitesent study prohibited further

testing of the active damping approach

1l:

10- q

g
|

Voltage (V)
(@)

-15 ! ! ] ! ! !
6 6.2 6.4 6.6 6.8 7

Time (s)
Figure 3.8 Parameterization test -measured voltage acressdlenoid EMA coll

69



Current (A)
H
i
=

% 6.2 6.4 6.6 6.8 7
Time (s)
Figure 3.9 Parameterization test - measure current acressdlenoid EMA coil

e
g o
L L L

()
L
4
3
>
4
1
1
>

e,
ol

R
a

Rate of Flux Linkage Change (Wb/s)

6.2 6.4 6.6 6.8 7
Time (s)
Figure 3.1Q Parameterization test - calculated rate of charfigiee EMA flux linkage

R
o

70



o
~

o
V)

Q

o
N

o
>

Rate of Flux Linkage Change (Whb/s)

O
o2

6.2 6.4 6.6 6.8 7
Time (S)

Figure 3.11 Parameterization test - calculated rate of charfiglkee EMA flux linkage

(zoom-in)

1 _CI) 1
o o o
(@)] (&x]

o
(0))
m

Flux Linkage (Wb)

6 6.2 6.4 6.6 6.8 7
Time (s)
Figure 3.12 Parameterization test - calculated EMA flux ligka

71



2.5] q

Position (mm)

1.5] q

JB 6.2 6.4 6.6 6.8 7
Time (s)
Figure 3.13 Parameterization test - armature position

o datd
—fit

Magnitude (normalized)
o o
o o

o
n

0.2 : e : T
10 10 10
Frequency (Hz)

Figure 3.14 Magnitude frequency response magnitude at 0 mm

72



o data
]
(]
NOQ.8
©
£
o
=
< 0.6
©
2
c
g
2 0-4
0.2 T ‘
10° 10 10
Frequency (Hz)
Figure 3.15 Magnitude frequency response magnitude at 1.41 mm
1 o data
o
(]
NOQ.8
©
£
o
=
< 0.6
©
2
c
g
2 0.4 7
0.2 T &
10° 10" 10°

Frequency (Hz)

Figure 3.168 Magnitude frequency response magnitude at 2.80 mm

73



30.04
@
o
c
8 0.03
o
S
S
£
O.Oz0

w

N
a

Bandwidth (Hz)

a»
oL
o1

-

15 2 2.5 3
Displacement (mm)

Figure 3.17 Inductance and bandwidth of the solenoid useW¥umn and Li [17]

....... —0 mm

o
Q

Magnitude (normalized)
o o
B @

10 10 7
Frequency (Hz)

Figure 3.18 Magnitude frequency response comparison

74



electrical sub-system mechanical sub-system

s S s Y

| N |
| | | |
| ' |
| = 9 I . :
: —Ri+u L. ly 2 p r' L X, |
L u="V, ' I > Ffi ' || pilot poppet N =1
: - N LXp) 7] dynamics i) !
: % | :
| L | |
| ) | | :
| L(xy) | N |
| | |
| |

Figure 3.19 Simplified model, two-way coupling between theattical and mechanical
subsystems

electrical sub-system mechanical sub-system
\-- """ """~ -~ -~ - - T/ ---T T TTTT T T T T T T T T T T T T _________i
! |
|
N :
| : |
> . Al 1| A D : !
—Ri+u - 5 Al | | X, !
u=>V, I F(i) D pilot poppet v ’ :
' ' 7| dynamics p o,
| |
|
N I
| : |
| l
N :
|

Figure 3.2Q Simplified model, one-way coupling between thecgical and mechanical
subsystems

75



0.03

—Yuanand L
003 T linear fit
g 0.034
8 0.032
8
S 0.03
©
=

0.028

0.026

0.02 ‘ ;

0.5 1 15 2 2.5 3
Displacement (mm)

Figure 3.21 Linear fit of the inductance relationship detemsd by Yuan and Li [17]

76



CHAPTER 4

NONLINEAR CONTROL OF THE METERING POPPET VALVE

4.1 INTRODUCTION

Metering poppet valve systems can present a nuoflentrol challenges. From
the literature review, poppet valve hydraulic citeian operate in regions too far from
equilibrium points for the complete behavior of #ystem to be captured by
linearizations about equilibrium points [7]. Indhion, it has been shown that the speed
of flow response and steady state flow error caregse with the pressure drop across
the valve [12]. These challenges indicate that@mgroller designed for a metering
poppet valve control system would need to changle the system’s dynamics in order to
maintain optimal performance [12] One control agptovhich addresses these
challenges is input-output feedback, linearizatitmput-output feedback linearization
linearizes the input-output map of a system usiaghematical expressions of the system
dynamics and feedback of the system states [25].

In the case of a metering poppet valve, if the imaar mechanisms which affect
global behavior are well modeled, the input-oufipetback linearization controller
could be used to neutralize these effects in thatioutput map. In this way, the input-
output, feedback linearization controller is expélcto handle global behavior. In
addition, the input-out map would be linear andsthwell established linear techniques

would be available for control design applications.
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With a linear input-output map, the closed-looptsysoutput response would
behave in a linear fashion. Linear-time invarigygtem responses do not change with
operating conditions. In this way, it is expectledt the metering poppet valve system’s
output dynamics would be robust to the operatingddmns. Speed of response and
steady state flow error should remain approximatetysame for different pressure drops
and supply pressures.

The research presented in this chapter uses giorutaethods to explore the
possibility of using an input-output, feedback aneation controller to control the flow
across the MU valve. Although this linearizatioathod avoids approximations as seen
in the more familiar Jacobian linearization techm@git does assume perfect knowledge
of the valve’s state equations. Since it is naslale to have this knowledge, such
factors as parameter uncertainties and unmodeleancigs can be detrimental to the
success of the controller. Thus, the results aelan analysis of the robustness of the

controller due to parameter variations.

4.2 MATHEMATICAL MODEL

The model used to simulate the forced-feedbacknngtpoppet valve is a6
order model composed of four, governing equatibme:mass-spring-damper equations
of motion for the main and pilot poppets, a pressige rate equation for the control
volume, and a pressure rise rate equation forohe Volume. Positive displacements for
the poppets were defined as displacements intoahtol volume. Both poppets are

prohibited from negative displacements by theirgedseats X, = 0x, = 0).
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For the main poppet, Newton’s second law of motias applied with terms

accounting for linear damping forcels, & ), the feedback spring force
(k(xm + X, + Xgq )), pressure forces above and below the popRet.( P,A,, andP A )

and flow forces ().72C§h3xm(PS - PL) ). The governing equation of motion for thamma

poppet is as follows:

Mxm = _mem - k(xm + Xp + Xsid)_ PcAh + PsAs + I::’LAL
- 072C2hx, (P, - P) '

(4.1)
where M is the mass of the main poppet (kg), is the position of the main poppet (m),
X, is the position of the pilot poppet (n),, is the linear damping coefficient (N-s/m),
k is the feedback spring constant (N/mX),, is the feedback spring preload (nR), is
the pressure in the control volume (PB),is the supply pressure (P&), is the load
pressure (Pa)A, is the main poppet area exposed to the controimel(m), A, is the
main poppet area exposed to the supply pressureAmy the main poppet area exposed
to the load pressure (m(,, is the orifice discharge coefficient, ahg is the main
poppet orifice slope (m).

The pilot poppet was modeled similarly with ternes@unting for damping forces
(B,X,), the feedback spring forc«k((xm + X, + X4 )), flow forces
( O.720§h2xp(Pc - PL)), and the solenoid actuator force . The governing equation of
motion for the pilot poppet is as follows:

mx, = -B,x, —k(x, +X, + Xy ) 072C2h,x (P, - P )+ F . (4.2)

p
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wherem is the mass of the pilot poppet (kdj, is the damping coefficient for the pilot
poppet (N-s/m), andh, is the pilot poppet orifice slope (m).

The solenoid force was confined to a range betvlesmmd 60 Newtons in order to
approximate the physical limitations of commergiavailable solenoids. In addition,
the simplifying assumption was made that the glgipet is instantly pressure balanced.
This eliminates the dynamics of a pressure volubov@ the pilot poppet and fluid flow
between this volume and the control volume. The fbetween these two volumes
would traverse an orifice in the pilot poppet aotlas a nonlinear damping effect on this
poppet. This damping is lumped with the linear gamg and represented ag iB the
model.

The dynamics of the control volume pressure wereikited by the following

equations:
I:‘)c = '8 (Ql _QZ + Akxm)’ (43)
VC - AZXI’T]

whereQ, =K,y[P, =R, & Q, =K,x,/P.- P . (4.4), (4.5)

and £ is the fluid bulk modulus (Pay, is the initial fluid volume of the control volume
(md), K, is the flow gain for the control volume inlet oce# (m“/s\/ﬁ), K, is the flow

gain for the pilot poppet orificenﬁ3/s\/ﬁ), Q, is the flow rate through the control
volume inlet orifice (n¥s), andQ, is the flow rate through the pilot poppet orifice
(ms).

The assumption has been made that the volume clodnige control volume
resulting from pilot poppet movement is small congplato its nominal volume and

therefore the volume change here is due solelyaim moppet movement. The further
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simplification was made to neglect the flow contitibn from the pilot poppet’s

movement due to its comparatively small area asplacement relative to the main

poppet.
The load volume dynamics were simulated by a fix@dme connected to a tank

through an orifice. The dynamics of the load voduwwvere simulated as follows:

PL :VE(QZ +Q3 _Q4)’ (4.6)

whereQ, = Kx,/P, - P, & Q, =K, /P - P,. (4.7), (4.8)
andV, is the volume between the valve and load orifiod ( K, is the flow gain for the
main poppet orifice |(n3/s\/ﬁ), K, is the flow gain for the load orificen(“/s\/ﬁ), Q;
is the flow rate through the main poppet orifice/&)) Q, is the flow rate through the
load orifice (n/s), andP, is the pressure in the tank (Pa).

All flows (Egs. 4.4, 4.5, 4.7, and 4.8) were sintethwith the classic orifice

equation with the flow gains calculated as follows:

2 2

K, =a,C, /;, K, =h,C, /;, (4.9),
2 2

K, =h,C, /;, K, =a,C, /; . (4.11),

where a, is the area of the control volume inlet orifice’{yra, is the area of the load

(4.10)

(4.12)

orifice (mf), and p is the density of the fluid (kg/fnAlthough it is possible to simulate

bidirectional flow through the valve, flow was nested as shown in Figure 1.2 and
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pressures were restricted as follows £ P, < P, < P,). The total flow out of the valve
is the sum of the flows across the pilot and mapgets (Eq. 4.13).
Qui =Q; +Q, (4.13)
For controller design, the model was representeddrstate space form. In
addition, the load dynamics were dropped and repted by a fixed load pressure

parameterP.. The state space variables are definedws: X, W, = X, W; = P_,

w, =X,, andw;, = X,. The state space equations were determinedl|as/ol

w=lw, ow, w, ow, w] = [xm %, PoX, )'(p]T, (4.14)
w =f(w)+gWw)u,, (4.15)
y,, = h(w), (4.16)

wherew is the 5 x 1 state vector. The nonlinear stabetfon vectors were determined

to be:

W2
S {-b,w, k(v +w, + preload) - w,A, + PA +PLA
- 072C2hw, (P, - P_)]

f(W)_ ﬁ(KW Ps_Ws _K2W4\/W3_P|_ +A;W2) ’ (4.17)
c 1 W5

1
E[‘ B, —k(w, +w, + preload) - 072C;h,w, (x, - P, )]

g(w):{o 000 1}, (4.18)

u, =F, (4.19)

y, =hWw)=K,w,\/w, -P_+K,w,.,/P,-P . (4.20)
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4.3 INPUT-OUTPUT, FEEDBACK LINEARIZATION CONTROLLER

Egs. 4.14-4.20 represent the force-feedback meteoppet valve system used in
the present study. The state-space form of thenmgtpoppet valve system is a form
which is suitable for development of an input-ouffeedback linearization controller.
The steps that need to be taken to complete thelaj@mwent of the controller are a
change of variables and a state feedback control Tehe development of the change of
variables will be discussed next. The state feekllbantrol law used to linearize the
input-output map will be clear from the transfornsggtem.

Define a transformation map :

RaRH

where¢ andy are functions which transform the state vector)(into internal @)
and external § ) dynamic variables, respectively. The transforregstem will take the

form of Eqs. 4.22 — 4.25 below, also known as thenal form:

n=1,(n.§). (4.22)
§=AE+Byw)u, -alw)], (4.23)
Yu =C§, (4.24)
0 1 0 .. 0] 0] 17
00 1 ..0 0 0
where A, =|: LB, = ,C =] (4.25)
: 0 1 0
0 0 0] 1] 0]
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To complete the development of the transformation the vector functiongp , ¢ and
scalar functionsr, y need to be determined. To determine the vecibisaalar
functions, the input-output map must be derivetie Ihput-output map was obtained by
taking successive time derivatives of the outputagign (Eq. 4.20) ¥, V,, ... y?)) until
u appeared with a nonzero coefficient:

v = -y )atw)+ yw ), (4.26)
Here, 6 is referred to as the relative degree. For theenmg poppet valve system

defining output as in Eq. 4.20, the relative degsezand thus Eq. 4.20 was

differentiated to the second derivative to obtain:

Vo = =MW Jalw )+ pw Ju,, (4.27)
where,
Kz W; = PL
yw) = Be— (4.28)
a(W) = _L{ (Wl)dhvv1 + (WZ )dhwz + (W3 )dhw3 + (W4 )dhw4 +
KayWs =R . (4.29)

%(_Bp - k(Wl +w, + X ) - 0'72C§h2W4(W3 -P ))dhws}

_ ALK, W,
h = P —
| " 2(Vc - Akwl)szs -P (Kl v .

- K2W4\/W3 - PL + Acwz)

dh,, = K\/P, - P, +( AP j KaW, (4.31)

Vc _A\;Wl 2/\/W3_P|_ '

(4.30)
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dh =- BK,w, [ K, + K,w, }
’ 4(Vc_AbW1)\/W3_PL \/Ps_W3 \/Ws_PL

) ) , (4.32)
. 2Wy ; 2

(W3)4(W3 ey +(W4)2 v

dh,, = _BGw, (W) —2 (4.33)

2(Vc - Axwl) ’ 2 W; = PL

dh, =K,yw; -P_. (4.34)
At this point, it is important to note that exantioa of Eq. 4.28 indicates th#& = 2 for
w, # P_. This defines a necessary sBy(={w 00° [P, <w; < P,}) for the valid

operation of this input-output, feedback lineaii@atcontroller.

The normal form decomposed the system into an eait@art Eqgs. 4.23 and 4.24
and an internal part Eqg. 4.22. This decompositias determined by the relative degree
and thus the external state variable was a 2 arfstormed state vector. The
transformation that maps to the external part ctediof the time derivatives of the

output equation:

c=vt-{ -]l @23

Since the system is d'®rder system, the internal state variable wax d 3ransformed

state vector:

n] [aw)
n=eWw)=|7,|=|aW)|. (4.36)
n| |ew)

The transformation for the internal part shoulcchesen to exclude the inpufrom

these dynamics and thus the criterion for choogiig ) is:
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99W) ) =o. (4.37)

The internal dynamics are uncontrollable and thesstystem must be minimum
phase for the input-output, feedback linearizationtroller to be plausible. The internal
dynamics are thus useful for checking whether aoitm® system is minimum phase.
Whether or not the system is minimum phase caretermined without the internal
dynamics. Thus, in the present work, a transfaiondbr the internal part was not
developed. Whether or not the system is minimuaspiwill be addressed below, using
the zero dynamics.

In the present research, the control objectivetovalesign a state feedback

control law such that the output asymptoticallcksa reference signag(t). For output

tracking of a reference signal, a further changeaniables was defined:

e IRt
e, =¢-R,, whereR, = {RSJ = Lj, (4.38)
= n=fy(ne, +R,) (4.39)
é,=Ae, +B.{yw)u-aWw) -t} (4.40)
where A = {O 1},Bc :[0} (4.41)
00 1

The input-output map was then linearized by thiowahg control law:

u, =aw)+Bw)v+i,) (4.42)
where B(w) = y*(w) andv is the inner controller. (4.43)

producing the results:

n=f(ne,+R,) (4.44)
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e, =A.e, +B.v (4.45)
Substitution ofe,,, €,, A., andB_ produces the controlled form of the input-output
map:

Y, VI, (4.46)
Controller design was completed by choosirig be a Proportional Derivative (PD)
controller (v=-K e, ) such thatA —-B K ,, was Hurwitz and the internal state
variable nt) was bounded for atl> 0. DeterminingK ,, to satisfy the criterion was
straightforward. However, to insure thaft) was bounded, the system must be

minimum phase. This is addressed next.

4.4 ANALYSIS OF ZERO DYNAMICS

The system is minimum phase if its zero dynamic e asymptotically stable
equilibrium point inDy. The zero dynamics are determined by set§irg0 in Eq. 4.44
to obtain:

n=f,(n0). (4.47)
In the present research, the zero dynamics weegrdeted using the system prior to the

transformation by restricting to the setZ’ ={w ODg | Yy =Y = O} and setting

u, =afw)]

w

L, INEQgs. 4.14 & 4.15. Using Eq. 4.20 and its finste derivative with the
necessary set of validio, it was determined that

Zz' ={wOD, |w, =w, =w, =w, =0}. In order forw, andw; to be maintained at zero,

W, andWw, must also be zero. The zero dynamics are thus:
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KXga +Ws A, = PA + PR A +Fy,, (4.48)

whereF,, is the force of the main poppet seat,
W, = Vﬁ(K1 P, —wg). (4.49)

If the flow is restricted to zero, both poppets s closed and not moving. If this
happens at a time just after the main poppet feeed| but prior to the supply line and
control volume reaching equilibrium, high pressfilwed will pour into the control

volume Q) until equilibrium is reached at,, = P,. The increased pressure force from

the control volume on the head of the already clasain poppet will be balanced by the
force of the seat, represented in Eq. 4.4Bgas It is thus clear that in the 98¢ the zero

dynamics have an asymptotically stable equilibrpomt atw, = P, and the system is
minimum phase. To complete the discusskp@l) is only bounded for sufficiently small
e, (0), n(0), andR,(t). The setin whicte,(0), n(0), andR.(t) are sufficiently small

must be a subset By and the necessary and sufficient set of operdbiothis input-

output, feedback linearization controller. In gresent researalv (0)=0andR,(0)=0
thus,e,(0)=0 andn(0)=0. r_(t) was restricted to the range between 0 and 90 L/min

and was sufficiently small.
4.5 RESULTS AND DISCUSSION

The control strategy developed above has beerdtesteseries of simulations.
The attention focused on the response of controteking under different operating

conditions, parameter perturbations, and disturesndn the results that follow, the
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reference trajectory was the step response otarisecond order system with a damping
ratio of 0.5 and natural frequency of 50 Hz. Ttep®ccurred at 0.2 s. Nominal
operating conditions were chosen to be: supplgque Py) = 21 MPa and pressure
drop across the valvelP) = 2.1 MPa. These conditions were chosen as rairdire to
the fact that valve geometry produces a flow of LM with the main poppet fully open
at a pressure drop of 2.1 MPa. To serve as a bearéha PID controller was tuned.

For nominal conditions, the responses of both otlets are plotted in Fig. 4.1.
The input-output controller performed well, wittose tracking to the reference
trajectory. This result indicates that for theeaditions, the system nonlinearities were
canceled by the controller causing the closed kygpem to behave like the second order
linear system it was tracking. Shortly after ttepsapplied to the reference system at 0.2
s, a small deviation of the flow from the referetregectory occurred. The deviation of
the flow from the reference trajectory is picturadre closely in Fig. 4.2. This flow
deviation occurred when the main poppet openedamaytical explanation follows.

As discussed above, the solenoid force was contmedange between 0 N and
60 N. This range served to limit the controllesigput and thus the expression for the
controller in Egs. 4.42 and 4.43 is incomplete. cbmplete this expression, Eq. 4.42 is
redefined:

U = alw)+Bw)v+r,). (4.50)
The effective controller output is then defined@bows:

u =UW,T+F

w

(4.51)

S
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0, if O<u,, <60

whereF, =<-u,; +60, if u,; >60 (4.52)

With this completed controller expression, Eq. 4@t be corrected:

V+I

s

if 0<u,, <60
¥, =V+I +pw)F, =< pw )alw )+ p{w )60, if u,, >60;. (4.53)

-yw)alw), if u,, <0

Eq. 4.53 is the final equation needed for an arw@ltinderstanding of the flow

deviation that occurred when the main poppet opefegs. 4.29 and 4.31 fm(w)
indicate that when the main poppet opens, its acawbn (v, ) causes a dramatic
decrease ir(w ) and thusu,, driving both variables to negative values. Thetazler
action is reasonable in light of the dramatic flomarease that accompanies the opening
of the main poppet. The controller is seekingtterauate the flow increase and maintain
reference signal tracking. However, the effecthput signal saturates at zero. Eq. 4.53
indicates thaty,, = —y(w )a(w) whenu,, = 0 With a(w) becoming increasingly more
negative,y, becomes increasingly more positive and thus yemses when the effective
input saturates at zero duecn(w). As the main poppet slows, its decreased acdrlrra
allows the effective inputi, to rise above zero and resume reference trackhsghe

results show, this effect was present in all sirthoites to varying degrees.
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It is believed that an inherent system time detaheé underlying mechanism
responsible for the flow deviation. The time detegurs between the actuation of the
pilot stage and the response of the main stageeaately following the opening of the
main poppet. When the main poppet opened, itderat®n caused the controller to
allow the pilot poppet to be closed by the feedbsmikng. With the closing of the pilot
poppet, the pressure in the control volume increéasel this pressure slowed and
reversed the acceleration of the main poppeterimg of flow, when the main poppet
opened there was an accompanying dramatic incnedlesv. The controller responded
to the dramatic flow increase by indirectly incriegsthe pressure in the control volume
to slow the main poppet opening and thus the floevaase. However, there was a time
delay between controller action at the pilot stage flow control at the main stage.

Displayed in Fig. 4.3 are the results of contraltacking at four different
conditions: (1)Ps = 21 MPa4P = 2.1 MPa; (2Ps = 28.9 MPa/P = 10 MPa; (3Ps= 30
MPa,4P = 20 MPa; (4Ps = 35 MPa4P = 35 MPa. In all conditions, tracking was close
until the main poppet opened and the controllearsétd at its lower limit. Upon
controller saturation, the flow spiked with the magde of the spike dependent on the
AP. Following the flow deviation, the controller sgablished tracking of the dynamic
time behavior of the reference signal. The flowvallfour conditions exhibited the same
rise time and settling time as the reference signal

Despite the dynamic time behavior being reestadtisfull recovery was not
achieved due to tracking error in all conditiod$he magnitude of the tracking error was
also dependent on th# as was the magnitude of the flow deviatidrhis suggests that

the tracking error was dependent on controllerrasitn as was the flow deviation.
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However, this is unclear. In conditions 2, 3 anavlere tracking error is increasingly
noticeable, the valve flow oscillates with highduency and low amplitude.

Examination of the controller in these conditioagaaled that the controller continuously
saturated at its lower limit.

To test the response of the system when steppeddiiferent operating points, a
profile with multiple changes in the step level vegplied to the system. The results of
this simulation are displayed in Figure 4.4. Sitleinput-output map was linearized, it
was expected that the system should have the demeesponse despite its operating
point. Qualitatively, this is confirmed everywhemecept at the first step. Again, the
large overshoot is a result of the opening of tlanpoppet and the time delay between
controller actuation and main valve response.

The analytical analysis above indicates that therotler is saturated at its lower
bound during the first step up. The analyticallysia also indicates that when controller
saturation occurs at its lower bound, the inpupatitnap is no longer linear. From Eq.
4.53, it reverts to its pre-linearization form. st the linearization in the present
numerical analysis, it was important to insure thater-bound saturation was avoided
during the steps. Unfortunately, this was not fidssind decreasing degrees of
saturation occurred as the operating point incika3dis explains slight differences in
the steps, particularly between the step-ups amgtdp-downs. Quantitatively, the step-
ups averaged a rise time of ~4.4 ms while the dtmpas averaged a fall time of ~6.6 ms.
During the step-ups, the controller saturatedsabitver bound and during the step-

downs, the controller saturated at its upper bound.
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To further test the linearization, the step resperisom the model with the input-
output feedback linearization controller (closedgsystem) were compared to the step
responses from the model without the controllee(efmop system). Step responses
were compared at each of the four conditions ddfateve. Due to the linearization, it
is expected that the closed-loop system be mongstdb the changing pressure
conditions than the open-loop system. This meaaisthe closed-loop system should
reach approximately the same steady-state flonevahder all four conditions, where as
the open-loop system will likely not achieve appnaately the same steady-state flow
value under all four conditions.

To make an accurate comparison between the op@nalod closed-loop systems
a step input at condition 1 was applied to the dpep system and the simulation run
until the open-loop system reached steady-state steady-state flow value was noted
and used in the closed-loop case. In the closepl-dase, a step reference input, having a
final value equal to the steady-state flow obseindtie open loop case, was applied to
the controller. The objective was to guaranteéttmaflow in the open-loop and closed-
loop systems, had the same initial and final values

Figures 4.5 — 4.8 show that both the open-loopcoskd-loop systems exhibit a
steady-state flow that was dependent on the pressuditions. In the closed-loop
system, the pressure dependence of the flow isusted by the controller as the flow in
the closed-loop relative to the open-loop case mlwsely tracks the steady-state value
of approximately 10.5 L/min. In the open-loop cabke speed of response of the flow
increases with increasing pressure drop acrosgdle. In addition to the increase in

response speed, the open loop valve exhibits siggrishoots and damped oscillations at
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conditions 2, 3, and 4. With the closed-loop systthe input-output feedback
linearization controller produces and even greasertime than the open-loop system
under all four conditions. In addition, it appe#rat the closed-loop system'’s rise times
are approximately the same under all four condstioHowever, in the closed-loop cases,
the controller caused the actual flow to overshbetreference value. The magnitude of
this overshoot increased with increasing presstop dcross the valve. The closed-loop
results of flow overshoot are consistent with wima$ been observed during the opening
of the main poppet in previous simulations.

To test the response of the controller to distuckantwo simulations were run
during which the supply pressure was increasedsab123 MPa and 28.9 MPa from the
nominal condition. The results of the simulati@ns shown in Fig. 4.5. The response to
the disturbance in each simulation was a transigiie which lasted no longer than 50
ms. For the increase to 28.9 MPa, the spike waetas large with a slightly longer
duration. In both simulations controller saturatacounted for the magnitude of the
height of the spikes. Close steady state trackiag restored in both cases. It should be
noted that the pressure disturbance occurredraehing steady state conditions. This,
along with the nominal operating conditions, likelyplains the ability of the controller
to reestablish reference tracking. This is in @sttto cases following initial pressure
deviations of lower magnitude at more extreme dpegaonditions, Fig. 4.9.

To test the robustness of the model, certainrpatars in the model were
separately increased by as much as 50 % and dedrbgss much as 40 %. Simulations
were then run in the nominal conditions. The paatanms chosen were those which might

have the most variation in time and from valve abve based on real world
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considerations: the area of the inlet orifice ® tlontrol volumed,), the slope for the

pilot poppet orificelf;), and the slope for the main poppet orifibg).( The results of

these simulations are displayed in Figs. 4.10 & 4.0lot displayed are robustness results
to variations in hbecause the controller proved to be very robush&mges in this
parameter. The results can be explained as folltmwshose parameters which are
changed in the model, the terms which they areczssal with in the input-output map
will not be eliminated. Instead, there will beidegl nonlinear terms multiplied by the
parameter perturbations remaining in the input-outpap. These residuals affect the
response of the closed loop system and, if largeigm will destabilize it.

In examining the transition to main orifice flowdathe control error the transition
caused, another approach to flow control was deaal; If the position of the main
poppet were to be controlled using feedback lizedion then flow control can be
conducted as follows. First, assume a desired Wlalwe,Qq. Further, realize that the

feedback linearization can be applied to the outguation,y,, = x,,, using the same
approach discussed above. A linearized input-dutap of the form of Eq. 4.46

(yv(f) =v+ rs(g)) would result. Then, the flow equation (Eqg. 4.t8h be solved usinQq

to obtain a reference value,j for the linearized input-output map, Eq. 4.54.

Qu — KW, yWs — P (4.54)

Ks Ps _PL

r =

It is expected that the delay which affects thevftmntrol will not be as pronounced in
position control. In addition, preliminary calctitmns show that the system is full-state

feedback linearizable when the main poppet positiaiefined as the output. This means
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that the complete system will be feedback lineariaed all states controllable. This is

left as future work.
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Figure 4.1: Controller comparison at a supply pressure of 2-aMRd a pressure drop of
2.1 MPa
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CHAPTER 5

CONCLUSIONS

5.1 INTRODUCTION

A metering poppet valve has been developed at theetsity of Missouri-
Columbia to perform flow control in place of mor@nemonly used spool valves.
Metering poppet valves offer certain advantages speol valves which makes them
more attractive in the flow metering role over spaaives. Performance and stability
issues need to be addressed before metering pegipes are fully accepted in the flow
control role.

In the present research, active damping and inptd, feedback linearization
control were both studied to test the ability afdd approaches to maintain the MU
valve’s stability and good performance at the siime. Here, stability in the classical
sense, poles located in the left-half plane, isgnuiged. The stability issues observed
from the MU valve and other metering poppet valesundesirable oscillations in the
valve’s position response which can adversely affawn stream” components. The
time domain specifications of overshoot, settlimget and peak-to-peak amplitude were
used to analyze the results of the present wohle gerformance of the metering poppet
valve is important for flow control and disturbamegection. Here, performance was
synonymous with the speed of response. The timedospecification of rise time was

used as an indicator.
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5.2 ACTIVE DAMPING

In this work, active damping took the form of sa&hdamping of the pilot
poppet using velocity feedback. Velocity is desiean the active damping role because
it carries the dynamic information of the pilot pap. The velocity of the pilot poppet is
not easily obtained and in this research, it wappsed that the self-sensing actuator
concept be used. In the present research veloaitlyol was desired over position
control because it was expected that velocity cbeldetter estimated than position. The
Kalman filter results allowed a conclusion to bawin regarding this expectation.

The Kalman filter results showed that both positmal velocity were poorly
estimated at sufficiently large steps away fromdperating point. The position
estimation errors took the form of transient arghdy errors. For the Kalman filter’s
velocity estimate, only transient error was preséfiith the velocity estimate in a
proportional active damping scheme, a level of damprould be provided by the
transient portion of the estimate. For active dagmith position control, the transient
portion of the position estimate would also provedevel of damping. However, the
steady-state estimation error of the position estignvould result in steady-state position
error.

In addition, direct position control of the pilobppet in a forced-feedback
metering poppet valve is not desirable. With treéd-feedback metering poppet valve,
the function of the feedback spring is to adjustiiot poppet position in response to the
main poppet opening for the purpose of balanciegdince applied to the pilot poppet by

the solenoid. A position controller would negdtis function.
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With the extended Kalman filter, it was shown ttet self-sensing actuator
concept is a viable approach to determining thé&ipasand velocity of a poppet if
certain conditions are met. First, the poppet roedirectly controlled by an EMA.
Second, the position and velocity must be obseeviibm the EMA current
measurement. For a solenoid EMA, this means hainductance must have a
measurable position dependence.

In the MU valve, damping of the pilot poppet iscaéhieved via flow of
hydraulic fluid through a tube in the pilot poppét. the present research this was
referred to as passive damping. With passive dagnpithe MU valve, results showed
that the radius of the tube in the pilot poppetet the trade-off between performance
and stability. With a larger radius tube, theres\mashorter rise time and longer settling
time relative to the case with a smaller radiugtub

It was the original goal to explore active dampiegause it was expected that
active damping would allow a coordinated dissipatd energy while preserving the
performance of the system. The results from tlesgmt research do not fully support
that expectation. Active damping attenuated trekge-peak amplitude and decreased
the settling time of the position response. Howethe rise time of the position response
was increased.

Despite the results of the present study, theadamping scheme is still very
promising. Here, only a simplified proportionahaaing scheme was tested. Itis
expected that more sophisticated, frequency basedping schemes will help to realize
the original goal of a valve designed for perfore@while incorporating active damping

for coordinated energy dissipation.
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Results have shown that active damping might adsddsirable for energy
conservation. It was shown that the proportiomethging scheme exhibits efficient
characteristics by consuming only the energy thatieded to achieve a certain response.
In addition to this advantage, the active dampipigreach avoids one important draw-
back to the passive damping approach. With pasiuging, the flow of hydraulic fluid
through the pilot poppet tube is dependent on tbeogity of the fluid. Fluid viscosity is
dependent on such factors as fluid compositiontangberature. Thus, tube damping is
dependent on such factors as fluid compositiontangberature. These factors can
change with fluid contamination and operating emwvinent. Active damping avoids the
uncertainty of fluid viscosity and is thus a robdamping approach with respect fluid
Viscosity.

Finally, with the active damping approach, morekiisrneeded. A lot of study
and optimization is possible. Here, the first stbpve been taken towards providing a
technique which will allow a metering poppet vateebe designed for performance while
active damping is used for energy dissipation. sehfest steps include: 1. the first use of
active damping with the estimated velocity stateulgh the use of current and voltage
measurement in a valve, 2. the first use of adamping with a forced-feedback
metering poppet valve, and 3. a unique and promigpproach to producing a metering
poppet valve capable of attaining both performaarmt stability.

In the right conditions, this approach will be verseful. Success could be
achieved by developing the system from the groymdith this approach in mind rather
than retrofitting this approach to an existing eyst Developing from the ground up

would include designing a solenoid EMA which prascd controllable electromagnetic
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force and has an armature with position dependhehictance which allows for accurate

observation of the position and velocity of the atane.

5.3 FEEDBACK LINEARIZATION CONTROL

With the MU valve and input-output feedback lineation there is the potential
for the neutralization of problematic nonlineastieThis would allow the input-output
map to behave in a linear fashion and produce temsywith good flow control and flow
disturbance rejection. To assess this potengtdyence tracking was attempted with
four different pressure conditions.

Although the results are promising, the controdiehibited some troubling
characteristics. First, the closed-loop systermarded to the opening of the main
poppet with flow deviations. This behavior wasqume to the input-output, feedback
linearization closed-loop system since the opemp-®gstem did not exhibit such
deviations when the main poppet opened. Analyicalwas shown that the
acceleration of the main poppet causes the coetrlquickly saturate. When the
controller saturates, the input-output map is myé linear and reference tracking is
temporarily lost. Physically it was proposed thatinherent system delay between
control action at the pilot poppet and pressuresi@ge in the control volume was the
underlying mechanism behind the flow deviations.

Second, at higher pressure drops across the \tewnsjent and steady-state
tracking error occurred. The magnitude of thelirag error was shown to be dependent

on the magnitude of the pressure drop. This regastunexpected since the input-output
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map was linear. It was expected that the valveldvexhibit the same response in any
pressure condition. Controller saturation is timsat to also be responsible for the
unexpected tracking results. In all of the caslkere/ tracking error occurred, controller
saturation also occurred. It was shown that wigentroller saturation occurred, the
input-output map ceased to be linear. This explie nonlinear response of the closed-
loop system to different operating conditions.adidition, it was shown that when
controller saturation was largely avoided, the taputput map behaved in a mostly
linear fashion despite its current operating point.

Despite these issues, the controller was showertonn reference tracking while
remaining stable. The controller moderately recegtdrom the flow deviations, never
allowing the deviations to exponentially increasehecked. In addition, in comparison
to the open-loop system, the closed-loop systeriopeed better flow tracking.
Disturbance rejection was achieved in limited smtiohs and robustness was
demonstrated through numerical simulations. Infafwre, the input-output map from

force F) to main poppet positionx(,) should be used to apply feedback linearization to

the complete system. In this way all states velicbntrollable. Also, alternative
feedback linearization approaches which neutrapezific nonlinearities should be
investigated. System nonlinearities which havesitjve effect on valve performance
and stability should not be neutralized. The featidinearization results presented in
the present work represent the first attempt tdraéze nonlinearities using feedback

linearization in a metering poppet valve.
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APPENDIX A — NOMENCLATURE

Linearized, simplified model, state matrix (4x4)

Linear estimator, state matrix (4x4)

Feedback linearized model, system matrix (2x2)
Linearized, reduced-order, simplified model, systaatrix (3x3)
For the simplified modelA= A, = A (5e-5 nf)

Main poppet area exposed to the control volumes(5é)
Amplitude of the sine wave input to the solenasthbed (V)
Main poppet area exposed to the load pressure-@Lr)
Amplitude of the sine wave output from the solehntaistbed (A)
Pilot poppet area exposed to the pilot volumeX5e?)

Main poppet area exposed to the supply pressi@e-4Lnf)
Control volume, inlet orifice, area (4.375e-7)m

Load orifice area (5e-6 T

Linearized simplified model, input matrix (4x1)

Linear estimator, input matrix (4x1)

Feedback linearized model, input matrix (2x1)
Linearized, discretized, simplified model inputtma(4x1)
Pilot poppet damping coefficient (15.75 N-s/m)

Main poppet linear damping coefficient (1.8 N-s/m)
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Linearized simplified model, output matrix (1x4)

Feedback Linearized model, output matrix (1x2)
Linearized, discretized, simplified model outpuatnx (1x4)
Linearized, reduced-order, simplified model, ottmatrix (1x3)
Orifice discharge coefficient (0.62)

Solenoid parameter (7.76e-3 m) (see Appendix B.4)
Solenoid EMA force on the pilot poppet (N)

Solenoid EMA saturation term

Force from the main poppet seat (N)
Linear, active damping gain (V-s/m)

Pilot poppet orifice slope (8.16e-4 m)

Main poppet orifice slope (6.38e-3 m)
Current in the coil of the solenoid EMA (A.)

Current in the coil of the solenoid EMA used iesmid testbed (A)
Kalman gain matrix (4x1)

Linear estimator gain matrix (4x1)

Proportional derivative controller gain matrix 2)x

Control volume inlet orifice flow gain (1.33e{84/s\/ﬁ)

Pilot poppet orifice flow gain (2.45e-|513/s\/ﬁ)

Main poppet orifice flow gain (1.94e-m3/s\/ﬁ)

Load orifice flow gain (1.52e-T*/sVN)
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AP

O
Q
Q,
Q,

Q,

Feedback spring constant (7000 Rym

Solenoid EMA inductance (H)

Inductance of the solenoid EMA used in the solénestbed (H)

Inductance determined by a linear fit to the retathip from the literature (H)
Pilot poppet tube length (0.02 m)

Main poppet mass (0.166 kg)
Pilot poppet mass (0.0415 kg)
Observability test matrix for the linearized, redd order simplified model (3x3)

Kalman filter error covariance matrix (4x4)
Control volume pressure (Pa)

Load volume pressure (Pa)

Pilot volume pressure (Pa)

Supply pressure (Pa)

Tank pressure (Pa)

Net pressure acting on the pilot poppet in thgsfrad model (Pa)

Pilot poppet tube flow rate (its)

Valve total out flow rate (L/min)

Control volume, inlet orifice, flow rate (s)
Pilot poppet orifice flow rate (i¥s)

Main poppet orifice flow rate (fs)

Load orifice flow rate (rfis)
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Process noise covariance matrix (4x4) (diag([B#5ele2 ni/s’ 2e5 WH])),

note: for the simulation results th&'rder ROSM was used

Reference trajectory vector

Process noise vector (4x1)

Pilot poppet, tube radius (9e-4 m)

Resistance of the coil of the solenoid EMA usethesolenoid testbed (5¢%)
Resistance of the coils of the solenoid EMA Q)5

Reference trajectory (L/min)

Numerical integration time step (0.0001 s)

Voltage applied across the solenoid EMA coil (gplt

Control volume fluid volume (8.36e-6%n

Voltage applied across the solenoid EMA coil usethe solenoid testbed (Volts)
Measurement noise variance (2.89e-Ip A

Volume between valve and load orifice (0.009 m

Initial volume below the pilot poppet in the sirifigld model (8.36e-6 )

Inner controller

Measurement noise scalar (1.7e-8 A)

Pilot poppet initial position in the simplified rdel (0.01 m)
Main poppet position (0 — 0.007 m)

Pilot poppet position (0 — 0.003 m)

Feedback spring preload (5e-6 m)
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P,

Solenoid parameter (0.264e-4 H-m) (see Append#y B.
Hydraulic fluid bulk modulus (1.334€e9 Pa)

In front of a variable, denotes a perturbation

Relative degree

Flux linkage (Wb)

Flux linkage of the solenoid EMA used in the soldntestbed (Wb)
Hydraulic fluid viscosity (0.01 N-s/fj

Hydraulic fluid density (833 kg/i

Linearized, discretized, simplified model stasngition matrix (4x4)
Time constant of the solenoid EMA used in the soié testbed (s)

Above a variable, denotes an estimate
Superscript to a variable, denotes an operatogtp
Superscript to a variable, denotesagriori estimate

Subscript to a variable, denotes a discrete vigriab
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APPENDIX B — RELATED DERIVATIONS

B.1 JACOBIAN LINEARIZATION FORMS

To derive the linearized state equations for:

z=f(z,u) (B.1)

y=h,(z) (B.2)

define perturbations:

o52=2z-17" (B.3)
=062=2-2 (B.4)
A=u-u (B.5)
y=y-y (B.6)

wherez” ,u”, andy’ are time varying or constant reference trajecsorie
Calculate the Taylor Series expansiorfoc(fz,u) aboutz” andu’, neglecting higher

order terms:

C oy (of, of,
fJLu)DQ@,u)+(aZJF;62+(aquJdJ (B.7)
From Eq. B.1:
2 =f (") (B.8)

Substitute Egs. B.1 and B.8 into Eq. B.7:

zmz*+(ﬁ°j 62+[m°j Al (B.9)
0z z=z" ou u=u"
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In Eq B.9, subtract” from the left and right sides and substitute Ed. iBto the left

side:
6z D(af"j 6z +(0f0j A (B.10)
az Z_Z* au U_U*
Defining:
A :(af"J andB:(af"J (B.11)
0z z2=2" ou u=u"

produces the final form of the linearized stateadigun:

52 L Adz +Bdu (B.12)
For an ' order system with one inpufy, will be the n x n system matrix ari®gl will be
the n x 1 input vector.

The linearized output equation is derived usingsdume process. Perform the Taylor

Series expansion df, (z) aboutz” , neglecting higher order terms:

h, (z) Dho(z*)+(ah°j 5z (B.13)
0z z=z"
From Eq. B.2:
y = h,(z") (B.14)

Substitute Egs. B.2 and B.14 into B.13:

yay +(ah°j 6z (B.15)
0z z=z"

In Eq B.15, subtracy” from the left and right sides and substitute E@.iBto the left

side:

& D(ah"j 5z (B.16)
az Z_Z*
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Defining:

C :(ah‘JJ (B.17)

0z

produces the final form of the linearized outputapn:

3 [ C8z (B.18)

For an ' order system with one outpu, will be the 1 x n output vector.
B.2 DISCRETE-TIME SYSTEM

To derive the discrete, linear, state-space equatiote that continuous-time equations
can be sampled at specific instants in time to ypeedliscrete equations. Starting with
the continuous, linear, state-space equation:

6z =Adz +Bdu, (B.12)

Recall the general solution to the linear stateespuation:

5z(t) = o(t)5z(0) + I;CI)(T)?)dJ(T)dT : (B.19)
Use Eq. B.20 to solve the state equation at the Tim

52(,) = o(1,)52(0) + [ @(rB(r)dr . (B.20)
B.21 can be used to produce discrete state sofuisishown below:

5z,,, = (T, )6z, + uijTSdJ(r)BdJ(r)dr (B.21)
where 8z, = 6z(KT,), 6z,,, =8z((k +1T.) = 8z(kT, +T,), andu, is assumed constant

over a sample period. Rewriting Eq. B.22:

6z, =® .06z, +B, A, (B.22)
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whereB, :LTS(I)(T)Bdr. If B is constant, redefinB, as:

TZ
B, = B(ITS +A—=+..
2!

For the output equation:

oy =Coz

-J

C, =C produces the discrete output equation:

oy, =C,0z,

B.3 EQUILIBRIUM POINTS

(B.23)

(B.18)

(B.24)

To determine the equilibrium poinz(,u’), start with the nonlinear, state-space equation

of motion:

7 =f,(zu)

The nonlinear state function vector was determiodak:

fo(z,u) =

1
m

2,
2/,

Z,

-z, A-k(z, + X )J

BV, +x.A)

(v, - zA)(z +x,)A

Ry

2

4
(— R z, + ZZAJ
8,

d+ 21)24 +V

(B.25)

: (B.26)

whereu =V . The equilibrium point£” ,u”) was obtained as the point which produced

f.(z",u")=0. Looking at each element 6f(z",u")

0=z,
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O:ﬁ—z;A—k(z; +Xgy) (B.28)

20,
]R4
0=- z, +Z,A (B.29)
8u,
0= —%(d +Z )z +u (B.30)
2

Equations B.27 and B.29 together indicate that z; = . SQibstitutingz, = Qinto Eq.

B.28 and solving forz; produces:

z =(Zj‘—)2—x. (B.31)
2k,82 sid - '

Finally, solving Eq. B.30 forz, produces:

ZZ = U* %(d+—lzij (832)

Egs. B.31, B.32z, = Qandz, = Ocomprise the equilibrium point. The variablgs

and z, can be determined for a given by simultaneous solution of Egs. B.31 and B.32.

In the present research, the variableand inputu” were determined for a given, desired,

pilot poppet position % ) by simultaneous solution of Egs. B.31 and B.32.

B.4 SOLENOID PARAMETERS

The solenoid EMA parametey8, andd are composite parameters calculated as

follows:
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A2N?
B, =—=

AN B.33
H,ACe (8:33)

where A, is the flux leakage coefficienty is the number of turns in the EMA coj,
is the permeability in free spac#, is the area of the gap between the armature aned co
and C, is a constant used to determine the reluctanteecdolenoid  =C g +C,,

where g is the width of the gap between the armature anel)c

d= do + Xnax (834)

C : , .
whered, =—* and x,,,, is the maximum displacement of the armature hénpiresent
C

(o}
work and the literature, the terms can be deterdhustng empirical methods. A more

rigorous derivation is presented in [17-19].
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