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Abstract

Heavy load equipment, such as tractors, shovels, cranes, airplanes, etc, often employ
fluid power (i.e. hydraulic) systemsto control their loads by way of valve adjustment in
apump-valve control configuration. Most of these systems have low energy efficiency
as a consequence of pressure |osses across throttle valves. Much of the energy is
converted into heat energy which can have determinantal effects on component life and
the surrounding environment.

From an energy efficiency point of view, an ideal hydraulic system is one that does
not include any throttling valve. One such circuit is made of a variable pump and motor
load (pump/motor configuration). The velocity of the load is controlled by manipulating
the pump displacement or by changing the rotary speed of the pump shaft. In such a
system, the transient response of the load is often unsatisfactory because it is difficult to
quickly and accurately manipulate the pump displacement or change shaft speed. Thus
circuit design must be a compromise between the energy efficiency of the pump/motor
system and the controllability of a pump/valve/motor combination.

One possible compromise is to use a pump-valve configuration which reduces energy
losses across the valve. One way to achieve thisis by controlling the pressure drop
across the valve and limiting it to asmall value, independent of load pressure. Based on
thisidea, atype of hydraulic control system, usually called load-sensing (L S), has
recently been used in the flow power area. This type of system, however, is complex and
under certain operating conditions exhibits instability problems. Methods for

compensating these instabilities are usually based on atrial-and-error approach.



Although some research has resulted in the definition of some instability criterion, a
comprehensive and verifiable approach is till lacking.

This research concentrates on identifying the relationship between system parameters
and instability in one particular type of LS system. Due to the high degree of non-
linearity in LS systems, the instabilities are dependent on the steady state operating
point. The study therefore concentrates first on identifying all of the steady state
operating points and then classifying them into three steady state operating regions. A
dynamic model for each operating region is devel oped to predict the presence of
instabilities. Each model is then validated experimentally. This procedure, used in the
study of the LS system, is aso applied to a pressure compensated (PC) valve. A PC
valveisonein which the flow rate isindependent in variations to load pressure.

A system which combines a LS pump and a PC valve (for the controlling orifice) is
called aload sensing pressure compensated (L SPC) system. This research, then,
examines the dynamic performance of the L SPC system using the operating points and
steady state operating regions identified in the first part of the research.

The original contributions of this research include: (@) establishment of three steady
state operating conditions defined as “Condition I, I & 111", which are based on the
solution of steady state non-linear equations; (b) the provision of an empirical model of
the orifice discharge coefficient suitable for laminar and turbulent flow, and the
transition region between them; (c) and the development of an analytical expression for
orifice flow which makes it possible to accurately model and simulate a hydraulic
system with pilot stage valve or pump/motor compensator. These contributions result in
apractical and reliable method to determine the stability of aLS or LSPC system at any

operating point and to optimize the design of the LS or LSPC system.
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Chapter 1 Introduction

1.1 Project Background

The motion of many manipulators in engineering (steering control of vehicles, the
arm control of crane equipment and robots, control of moving parts of off-road
equipment and airplanes, etc) is often fulfilled using flow control in hydraulic systems.
Essentially, there are two ways in which flow control can be accomplished: using a
variable displacement pump and using an orifice opening via a proportiona valve
(pump-valve system). In thefirst instance, a variable displacement pump can be used to
change the flow rate without the use of a controlling orifice (valve). Thisis
accomplished by varying the swash-plate angle of the pump or the input speed from the
electric motor. Thistype of flow control is very efficient because energy losses across a
controlling orifice are avoided. However, controlling the swash-plate can be quite
complex and in some instances, can introduce additional sources of inefficiencies.

An aternate configuration is one of a pump and controlling orifice (viaavalve
downstream from the pump). This configuration resultsin a pressure drop across the
controlling orifice which translates to an inherent energy loss. This pressure drop,
however, can be used as a controlling signal within the valve or can be fed back to a
control valve at the pump to improve transient responses and reduce energy |osses.

Flow control systems with a pump-valve configuration are often found in
applications involving multi-loads. Systems of this type must meet two conditions: (1)
the pump must provide enough flow to the control valves to sustain a constant pump
supply pressure, and (2) the control valves should be of proportional type. If energy

consumption is to be minimized then the pump should be of the demand flow typein



which the valve flow requirements match the flow delivered by the pump. To
accomplish this, some sort of “load sensing” function is required.

In the past decade, |oad-sensing systems (here-after denoted as LS systems) have
found increasing usage in fluid power applications, especially in automobiles and off-
road equipment [Book and Goering, 1997]. One of the many advantages associated with
these systems is the high energy-saving potential; that is, the pump attempts to match the
power requirements to the changing load power requirements with minimal control
losses. However, stability problems and undesirabl e interactions amongst loads have
been reported [Lantto, et al, 1990 and Lantto, et al, 1991].

A load sensing pump is one in which a pressure (or pressure differential) is fed back
to acontroller within a pump to adjust the swash-plate angle and subsequently, the
pump's flow (see Figure 1.1). The LS pump system consists of a variable displacement
pump (A in Figure 1.1), the actuating yoke and control piston (B) of the swash-plate,
and the critically lapped adjusting valve (C). When the physical load (D) experiences an
incremental increase, then a corresponding incremental increase in pressure P, is sensed
in the feedback sensing line (E); the pressure change acts on the spool of the
compensator piston (G). A force unbalance on the spool translates the spool to the right
porting fluid in the swash-plate piston (B) to the tank. A decreasein the fluid pressure at
this point increases the swash-plate angle, which in turn increases the flow rate from the
pump. Thisincrease in flow encounters the controlling orifice (higher resistance) (F)
and as aresult, the pressure increases. This pressureis sensed in the pump feedback line
(H), which acts on the right hand side of the compensator piston (G). The pressure rises
until aforce balance across the compensator is re-established. At this point, the pressure

drop across the controlling orifice (F) is re-established and the flow restored to its



original value. Flow control isthus established. Thistype of pump iscalled a“load
sensing” pump. A system that consists of aload sensing pump, asimple proportional

valve and its load(s) is commonly called as load sensing (LS) system.
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Figure 1.1 Schematic of Load Sensing (LS) System

The prime advantage of the LS system is that the supply pressure Psis controlled to
be marginally higher than the down stream pressure P (typicaly, IMPa). Thus, the
energy loss across the valve is minimized compared to valve-based systems. Only a
variable displacement pump-motor combination is more energy efficient.

In LS systems, the system response is affected by dynamic changesin the load
conditions. Thiscan beillustrated in Figure 1.2. With reference to this figure, consider
the following scenario. In (@), the steady state loading conditions are shown. In (b), a
sudden increase in P occurs. As aresult the flow through the valve decreases
momentarily as seenin (c). Psalso increases but at asmaller rate than P, (d) because of
the capacitance in the lines between the pump and valve. But the pressure difference

across the load sensing compensator forces the spool to respond such that the pump



startsto increase its stroke; therefore, the pump flow Qs increases asillustrated in (d).

QL aso starts to increase because of the small increase in Ps from step (d). Asaresult of
the increase in pump flow, Pswill now increase rapidly asillustrated in (€). Q. increases
because the pressure drop across the valve increases, but also the pump flow startsto
decrease due to the reestablishment of the pressure balance across the pump

compensator. This continues until the pressure drop across the control valveis

reestablished (f).
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Figure 1.2 Time Sequenced Pressure and Flow of aLS System
during Transition

The response of Q_ and Qs are shown in Figure 1.3, which reflects the above
sequences. It isclear that both Q. and Qs are load dependent during the dynamic change
in P.. Sincethe object isto make Q, independent of the load, statically and
dynamically, the LS systemisin error. Thistranslatesinto a perturbation in the speed of
arotary or linear load. In some cases, if the operating point is close to critical valuesin
term of stability, this perturbation can drive the system to an unstable situation.

A second problem arises when this kind of system is connected to two loads as
shown in Figure 1.4 [Ramachandran and Ukrainetz, 1985; Ukrainetz, et a, 1986, and

Lantto, et al, 1991]. Consider the following sequences asillustrated in Figure 1.5 and



with referenceto Figure 1.4. In (@), the steady state load pressure for load #1 is P, 1 and
for load #2, P_,. Because of the design of the circuit, the pump compensator responds to
the highest load pressure (P1) viathe shuttle valve (see Figure 1.4). It isassumed that
flows to the loads are Q_; and Q.2 asshown in (). The pump delivers the sum of these
two flows Q.. Consider an increase in the load pressure P, ;1 as shown in (b). Q; startsto
decrease (c). But, because of the pump compensator, the pump is directed to increase
flow Qs as shownin (d). Asaresult, Psincreases (€) and Q,; startsto increase (e). But
because Ps increases, the pressure drop across the other flow control valve increases also
shownin (e). Thisresultsin anincreasein the flow, Q,», through the other valve (f);
thus, the load speed will increase accordingly. Thus changes in the loading conditionsin
the higher load will affect the flow to the second system. The response of both loadsin
terms of flow to the pressure increaseis shown in Figure 1.6. It is clear that the first
system flow Q1 can recover but the second system cannot. Thus, the aforementioned

problems do require some consideration when it comes to implementation.
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Perturbed by its Highest Load

6



A second type of flow control structure consists of a pump, compensator valve (more
commonly known as a hydrostat), and a fixed orifice (Figure 1.7). The system consists
of valves (or valve combination) in which the pressure(s) is piloted to a pressure
compensator valve (A) in Figure 1.7, (located downstream from a fixed or adjustable
orifice (E)). Thiscompensator valve modulates its opening in order to maintain afixed
pressure drop (Ps - Pr,) across the fixed or variable orifice (E).

Consider the situation in which the load (D) experiences a change during operation;
subsequently, the pressure, P, would also change. This causes an instantaneous
decrease in the pressure drop, P, — P, which resultsin a decrease in the flow rate, Q,, to
the load. The “unperturbed” flow through the fixed orifice (E) encounters a resistance at
(B). Because of the very small chamber volume between the fixed and compensator
orifice, the intermediate pressure, Py, would suddenly increase. The pressure increaseis
sensed in the feedback sensing line (C) and is exerted on the spool of the compensator
valve (A). The orifice created by the compensator spool is modulated by the force
unbalance across the spool (created by Ps, P and a bias spring, Ppc). Anincreasein Py,
increases the compensator spool orifice opening, X.c, Which resultsin an increase in the
flow, Q, through the compensator. The increase in the flow rate via the compensator
(A), inturn, resultsin a decrease in Py, The aforementioned processes continue until a
new force balance is re-established across the compensator spool (A). The original
pressure drop across the fixed orifice is restored and flow control is accomplished. Thus
for a specific orifice setting, the flow isindependent of the variation in P_ (and similarly,

Pm).
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Figure 1.7 Schematic of Pressure Compensated (PC) System

For the LS system previously discussed, a problem associated with changesin the
load was identified. This same situation exists for thiskind of PC system. However,
because the mass of the spools of the compensator is small compared to the mass of the
pump swash plate, the response of the valve is very fast compared to the pump and rapid
flow recovery ispossible. When used in circuits with multiple loads, the second
problem discussed previously does not exist because each load isisolated by a separate
PC valve and hence Ps is approximately constant. For all PC systems, the supply from
the pump is established by the pressure compensator on the pump or from the relief
valve setting. This means that a substantial pressure drop exists across all (PC) flow
control valves. This can result in substantial energy lossesin the system. Thislossis
highly dependent upon the load pressure and the supply pressure set at the pump.

Although both LS and PC systems are based on pressure (or pressure differential)
feedback control, there are some differences in their operation. The key components of
PC systems are hydrostats, which are automatically adjusted in order to maintain a
constant flow independent of the load. The main components of LS systems usually are
variable displacement pumps, which are demand flow systems; that is, they only deliver

what is required independent of the loading condition.



The above discussion has shown that the dynamic behavior of the LS system is
affected by variations in the load pressure. The PC systems also show this dependency
but because of their response, it is minimal (good controllability). But PC systems,
being valve based, are not energy efficient compared to the LS systems. Thusit is
desirable to be able to combine the advantages of the PC system with those of the LS
system. Thisgivesriseto anew configuration called a LSPC system. Such as system s

shown in Figure 1.8.

Flow control
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Figure 1.8 Circuit Diagram of a Simple LSPC System

The LS system acts to reduce the supply pressure Ps to the PC flow control valve
reducing pressure |osses across the valve. The PC flow control valves act to respond
quickly to changes in the loads and to act as isolation valves for multiple loads.
However, the resulting system is now much more complex and can giverise to

controllability/stability problems.



1.2 Previous Research

Research into the controllability and stability problem of LS and L SPC systems can
be traced back to the early 80’s. Bitner and Burton [1984(1)] addressed the
measurement technique of load sensing pump parameters for aL S system. It was found
that special experimental measurements of pump parameters were essential for
simulation and research into LS systems. This research indicated that two factors; fluid
temperature and the operating point, greatly affected the flow gain and flow-pressure
coefficient of the orifice, the leakage of the pump, and the frequency response. 1n 1984,
Bitner developed a small signal model of aload-sensing pump. He developed a
simplified model based on TF analysis which required linearization of non-linear
equations. The correlation between experimental and theoretical results was poor. It
was established that part of the problem was due to the choice of the operating point for
the frequency responses.

Research by Palmberg, et al, [1985] provided amodel of a particular pressure-
control pump whichisused in most LS or LSPC systems. The dynamic performance of
the pressure-control pump was mainly influenced by the pump inductance Ly, but also
by the break frequency and the leakage coefficient of the pump. The non-linearity
associated with the hysteresis of the spool of the pilot valve was linked to system limit
cycle oscillations.

Research by Ramachandran and Ukrainetz [1985] indicated that multiple loads could
interact with LS systems. Pressure reducing valvesincluded in the system in a meter-in
configuration were found to improve the performance of multi-load systems. For the
load with the highest inertia, the pressure-reducing valve decreased the load damping

while increasing the damping of the system with asmaller inertial load. These
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observations agreed with some of the findings reported by Ukrainetz, et al, [1985], Mai
and Dransfield [1983], and Mai [1982].

Kim, et al, [1987(1) and 1987(2)] investigated the parameter sensitivity of avariable
displacement axia piston pump. The results indicated that high-sensitivity parameters
were the flow gain of the pressure compensator, the volumetric displacement of the yoke
control cylinder, etc. The yoke inertia, the viscous friction coefficient, etc. are
insensitive to the dynamics of the pressure pump. This helped reducing the model order
of the pressure-compensated pump from the sixth to the second order system.

Zarotti and Nervegna [1988] addressed the “ non-standard” operation of load sensing
systems. Three-D plots of output flow, Q, of aLS system with asingleload asa
function of load pressure, P, and metering orifice area, A, showed the operation range
which would be expected and which would be favored. In order to reduce saturation
effects, a PC system with hydrostat downstream of the fixed orifice was shown to be
able to handle saturation automatically at different degrees of effectiveness when
compared to a PC system with hydrostat upstream to the fixed orifice.

Lin and Akers[1988] presented a detailed mathematical model of an axial piston
pump controlled by a two-stage servo valve. The 8" order state space model indicated
that the open-loop system was unstable. In the model, the input was the current in the
coil of flapper valve and the output was the pump pressure in the pump chamber. A
closed loop optimal control was devel oped which proved to be stable. A comparison of
models indicated that the performance of an axial piston pump controlled by a single-
stage valve was superior to that controlled by atwo-stage valve, since the single-stage
valve demonstrated a faster frequency response. This research was relevant in the

implementation of a LS system with an el ectrical-hydraulic load sensing structure.
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Kim, et al, [1988] presented a stability analysisin the frequency domain which
included linearizing models and then applying Routh-Hurwitz criterion. This model did
not consider the damping of the load sensing line and the LS pump was simply
considered as a standard 2™ order system. Based on their research, they concluded that

* Increasing the throttle opening of the flow orifice, x,, and the pressure
differential setting, P4, of pump compensator increased the effect of the positive
feedback loop, thus making the load sensing system unstable.

* Theload inertia, the line volumes, and the volumetric displacement of the motor
were closely related to a resonance phenomenon. When these parameters were
chosen close to the resonance region, the system tended to be unstable.

Krus[1988] provided a detailed description and model of aL S system. A general
transfer function was presented, which consisted of the transfer functions of three
subsystems (the pump and pump regulator, valve systems, and loads). For asimple
inertiaload, a stability criterion was established. Two main instabilities (pump high-
frequency instability at small valve openings and pump-load low-frequency instability at
large valve openings) were described qualitatively. In addition, two other instabilities
(load low-frequency instability at small valve openings and pump-load high-frequency
instability at large valve openings) were also mentioned. His research proposed six
possible ways to avoid an instability in an LS system.

» Increase the pressure drop over the flow control orifice (meter-in) which would

be at the expense of energy loss.

* Increase the pressure drop over ameter-out orifice if one exists (also at the

expense of energy 10ss).
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* UseaPC system. The system could be highly underdamped but would not be

unstable.

* Incorporate a pump-regulator with ahigh gain. Thiswould have to be done with

carein order to avoid high frequency instabilities.

» Designa“low passfilter” on theload sensing line hydraulically.

» Dampen the load so that any resonance peaks are removed.

Zhang and Hou [1989] examined aload sensing axia piston pump that used two
pump-adjusted valves (one for increasing swash plate angle and the other for decreasing
the angle). The use of two valves created separated pressure settings which could be
used to find favorable states of the pump.

Mai and Dransfield [1989] found that the response time and quality of LS systems
depend significantly on small differencesin the cross-sectional areas of the regulator’s
spools.

Friedrichsen [1989] applied a LS system in the hydrostat steering of mobile vehicle
as aLS hydrostatic steering system. The experiments for ramp and step responses were
doneto investigate the accel eration and speed of the steering wheel at different driving
situations in order to obtain optimal values of adjustable parameters.

Lantto, et al, [1990] analyzed static and dynamic performance of LSPC systems with
two different types of PC subsystem configurations. Her static analysis showed that,
when the pump pressure decreased to a value less than the sum of the pump component
setting and the highest load pressure, the load flow in the system with a*“ conventiona”
PC configuration (that is, where the hydrostat spool is controlled by the pressure drop

across the fixed orifice) would decrease sequentially starting with the highest load. But,
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for the system with a*“relocated” PC configuration (that is, where the hydrostat spool is
mani pul ated by the pressure drop cross the hydrostat orifice), all load flows would
reduce proportionally. Even though the pump flow was saturated, interaction between
loads did not occur, as long as the hydrostats would operate.

In another study by Lantto, et al, [1991] and indeed others [Bitner 1986; Kim and
Cho 1988], the whole LS system has been observed to enter into limit cycle
conditions—an instability problem. Three causes of instabilities were defined. The
most common cause was due to the feedback of the pump pressure and the highest load
pressure controlling the active pump regulator. The second was aresult of “flow
feedback” (pump flow minus load flow). A rapid change in the flow control valve
orifice area can result in a sudden change in the load flow. If the system is*“stiff”, this
load flow change can result in alarge pressure transient. This condition has been shown
to lead to instability, but only under certain conditions (which are seldom met). Hence,
thisinstability rarely occurs. Thethird cause of instability was attributed to the
interaction of loads (for example, several loads controlling the same mechanical
structurei.e. acrane arm). Thisinstability was found to be highly dependent on the
geometry of the mechanical structure; therefore, a proper design of the structure would
eliminate this problem. The method of eliminating the problem in hydraulic systems
was to use pressure compensation or by incorporating pressure feedback via a transducer
to an electrical controller (using alow passfilter to stabilize the response).

Kim and Cho [1991] presented a design method using simulation techniques to
simultaneously determine the optimal controller gains of a servo- flow control valve and

the optimal setting pressure of the LS pump. The investigation indicated that the setting
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pressure should be determined at the controller design stage, since it greatly affects both
control performance and energy efficiency of LS systems.

Backe [1993] described a LS system with electrical-hydraulic LS mode for
improving the dynamic behavior of aLS system. In this system, the LS regulator was an
electro-hydraulic valve. There were two factors to motivate this research. On the one
hand, the signals could be transmitted faster electronically. On the other hand, more
complex controllers could be configured than it is possible by hydro-mechanical means.

Pizon and Sikora [1993] simulated four types of hydraulic circuits: constant source
pressure and a simple orifice; constant flow source and a simple orifice; constant flow
source and a PC valve with exit port; and a LS system. This study indicated that the
energy-saving feature of the LS system was very apparent in the transient state.

Zarotti and Paoluzzi [1993] compared the steady state and dynamic behavior of aLS
system for different types of LS controllers of a pressure control pump. These LS
controllers included two 3-way valves which acted as the LS regulator (or flow
compensator) and the pressure limiter (or pressure compensator). This study configured
the LS regulator and the pressure limiter in the forms of tandem, parallel, two-stage, and
other variations. The experimental results indicated that the tandem and parallel form
were better than others.

Zheng and Guan [1993] investigated adigital control pressure pump. The spool of
the pressure compensator or the LS regulator was actuated by a stepper motor. The
experiments proved the feasibility of this electro-hydraulic control of the pressure pump.

Pettersson, et al, [1996] showed how the dynamic behavior of a PC-valve affects the
system where it isincorporated. The flow-pressure coefficient, Keyc of the orifice and

natural frequency of the hydrostat have a significant influence on the effective flow-
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flow-pressure coefficient, K, of PC systems, as well as the static and dynamic properties
of the whole system. Pettersson showed that an increase of the flow-pressure
coefficient, Kepe, Of the hydrostat will decrease the effective K. of PC systems
(destabilizing). Anincrease of the opening x, of the flow control valve was shown to
increase the effective K. of PC systems (stabilizing effect).

Maiti, et al, [1996] analyzed the operation of aload sensing flow control valve with a
bypass exit (i.e. PC system with bypass port) at five different conditions: (1) the fixed
orifice was closed, (2) the fixed orifice was opened but no load flow demanded (when
setting the directional valve following the PC valve to the closed center position), (3) the
hydrostat spool was not in motion and the bypass orifice was closed (4) the hydrostat
spool was controlled and the control behavior of the bypass orifice was activated, and
(5) the hydrostat spool was controlled and the control behavior of the fixed orifice was
activated. The simulation result would help in better understanding the functions, design
and selection of such avalve. This research also indicated that the flow force had not
much effect on spool equilibrium.

Andersson and Ayres [1997] compared steady state performances, energy efficiency
and damping for different LS directional valves with open-center and closed-center
configurations. The research indicated that, by adding load pressure feedback, closed-
center load sensing valves could have the same favorable damping as open-center valve.

Sakurai and Takahashi [1997; 2000] used a bond-graph model of the LS system to
investigate its overall efficiency taking into consideration the dynamic characteristics of
the system. It was found that there was a maximum point of overall efficiency. This
research displayed a curve of overall efficiency with respect to the steady-state ratio

defined as the ratio of the oscillation period and one duty cycle of the cylinder |oad.
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Simulation by Book and Goering [1997] verified that instabilities caused by the
inertiaload could be eliminated with the addition of damping in the feedback line. This
was accomplished in the simulation by adding a transportation delay in the simulation
model. No experimental work was done in this study.

Erkkila[1999] provided ablock diagram of aLS system which could assist in the
understanding of the dynamic analysis of LS systems. An anal ogue-mechanical model
and an analogue-electrical model for a LS system were also provided.

Li [1999] described a generalized procedure for experimentally investigating L SPC
systems with multi-loads based on state space models. No experimental results were
provided.

Luomaranta [1999] implemented one type of an electrohydraulic LS system on alog
loader application. The LS mode was accomplished using pressure transducers,
electrical filters and el ectronically controlled pressure pump (Note: the control pressure
was provided by a pressure divider which consisted of arestriction orifice and an
electronically controlled relief valve.). Comparison of experimental resultsin the
laboratory indicated that the electrohydraulic LS system was a competitive aternative.

Zhang, et al, [1999] compared three different power-matching energy-saving
hydraulic systems: the hydro-mechanical LS system, the electric-hydraulic LS system
with the programmable logic control (PLC) and the electrical LS system with a stepper
motor controlled pump. The last two had the best efficiency but the first one was
superior in term of the cost, maintenance and reliability.

Kappl [2001] used experimental methods to obtain a semi-empirical model for the
variable displacement pump with load sensing regulator and power restrictor. The pump

and LS line were both modeled as first order systems. Kappl’s model was found to be
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too simple, but was helpful in understanding the identification of the damping
coefficientinaLSline.

One of the common objectives of many of the aforementioned research projects was
to fully understand the relationship between hydraulic circuit parameters (components
structure parameters and setting parameters) and the expected operating state of the LS
or LSPC systems and to then design a L SPC system with demonstrated controllability
and energy saving. Asan example, it is essentia that an LSPC system must be stable for
the expected range of opening, x,, of the flow control valve. However, the complexity
of LS or LSPC systems makes rel ationshi ps between the type of hydraulic components
and their design parameters very difficult to find. Two common methods of establishing
such relationships are to use linearization and frequency response analysis, and time
domain simulation techniques. Frequency response techniques were used by Bitner and
Burton [1984], Pamberg, et al, [1985], Lin and Akers[1988], Krus[1988], Zhang and
Hou [1989], Lantto, et al, [1990], Lantto, et al, [1991], and Pettersson, et a, [1996]. The
time domain approaches were used by Mai and Dransfield [1989], Kim and Cho [1991],
and Book and Goering [1997] and by some of the first group who used the first method
aswell for comparison or verification.

Users of the linearization approach experienced several problems which affect the
universal application of their techniques. The first one was the “operating point”
problem. Bitner and Burton [1984] was one of the first groups to encounter this problem
in their research. Although they (and others) discovered that the operating point greatly
affects the theoretical results, no attempt was made to establish how the operating point
changed with changes in operating condition. Most researchers who used the

linearization and TF analysis did not deal with this*“crucia” problem. The transfer
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function of LSPC systems and the stability criterion so developed included the flow-
pressure coefficient, K, which is strongly affected by the operating point. In reality, the
main parameters that were used in the stability analysis (flow gain, Kg, and flow-
pressure coefficient, K¢, of valves) were afunction of state variables of the system, such
as the spool displacement and system pressures. Thus, any stability criterion devel oped
from transfer functions could only be considered meaningful if al linearization
parameters (K¢, Kq) had “reasonable” values.

Toillustrate this, avalue of K and K could be evaluated about an operating point
Xv0, Po etc. When a stability criterion has been established, it can be said that the LSPC
system is stable at this operating point. Thus small perturbation will eventually
converge to this operating point. However, if x,, the spool opening, is changed for the
purpose of controlling load speed, the operating point is no longer x,0 and Po. Thus, it is
necessary to evaluate another new operating point corresponding to the new parameter
Xy, establish new linearization parameters (K¢, Kq) and then repeat the stability analysis.
To date, a systematic approach to this problem has not been done.

In order to further demonstrate this, consider the transfer function (Equation (1.1))
and the stability criterion for LSPC system established by Krus [1988], Lantto, et al,
[1990, 1991], and Pettersson, et al, [1996].

2

g
w,

Go(s) = P (1.1)

3 2
Cs o K+275LwLCS S 45 +2i/( s+1
Kcvwf KCV a')f KCV a)L

where the criteriafor stable operation were established as.
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criterionl: 1 <lwf+25LwL+ (1.2)
L,C, « C.(1-1/«)

criterion2: C,=<<C, (1.3)

_ K

criterion3: —°"<ﬂ (1.4)
C., «

criterion 4: 2—01 =1 (1.5)
Ko LK,

In these equations, x =1+ % , Lpand Cs are the inductance and capacitance of the load-
S

sensing pump respectively. C, isthe capacitance of theload. «w and g arethe natural
frequency and damping ratio of the load respectively. K, isthe equivalent flow-
pressure coefficient of the PC subsystem (hydrostat and flow control valve
combination).

Kev is closely related to the operating point (such as P, Pro, Xoeo €tC.) of the LSPC
system. A LSPC system designed by criterion 1, 2, 3, or 4 for a particular operating
point does not mean that it always is stable at other operating points. Thisis because K,
would be different at different operating points.

In applying the stability criteria, avaue of K., must be defined. In the literature,
values of K, were defined but not justified. Further, the research did not demonstrate
that K¢, (which is known to be operating point dependent) in fact would be valid at the
operating point about which the system actually operated. Therefore, it cannot be
concluded that these chosen values were, in fact, valid for their chosen operating
condition.

Techniques which would validate the choice of the state dependent parameters (K,
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Kq €etc) asafunction of the resulting state parameters, are necessary. In 1997, Scholz
and Engelhardt examined a simple hydraulic system (not load sensing). They applied a
linearization technique to the nonlinear flow equation and then attempted to calcul ate the
operating point and choice of parameters for steady state condition only (static analysis).
This study was limited in its application but did acknowledge that the problem did exist.
A second concern which arose from the literature search was that many simplifying
assumptions were used in the development of the models. As an example, when
devel oping the model of pressure-control (PC) pumps, Palmberg, et al, [1985] indicated
that a simple two-parameter model described by Equation (1.6) was usually sufficient to

describe the dynamic behavior of the pump.

2% p Bk, P 16
p _R+—LS ref s cp's ( : )
p p
where
KCp = KCI] + Kcl(l_ﬁj +/(I<CI’ (1'7)
A

L, was the inductance, R, the resistance, a; a characteristic break frequency, K¢, a
pressure gain of the PC pump, Ps the pressure, P, a reference pressure, which the

pressure Ps is expected to be, K, the leakage coefficient of the PC pump, K¢ the flow-

A

pressure coefficient of the regulator’ s orifice, K the ratio of the piston area of the

stroke mechanism. « and K, are the parameters of the regulator’s pilot respectively.

For adirect-operated regulator, K¢ was zero.
It should be noted that the model defined by Equation (1.6) has been adopted by

many researchers in modeling load sensing system. Palmberg, et al, suggested that this
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mode! could be further simplified by assuming that the pump resistance R, and flow-
pressure coefficient K, are negligible resulting in Equation (1.8).

:1+s/apl(

Py —P 1.8
s (PP 18)

p

It should be noted that this model is valid between the pump cut-off pressure and the
dead head pressure (Pgnp). For pressures less than Peye.ofr, the flow from the pump is
constant and independent of Ps.

If these PC pump models are to be integrated in L SPC systems, it is questionable
whether the pump resistance R, and flow-pressure coefficient K, can be ignored. This
is because the small change of the pump performance caused by varying K¢, may affect
the dynamic performance of the whole system. Thus, the validity of using Equation
(1.8) in simulation studies must be carefully established by considering the actual loads
and operating points of the remaining system.

Even though the model of a PC pump as developed by Paimberg, et a, [1985] could
be consider “detailed” (see Equation (1.6)), it was still not a complete model of the
pressure-control pump. Thisis because Equation (1.6) ignores the dynamic factors
(mass and damping) of the pump-regulator's spool, does not consider the effect of the
fluid compressibility in the pump compensator chambers, and simplifies the local
pressure feedback factor (the second item of Equation (1.6)) as a constant gain, K,
(which, in fact, is adynamic factor (transfer function) affected by the operating
frequency).

A dynamic model of the PC system (Figure 1.7) was presented by Pettersson, et al,
[1996]. For the PC system and nomenclature shown in Figure 1.7, hislinear model was

expressed as
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QL = chc(Ps - Pm) + Gv0 (S)(Pm - I:)L - Pcpc) (19)

WOERE: (1.10)

P,,P,,P, and P,. weredefinedin Figure 1.7.

s) Fmo cpe

Petterson, et al, [1996] gave avaue of K, but the physical concept of K¢ was not
explained and the value of K¢ used was not justified.

The dynamic models of pressure-control pumps and PC systems reviewed above are
essential in developing the dynamic model of LS and LSPC systems. Krus[1988]
developed atransfer function of an LS system with single inertiaload given by Equation
(1.1). The pump was regarded as a pure inductance Lp; hence the «y was considered
infinite in Equation (1.8). The stability criteria presented in Equations (1.2) to (1.5))
were derived from the smplified pump model. Asaresult, the stability deduction from
the simplified model could only be considered approximate.

A comprehensive model of LS systems and especially models of LSPC systems have
not been published. A comprehensive model of LS systems should take into account
"more details" than that presented by Palmberg, et a, [1985]. A model of LSPC systems
should include dynamic models of both the two subsystems (pressure-control pump and
PC systems).

Although most of conclusions drawn by previous researchers were in agreement,
some conclusions presented by researchers, such asKim, et al, [1988] and Krus[1988],

werein conflict.
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In summary, the literature indicates that the operating point problem for linearized
models, the “ complexity” of the individual component models, and a complete model of
LS or LSPC systems remain areas which require much further study. For adesigned LS
system or LSPC system, it is necessary to further investigate how the parameter
variation of an LSPC system causes the change of the operating point and hence affects
the change of the linearization parameters that are used for stability analysis. In order to
develop and justify the comprehensive model of LS and LSPC systems, it isalso
essential to establish more detailed models of hydraulic components (pressure-control
pump, PC systems etc.).

1.3 Objectives

The objectives of thisthesis are

* Toinvestigate the steady state operating condition and the steady state operation
points (SSOP's) of a LS system with acritically lapped LS regulator spool in the
LS pump,

» Based on the knowledge about the SSOP of the LS system, to develop the
stability models of the LS system under different steady state operating conditions
using the linearization method,

» To determine the dependence of the system stability on the SSOP of the LS
system,

* To anayze the steady state and dynamic performances of atypical PC system,

* Andfinaly, to investigate the stability of the L SPC system which consists of the
LS system and the PC system.

In additions, thisthesisis aso to experimentally verify all models developed for
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determining the SSOP' s and stabilities of the LS, PC and LSPC systems.
1.4 Outline of Thesis

Thisthesisis organized in the sequence of the LS system, PC system and then the
LSPC system.

The LS system isfirst investigated. The non-linear dynamic models are presented in
Chapter 2. The steady state operating conditions are identified in Chapter 3, under which
the system models are devel oped. These models are experimentally verified in Chapter
4. The frequency response models based on the linearization approach are developed in
Chapter 5. These frequency response models are experimentally validated in Chapter 6.
These frequency response models are used to analyze the stability of the LS systemin
Chapter 7.

Similar to the procedure for investigating the LS system, the PC system is then
studied in Chapters 8 through Chapter 11. The non-linear dynamic model of the PC
system is presented in Chapters 8. The steady state operating conditionsis analyzed and
the model for solving for the operating point is developed in Chapter 9. The comparison
between the predicted and experimental results of the steady state operating point is
given in Chapter 10. The frequency response model of the PC system based on the
linearization approach is developed in Chapter 11.

The LSPC system is further investigated by applying the results for the LS system
(Chapters 2 through 7) and for the PC system (Chapters 8 through 11). The steady state
models used to solve for the SSOP' s are developed in Chapter 12. The frequency
response models are then presented in Chapter 13, which are used to carry out the
stability analysisin Chapter 14. The analysis result is experimentally verified in Chapter

15. Finaly, the conclusion and recommendation are given in Chapter 16.
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Chapter 2 Modeling of Load Sensing Systems

Frequency domain analysis and time domain simulation are two common approaches
to designing and analyzing a dynamic system of any kind (electrical, hydraulical,
mechanical, etc.). The frequency response analysis is popular because it can give more
information about the relationship between the parameters and the dynamic
characteristics of a system than time domain simulations. However, the frequency
domain (transfer function) analysis has the precondition that the system be linear. This
limits the application of the frequency domain method in most hydraulic systems
because of their high degree of non-linearity. In order to take advantage of the
frequency domain analysis, linearization techniques are often applied. Typicaly, the
non-linear system is linearized about a point of interest and the frequency domain
method is applied for small excursions about this steady state operating point. Actualy,
so are the time domain methods. It is assumed that the system is approximately linear
within asmall region about the steady state operating point.

The objectives of this chapter are to introduce a mathematical model of the LS
system which consists of non-linear differential equations and non-linear algebraic
equations. The linearization forms of these equations are also provided. The non-linear
model will be used in Chapters 3 & 4 for investigating the steady state operating
conditions and solving for the SSOP of the LS system. The linearized model of the LS

system will be used to develop the TF (transfer function) of the LS system in Chapter 5.
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2.1 Linearization of a Load Sensing System

The mathematical foundations for linearization for a nonlinear function is presented
in Appendix A. Consider the LS system shown in Figure 2.1. The system consists of a
LS pump with aLS regulator (1), a control piston (2) and a pressure control pump (3),

an adjustable orifice (4), aLS line with adamping orifice (5), and amotor load (6).

motor
load

Figure 2.1 Schematic of the Load Sensing System

2.1.1 Load Sensing Pump

The LS pump system consists of three main hydraulic components as shown in
Figure 2.2; pressure control pump, LS regulator (three-position three-way valve with
critical center spool), and a control piston (the control piston makes contact with the
yoke upon which the swash plate is fixed). From energy saving considerations, the spool
of the LS regulator is most often selected to be critically centered [Ford 60 Series
Gemini Tractors; Volvo Champion Motor Graders, Brueninghaus Hydromatik Variable
Displacement Pump AA11VO; Vickers PVH Piston Pumps; Caterpiller 160H Motor

Grader; Newholland Series 60 tractors etc.]. In afew other applications, [Newholland
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Series 60 tractors with gear pumps], an underlapped spool is used. In this study, a

critically lapped spool is considered.

[ Pressure control pump
Pr o]l
I._l Xr V (LN
Py I A H N N - D WA
¢ Q% O e
PLS AT AS s Vp R
Iy Xmx
Q
LS regulator Control piston™ Xy

Figure 2.2 Schematic of the Load Sensing Pump System
The dynamic mathematical model consists of two equations of mechanical

movement and one flow continuity equation.
» Force Equilibrium Equation for the LS Regulator Spool

The equation of motion for the spool of the LS regulator (Figure 2.2) can be

described as

%, =—(-Bx% -kx +A(PR-P.)-F)) (2.1)

1
r mr
where X isthe spool displacement. m,, B, and k; are spool mass, damping coefficient,
and preset spring coefficient respectively. A, isthe cross sectiona areaof the spool. Ps,
PLs and Py are the pump pressure, the load pressure at the end of LS line, and the

pressure differential setting respectively. It isnoted that Py is not atrue “physical”

pressure but an equivalent pressure term caused by the pre-compression force of the

spring (P = % ). Pq controls the pressure drop across an adjustable orifice and is a
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designed value of pressure differential, Ps- P.. Pg will be further discussed when its
valueis determined in Section 4.2.2.1 of Chapter 4.

It is also noted that Equation (2.1) does not include the steady state flow force and the
transient flow force exerted on the spool of the LS regulator. Thisis because the flow
rate (i.e. the leakage for the critically lapped LS spool) through orifices around the spool
deeveissmall resulting in aflow force that is very small compared to the force
produced by (Ps— P.s - Pg). A dynamic simulation in which the steady state flow force
and the transient flow force were considered has been conducted to verify that the flow

forces are negligible for the LS regulator in this study.

* Dynamic Equation of the Y oke Control Cylinder and Swash Plate

Referring to the control piston (Figure 2.2), the relationship between the swash plate
angle, &y, and the yoke displacement, xy, is

tang,, = @ 2.2)

py

The pre-compression spring normally pushes the yoke piston back and maintains the
displacement, x, of the yoke at the original position (x, = 0 in Figure 2.2). That is, the
pre-compression spring value is such that the pump is at full displacement before the
pump operates. When the yoke chamber pressure, Py, increases, the yoke piston does
not move until the yoke chamber pressure overcomes the pre-compression pressure Pys.
When Py increases beyond Pys, the yoke piston begins to move forward and the swash
plate angle begins to decrease correspondingly. When X, increases to the maximum, the
pump swash plate angle decreases to zero. In this case, the pump is “destroked” and

pump flow is zero.

29



In order to describe the dynamic behavior of the swash plate and the control yoke,

the displacement of the control piston, x,, or the swash plate angle, &, , can be assigned

asthe state variable. The swash plate angle, 6, , isusualy used asthe variable in
modeling because (1) the non-linearity of the pump is mainly caused by the pressure

control pump, rather than the control piston, and (2) measuring &, is easier than

measuring Xy. The dynamic model of the swash plate angle depends on the structure of
the variable displacement axial piston pump. Depending on the eccentricity of the swash
plate axis, the external active torque on the swash plate assembly is dictated by both the

yoke control pressure, P,, and the pumping piston pressure, P..

Numerous models for axia displacement pump have been developed. Dobchuk, et
al, [1999, 2000] developed a mathematical model of a variable displacement axial piston
pump and investigated the effect of internal pump dynamics on control piston pressure
ripple. However, this model was too complex to consider in the LS system-level models.
Another model, which reflects the “back pressure” on the pump due to the pump
pressure acting on the pistons, was devel oped by Kavanagh [1987]. The non-linear

dynamic eguation was developed to be

I8, =By, —K O, +T, +K,,P. - K P8, - R AP, (2.3)
where J , = Average total moment of inertia of swash plate, yoke and piston assembly,
Nms’.
B, = Simplified constant (damp coefficient) of the control piston and swash

plate assembly, Nms.

_ . . . . _l
K = Angular effective spring coefficient, Nmirad .
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T, =Angular effective spring pretension, Nm.
K, = Pressure torque constant, NmPa™.
K s = Pressure torque constant, Nm(Pa*fad ™.

R,, = Thedistance between the centerline of the control piston guide and the

swash plate pivot (Figure 2.2), m.

A, = Effective control piston area (Figure 2.2), m’.
It is noted that Psin Equation (2.3) was AP, (the differentia pressure, Ps- Pr) inthe

original model by Kavanagh [1987]. However because the pressure, Pr, in the suction

piston chambersis small, AP, can be considered as the pump pressure which is

represented by Ps here.

This equation is nonlinear because the K, ;P.6,, term includes the product of two

pr3

variables, P,andd,,. Thus, thisequation is linearized which resultsin:

JG0G, = -B,A0,, - (K, +K sP)A8, — R, ALP, +(K ., —K

p

pr365p0)APs (24)
Thelinearized Equation (2.4) does not include the constant T, . This indicates that the
constant T, affects the steady state operating point and does not relate to the dynamic

performance.

* Flow Continuity Equations of Chamber Volume of the Pump Swash-Plate Control

Cylinder

Consider the chamber between the LS regulator and the control piston in Figure 2.2.
For the adjusting valve with acritically lapped spool, the flow continuity equations can

be described as
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P = Vﬁ(er - AX, _QrZ) (2.5)

where Sisthe bulk modulus of hydraulic oil, Vy isthe volume of yoke chamber which is
given in Equation (2.6), Q1 isthe flow through the “charging” orifice on the right side
(inthe LS regulator of Figure 2.2), and Q; isthe flow through the “ discharging” orifice

on the left side.

V, =V, + A X, (2.6)
The control piston position is defined such that an increase in x, will cause an increasein

the volume, Vy, of the yoke chamber.

With reference to Figure 2.2, flow through the “charge” orifice (As) and “discharge’

orifice (Ar) (depending on which orificeis opened) is given by

Qu =C,A(x,) %(Ps—Py) X, 20 2.7)
Qi =CoA (X)) %Py X, <0 (28)

where Cyq is the discharge coefficient of the valve orifice and pisthe density.

For arectangular-shaped orifice with a critically lapped spool, the orifice areas A¢(X)

and Ar(X;) can be represented by a piecewise linear relationship given as

W, X X 2 X

As(xr): W, X, 0< X, <X e (2.9
0 X, <0
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WI‘ XI‘ max Xr S _XI' max

A (%) =4w,|x | X <X <0 (2.10)
0 X, >0

w; isthe width of the rectangular-shaped orifice. x. ., isthe largest width of the

regulator orifice. The coordinate of x: is defined such that when x. < 0, the orifice on the
right hand sideis closed (Qr1 = 0) and when x, = 0O, the orifice on the left hand side is
closed (Qr2=0).

In Kim and Cho [1991], the metering orifices of the LS regul ator were assumed to be
rectangular. In practice, the orificesin LS systems are usually round-shaped. The round-
shaped orifice makes the LS system model more non-linear than rectangul ar-shaped
orifices. For around-shaped orifice with a critically lapped spool (Figure 2.2), the orifice

areas As(x;) and Ar(x;) are piecewise non-linear and are given as

0 x <0
Alx)= F%cog{i;’*j—(a X NFRx X 0<x <2R (2.11)
R x 22R
i " 212
Al)={Reeas{ BIX |- (R +x)-2Rx x -2R <x <0 212)
R X <-2R

where R isthe radius of the round orifice (R replaces X’Tmax in order to distinguish the

rectangular orificein Figure 2.2. Thetop view of the round-shaped orifice is shownin

Figure 2.3).
Linearization of Equations (2.7) and (2.8) gives

AQ, = K.0%, + K, (AP, -AP,) (2.13)

33



and AQ,, = K ,A%, + K, ,AP,

qr2 cr2

where K, =C, Bd%ﬂ %(Pso - PyO) :

- Cd As(xro) ’
i \/ZIO(PSO - I:)yO)

Ky = Cy BC%D %Pyo,

Cd AT (XrO)

2IOPyO

cr2

Xr<_

To tanké; 6)

From pump
)

Figure 2.3 “Charge” Orifice and “Discharge” Orifice

of the Load Sensing Spool

The opening rates of orifice area, q
X

r

dA(x,) g0 (%)

dx

r

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

, for rectangular-shaped

orifices are constant (w; and -w; depending on which orifice is opened). For the round-

are nonlinear.

shaped orifice, the gradients SA

T

Linearization of Equation (2.5) can be expressed as

AF)y = \/ﬁ (Aer - AS/AXy - AQrZ)
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or APV = _KXYAXY - deyAXy + erAXr - prAPy + KpsAPS (219)

where
Ky = ﬁy@rm ~ A%, ~Q ) (2.20)
Kay = \% (2.21)
K, = \ﬁ(ml ~Ky») (2.22)
K,y = \ﬁ(&n +Ky,) (2.23)
M (2.24)

T Vet Ay,
Equation (2.19) involves two time derivatives ( Py and x,) of the state variables. The

effect of piston velocity, X, , on the pressure, P, , of the control piston chamber is not

negligible due to the small volume of the control piston chamber.

Axy and Ax, in Equation (2.19) must be expressed in term of A&, and Aésp because

6, is assigned as the state variable of the swash plate and control piston assembly.

Rearranging Equation (2.2) and differentiating x, give

X, = Xme — Ry, dan(6,,) (2.25)
X, =———2 8 (2.26)
Y coszié?sp )
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Linearization of Equations (2.25) and (2.26) gives

R
Ax, = - ¥ [1\6, 2.27
cos’ ‘HSpO ) (2.27)

y — _ pr ) 2pr Bin,(esaq)gsao
AX, s, [N, o5 (6] NG, (2.28)

Substituting Equations (2.27) and (2.28) into Equation (2.19) can give

AP, = KHAHSlp + Kdé,Aé?Sp + K, Ax, =K AP +K AP, (2.29)
where

pr(ny + 2tan(6$o ‘SpOdey)

= 2.30

9 05”0, 20
R K

Ko = —2r (2.31)
CoS" G0

* Flow Supply of the LS Pump

Figure 2.4 shows schematically the flow through the LS pump. Consider the control

volume defined asillustrated by the dashed line. Three flows areillustrated; the flow
(Dpa) from the tank, the flow (Qr1) to the regulator, and Qs, the flow to the load

(commonly referred to as the pump flow)
From the flow continuity consideration of the pump outlet volume,
Qs = Dpw_er (232)

D, isthe " displacement” of the pump and is linearly related to the tangent of the swash

plate angle, that is
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Pump volume

Qn Qs L Q

4 ............ A *Qpl
. ,E@ﬁa

Figure 2.4 Flow Diagram of the LS Pump

NA R, tané
D, =flg,)=—2 2 "= (2.33)
T
Substituting Equation (2.33) into Equation (2.32) gives
NA R atand
L= -, (239

Both terms of Equation (2.34) on the right hand side include non-linear functions.
Linearization of Equation (2.34) can be expressed by
AQ, =C,A8,, - K .Ax, - K, (AP, - AP, ) (2.35)
where the Kq1 and K¢, were defined in Equation (2.13), and
_ NARG

C = 2.36
P nE:osziHSpoj (2:30)

2.1.2 Pump Volume

Consider Figure 2.4. The pump pressure is dictated by the pump flow Qs, the
leakage flow Qp, and the load flow, Q.. The pump pressure in the outlet volume is thus

given as

P, = Vﬁ((QS -Q.)-Q,) (2.37)
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where Q, =c, P.. ¢y istheleakage coefficient of the pump. V,, is the pump outlet

volume which includes the volume of pipeline. The load flow, Q. , will be discussed in
the next section. It should be noted that if the pump volumeis small and the leakageis
negligible, then the pump pressure is dictated by the loading condition and thus the
causality of all the relationships do change. In most applications, the pipeline volume
between the pump and valvesislarger than the effective volume of pump pistons. The
effect of long pipelines on the dynamic behavior of the pump is significant [Kauranne, et
al, 1999].
2.1.3 Flow Adjusted Orifice without Pressure Compensation

The well-known equation of the volumetric flow rate through the adjustable orifice
shown in Figure 2.1 is derived from Bernoulli’ s equation by assuming (1) an
incompressible fluid, (2) turbulent flow and (3) rectangular type orifice [Merritt, 1967]

as

Q =C,wx E(PS -P) (2.39)
P
where Cy is the discharge coefficient. w and x are the width and opening of the
rectangular type orifice respectively. pisthe fluid density. Psis the pump pressure at the
orifice upstream. P, isthe load pressure at the orifice downstream.

Because the flow through an orifice is assumed to be turbulent, the discharge
coefficient, Cy, is commonly considered as a constant, typically, 0.61 for sharp edged
orifice.

Linearization of Equation (2.38) can be expressed by

AQ, =K Ax+K_(AP. —AP (2.39)
L q c s L
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[2
K, =Cyw ;(Pso -P,) (2.40)

K = CaWX (2.41)

¢ \ Zp(Pso - PLO)
2.1.4 Motor Load

The mathematical model of the motor load in Figure 2.5 consists of aflow continuity

Equation (2.42) of the inlet volume and the dynamic torque Equation (2.43) on the

motor axis.
Q. —
Qu @
Figure 2.5 Diagram of a Hydraulic Motor
b =L (-D,0+Q -Qu) 242)
-1
§=—(-B.@+D,R -T,) (243)

m

where Q,, =c, P, . cm istheleakage coefficient of the motor. Vi, istheinlet volume of

motor, Jy isthe total inertia of motor and load, By, is the damping coefficient of the load,
and Dp, is the volumetric displacement of the motor. @isthe rotary speed of the motor.
Tns IS the resistant torque of the load. The resistant torque cannot be neglected because it
does exist due to many factors such as gravity, stiction, friction, etc. It directly affects

the SSOP of the LS system.

39



Equations (2.42) and (2.43) can be linearized as

AP = Vﬁ(— D,Ap+AQ, ~C,AR,) (2.44)
.1
Ag=—=(~B,Ap+D,AR ) (2.45)

m

It can be seen that the constant resistant torque, Ty, IS absent in Equation (2.45)

unless it depends on any state variable or it is an independent variable.

2.1.5 Feedback Line

It isdifficult to build a precise mathematical model of the load sensing line. A
lumped parameter model, however, can approximately describe the dynamic behavior of
theload sensing line. Figure 2.6 shows a two-parameter model of load sensing line with
hose volume, V| s, and hose flow resistance, Ris. Qs represents the flow of load sensing

line at the left end of pump compensator. Thisflow islinearly related to the speed, X,

of the compensator piston. Qs represents the flow that considers the presence of hose
resistance and hose capacitance. Actualy, in the limit, Q_ss Can be regarded as the

steady state value of Qs Therefore,

QLS = _A\ Xr (246)
— (PL B PLs)
Qs = TR, (2.47)
V|_s ,8 QLsss - P|_
RLs
IDLs PS
05 -
Ar

Figure 2.6 Model of Load Sensing Line
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=L Qe -Qu) 249
Ls
Substituting Equations (2.46) and (2.47) into (2.48), the dynamic behavior of the

load sensing line can be expressed by

s _ B (PL ~ PLS) .
PLs - \/_( RLS + A Xr j (249)

Ls

Usually, A X isnegligible. Equation (2.49) can be simplified into asimple first order

system as
lj|_s = a)LS(PL - PLS) (2.50)
wherew, = v ’?Q . W, representsthe break frequency of the “damping” system due
Ls" ‘Ls

to the effect of both the flow resistance and the hose capacitance. (Note, in the literature,

w, isused rather than7 ; assuch, w,, will be adopted in thiswork.)

2.2 Methodologyd Design and Analysis of the L oad Sensing System

The non-linearity and complexity of LS systems makes system anaysis and design
very complicated. The stability of linear systemsis uniquely determined by the system
parameters which are time invariant, independent of steady state operating points, and
independent of the amplitude of the input signals. Unlike alinear system, however, the
dynamic characteristics of non-linear systems are dependent on steady state operating
points and input signals. Therefore, the approaches to analyzing these systems are

different.
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2.2.1 Examples

Two simple examples shown in Figures 2.7 and Figure 2.8 are used to explain the
differencein the analytical methods. Consider alinear system with mass, m, and linear

damping, B, shown in Figure 2.7. For an arbitrary step input, F, the final velocity of the
block will convergeto v, = % uniquely. It can be said that the system is always stable.

However, for the case of a single pendulum shown in Figure 2.8, the situation is

different.

<« F
\%i

Figure 2.7 An Example of Linear Systems

Figure 2.8 An Example of Non-Linear Systems—Single Pendulum

Assume that astep input in F isin the tangentia direction. The equation of motion

isgiven as
ml 26 + 16 + mgl sin(@) = IF,U () (2.51)

where misthe mass of the block suspended, 77 isthe angle damping coefficient, | isthe

length of the pendulum, and g is the gravitation acceleration, U(t) is a unit step input and
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Fo is the magnitude of this step input. For a particular range of Fo, the single pendulum
will be eventually stabilized at a particular steady state operating point, &, (<90%. In

order to analyze the stability of the single pendulum mathematically, there are two

aspects that must be considered.

All possible operating points at steady state must be determined. From Equation

(2.51), the steady state angle of the pendulum is given by

(vs)
arcsin| —
b Fl<
smg
° 180° - arcsi n[ij (2:52)
mg
nooperating point exists F|>mg

Equation (2.52) indicates that, for |[F|>mg, no steady state operating point exists. For

|F|<mg, there are two steady state operating points.

Secondly, it is necessary to establish if each steady state operating point isa
“realizable’ steady state operating point. In order to do this, linearization of Equation

(2.51) is necessary.
a,Ad+a b +a,A0 = AF (2.53)

where a, =ml ,a, =77/, and a, = mg [tos(d,) . The transfer function corresponding to

linearization Equation (2.53) is

_Nd(s) _ 1
fls)= AF(s)  a,s?+as+a, (239

According to the theory of dynamic analysis of linear systems, the single pendulum

isstable only if the three coefficients (a 1=0,1,2) are of the same sign. Substituting the
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two possible steady state points for Equation (2.52) into the linearized Equation (2.43), it

is observed that, for 6, = arcsi n(ij , dl three coefficients of Equation (2.52) are
mg

positive. Therefore, the single pendulum is stable. For &, =180° — arcsi n(%j , IS

negative. Therefore, under these conditions, the single pendulum isunstable. This
exampleillustrates that, for a non-linear system, it is necessary to find the steady state

operating points before the dynamic analysis can be done.
2.2.2 Summary of Linearization Approach

The lineariztion approach of the LS system is defined in the thesis as the method of
small signal analysis of anon-linear LS system using linear theory. The method includes
“steady state analysis’ and “dynamic analysis’. The former is defined as the procedure
for finding all possible steady state operating conditions and steady state operating
points. The latter is defined as the procedure using frequency response modeling and
analysis, or aternatively asmall signal simulation, based on the linearized equations of
the non-linear LS system.

For the steady state analysis, it isimpossible to give an analytical expression for all
possible steady state operating points at all possible operating conditions. First, finding
all possible operating conditions requires the complete analysis for components which
demonstrate the significant non-linearities. The regionsin which the LS system cannot
be described by the same dynamic equations set, can be separated into several different
operating conditions. Second, for each operating condition, finding all possible steady
state operating points requires all possible solutions to avery large set of nonlinear

system equations for the case where all the derivatives are set equal to zero. For
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example, Equation (2.52) is the solution of Equation (2.51) with § =8 =0. Usualy, a
LS system isrequired to operate about operating points at steady state in such away that
derivatives of pressures (pump pressure and load pressure) and spool position (LS
regulator spool) are zero. Assuch, the very large set of non-linear system equations
become a set of non-linear algebraic equations involving several unknown variables.
Solving for these unknown variables needs an iteration computation in most cases.

Dynamic analysis, or small signal analysis of the linearized dynamic equations often
involves frequency response modeling approach and analysis. The objectiveisto find
the stability of the LS system at SSOP's. The detailed explanation about the method of
the frequency response modeling and analysisis presented in Section A.3 of Appendix
A.

A linearization approach can also be used for the design of aL S system, such asthe
one shown Figure 2.1, which involves choosing the hydraulic components and setting
parameters of some components to meet required specifications. Primarily, these
components can be “pre-chosen” by the power and/or flow requirements of the load(s).
The feasibility of these choices of components must be subsequently validated by steady
state and dynamic analysis. If they cannot meet the specifications, the origina
component choice must be re-examined.

Usually, the design inputs include the pressure differential setting, Py, to control the
pressure drop across the orifice in the non-compensated valve which is the pump-
regulator setting. For a specific opening, X, of the orifice within the range (0~Xymax), it IS
necessary to first do the steady state analysis and then its dynamic analysis. If the result

of the steady state analysis indicates that no steady state operating point exists within a
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specified range, then it is not necessary to proceed with stability analysis. Inthis case, it
may be that the component(s) is chosen improperly, or the design inputs Pq is
unreasonable. For example, suppose the steady state operating point of the spool
displacement of the LS regulator was cal culated to be X;max Which is the maximum
opening of LS regulator orifice. Thiswould be an unacceptable steady state operating
point becauseit is at saturation.

If the steady state operating point(s) are within a specified range, dynamic analysis,
using tools such as the Bode diagram of the linearized system, help assess the stability at
the steady state operating point(s) for the specific opening, x,, of the flow control valve.
For al expected openings, x,, of the adjustable orifice, if the LS system is stable, the

system meets the required design constraints and is considered stable.
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Chapter 3 Steady State Analysis of the Load Sensing system

3.1 Introduction

Asindicated in Chapter 2, a“steady state analysis’ procedure for a dynamic system
must be developed to determine al possible SSOP's. Finding these operating points
requires all possible solutionsto a set of nonlinear system equations in which all the
derivatives are set equal to zero. For some simple non-linear systems, such asasingle
pendulum, it is possible to develop an analytical solution of the corresponding steady
state equations. However, for many actual hydraulic systems, such as LS systems, it is
not possible to develop an analytical expression for al possible operating points.
Fortunately, numerical methods and powerful computers have provided alternate
approaches for solving all possible solutions to a non-linear equation.

This chapter will develop a set of causal relationships which will facilitate the steady
state analysis of LS systems. A numerical method for solving non-linear equations will
be provided. The “piece-wise model” problem which surfaces from these equations will
also be discussed. Finally, aprocedure of solving for the SSOP' s of the LS systemis
forwarded.

3.2 Non-linear Modelsfor Steady State Analysis of a Typical Load Sensing System
In order to understand the procedure of solving for the operating point of general LS

systems, it is necessary to consider a set of nonlinear algebraic equations resulting from

the non-linear dynamic models developed in Chapter 2, and to use these equations to

illustrate the steady state analysis of atypical LS system.
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3.2.1 Non-linear Equation Set
For the LS system under steady state conditions, the time derivatives of the state

variables (x,, 6, ¢, P, P ,and P_) arezero. Therefore, setting

s y’

6,.0,, ¢ P, B, P andP_tozeroin Equations (2.1), (2.3), (2.43), (2.37),

(2.5), (2.42), and (2.50) yields seven a gebraic equations having seven unknown

variables(x,, 6,,, @, P ,and P_). These equations are listed in Table 3.1.

5 ’ y )
Equation (3.4) indicates that the flow rates, Q10 and Qr2o, are zero due to the critically
lapped condition. Thiswill giveriseto the different operating conditions discussed in

the next section.

Table 3.1 Generic Steady State Models of the LS system

x = (P-P.)-P,) 3.1)
k.
~Kyb, +T, +K,,P. - K .P.E -R AP, =0 (3.2)
_ DmPL _Tmf
@= 5. (3.3)
Q%01 Pt Pyor) = Q2 (.02, Py ) = 0 (For critically lapped spool) (34)
Qs _QL - CpI Ps = O (35)
Q -¢,R -Dw=0 (3.6)
Ps =R (3.7)
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Equation (3.2) can be re-expressed as

T K. K K, s
P2 p__® g __p 6,,P, (3.8)

P, = el s %
RyA RyA Ry Ay Ry Ay

Define:

T.=—2 N (3.9)

dimensionless (3.10)

K,o=—2% N red (3.11)

K prs rad* (3.12)
" RDVAY

Equation (3.8) can be now expressed

6..P.

P, :TS'p+K F>S—K;p6gp—+<pr3 o Ps 0<8,, <O n (3.13)

pr2

The particular form of Equation (3.13) is preferred here because the va ues of

andK

parameters T, K ,K o3 have been experimentally evaluated for the particular

pr2

pump used in this study.
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3.2.2 Steady State Oper ating Condition of the L oad Sensing Regulator

The critically lapped spool design of the LS regulator necessitates a special
consideration when solving the equation set. Equation (3.4) indicates that under steady
state conditions, Qy; and Q2 are equal to zero for critically lapped spool design. This
condition occurs when x; = 0 or X, = X0 (with other conditions attached). This givesrise

to the identities
er(xr 01! PsOl’ Py01) = O (314)

Q.2 (%02, Pz ) =0 (3.15)

where the subscript “o;” in Equation (3.14) represents the operating point with X0 > 0
(i.e. the “charge’ orificeisopen) (see Figure 3.1). The subscript “¢2” in Equation (3.15)
represents the operating point with x,o < 0 (i.e. the “discharge’ orificeis open). It is now

necessary to consider the condition under which these identities can occur.

PTlLI_\ 4_i)<r>0p PT ll—l—\‘_i Xr<OP
N ol | Q2| | |
e /< — _If(
arge Discharge
@ (b)

Figure 3.1 LS Regulator: (a) the Control Chamber Charged
(b) the Control Chamber Discharged

Equations (2.11) and (2.12) shows that As(X;) is zero for x, <0 (and hence Q,1(x) is
zero), and Ar(x) iszerofor x. 20 (hence Qi2(X,) is zero). Further, A(x) and Ar(x;) are

aso zeroat x, =0 (hence Q1(0) and Q;2(0) are zero). With respect to Figure 2.2, the
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flow to the control piston (X, > 0), or the flow to the tank (X < 0) must be zero for steady

state conditions; that is

2
Cd&(xro) ;(Pso B PyO) =0 X020 (3.16)
Q,=0 (blocked)
and
C, A (%) 2p =0 X0 <0
d AP ro = (3.17)
Q,=0 (blocked)

The above analysis gives rise to the following conditions in which Q;; or Q;, are zero or

both.

ConditionI: X, =0. (Qr1= 0and Q2 = 0). This condition is obvious because the

valveiscritically lapped.

Condition II: x, >0(Qr = 0). Thisonly occursif P, = P, (see Equation (3.16)).
Condition I1I: x., <0(Qr2=0). Thiscan only occur if P, =0and P, =0 (see

Equation (3.17)).

The aforementioned three conditions describe “possible”’ scenarios of the LS
regulator with a critically lapped spool under steady state conditions in which the flow
rates are zero. Whether the operating point exists or is stable for each condition depends
upon control equations of other parts of the LS system shown (i.e. the control piston and
pressure control pump in Figure 2.2 and the load in Figure 2.5), in particular, the steady
state control characteristic of the pressure control pump. To assist in explaining the

relationship between the above three conditions and the steady state control
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characteristics of the pressure control pump, consider Figure 3.2 in which the control
pressure, Py, is plotted as afunction of the pump pressure, Ps, and swash plate angle,

6, (see Equation (3.13)). The minimum swash plate angle, & iszero and the

1 ¥ spmin !

maximum, &

spmax ?

15 0.32 radians for the pump studied. The regions or lines which

reflect two of the three conditions are also labeled in Figure 3.2.

800

—=6=0 rad
-0-0=0.04
A 0=0.08 ) . .
o 8=0.12 Outside of the normal operating region
600 -®-9=016 (6sp =0)
-2.9=0.2
A-9=0.24
-+ 9=0.28
* 9=0.32

S B> OO

400 N
P, =P (condition I1)

The normal Steady state operating regior

200 1 7 9 Outside of the mormal operating region
{ Q}"’ (8¢, = the maximum value)

P, = 0 (condition Ilf)

0 «

0 PSl P52 400 800 1200 1600 2000
Pump piston pressure P g, psi

Control piston pressure P, psi

Figure 3.2 Steady State Characteristic of the Pressure Pump

Consider condition |. Condition | cannot be shown in Figure 3.2. Thisis because
thereis no explicit relationship between Py and Ps for x, = 0. Thus, Py and Ps; must be
mathematically derived from other steady state equations. It is reasonable to expect that
the solution may be any point in regions (A) and (B) which represent steady state
operating regions permitted by the pressure control pump. However, any solution in

region (A) does not make physical sense in the LS mode because, physically, Py cannot
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be greater than Ps under steady state condition. Therefore, only solutionsin region (B)
can be considered for x, = 0.

Consider condition Il. This condition requires that the control pressure, Py, be equal
to the pump pressure, Ps (see Figure 3.2). Possible operating points under condition 11
must be on the line (Py = Ps) and within Qgmin and Qgpmax; thislineis aso the boundary
between regions (A) and (B). Pressures, Ps and Py, at two terminal points can be

determined by applying Condition Il to Equation (3.13) to give

T -6 K.
p=_ % “Imx7® (3.18)
gspmax Kpr3 +1_ Kpr2
and
_I_.
P,=—> (3.19)
1-K,»

The specific operating point under condition 11 must also be mathematically
determined.

Consider condition I1l. This condition requires that the control pressure, Py, be zero.
However, Figure 3.2 indicates that Condition 111 (Py = 0) is outside the normal steady
state operating region (B) of the pressure control pump. In fact, condition 111 represents
the “fully stroked” status of the pressure control pump where the swash plate angleis
limited to the maximum value. This often occurs if the pressure setting (such as Pg) of
the LS system or the opening of the orifice (x,) is very large, or the load is overrunning
and theoretically would require more flow than the pump could deliver.

In order to solve for the operating point at each condition, the steady state equation
sets with acritically lapped spool need to be expressed in a different way, as presented

in the following section.
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3.2.3 Steady State Equations Set

Asafirst step, g(Equation (3.3)) is substituted into Equation (3.6). Further P s
(Equation (3.7)) is substituted into Equation (3.1). Thus the algebraic Equations (3.1),
(3.13), (3.3) through (3.7) can be simplified into a set of four nonlinear equations and
one assumed condition which can be one of Conditions|, Il or Il1.

Substituting Equation (3.7) into (3.1) gives

(P,-P,)=P, for x , = 0(condition|)
(P, -P,)>P, for x,, >0and P, = P, (condition|! ) (3.20)
(P, -P,)<P, for x., <Oand P, = 0(conditionlll )

Equation (3.20) is expressed as an inequality because the discussion in this chapter is
more interested in the sign of ;o than the magnitude of xo. (See Equation (3. 28))
In order to reflect Condition 111 in the relationship between the swash plate angle, &,

Ps, and Py, Equation (3.13) is expressed as

rs (3.21)
Oy = 6 e P, =0

{P =T, + K P - K0, K 0,P, 0<6, <86,
Substituting Equations (2.34) and (2.38) into Equation (3.5) in Table 3.1 resultsin

NA R wtand
s ik [2(P-P) ~c,P, =0 (322

T

It must be noted that Q1 isequal to zero (steady state) in the expression for Q.

In asimilar fashion, Equation (3.6) can be expressed as

2 DT
Cane|2(6,-R) | 0 + 52 o + 221 =0 62
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Equations (3.20), (3.21), (3.22) and (3.23) are the four equations to be used to solve
for operating points (X0, o, Pso, Pio, Pyo). It is apparent that there are five variables
and four non-linear equations. To solve these equations, one parameter value must be
assumed; for example, X.q is zero for condition |, Py equalsto Py for condition |1, and
Pyo is zero for condition I11. Using one of these conditions, all other parameters can be
solved. Because P g and g are uniquely determined by P, o (see Equations (3.3) and
(3.7)), solving for these variables is straight forward and will not be considered in
subsequent sections.

3.3 Solving for the Steady State Operating Point

In this section, the solutions of the steady state equation sets for the three conditions
are discussed separately. For each condition, the general solution of the operating point
is devel oped associated with X0, B0, Pso, Pro, Pyo.

3.3.1 Solution of the Steady State Equation Setsunder Condition | (X;o = 0)

Consider the load pressure Pp. Substituting Equation (3.20) into Equation (3.23)

and then re-organizing the equation resultsin
D, T
P, =1 _ C,Wx 2Py | O (3.24)

Again, it must be noted that Py is not atrue physical pressure but an equivalent pressure

term. Recall that the value of Py is equal to the designed external pressure differential,

(P, - P_,), which, under the steady state condition, forces the spoal to its null position
(refer to Figure 2.2). The load pressure, P, of the operating point under steady state

conditions can been directly computed via Equation (3.24). Equation (3.24) indicates
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that the larger the motor leakage, the smaller the load pressureis. There are two termsin
the square bracket of Equation (3.24). Thefirst termisthe load flow and the second
term isaflow which is proportional to the resistant torque on the axle of the motor with
theload. Therefore, the larger the flow rate entering the motor and the higher the load
resistant torque, the higher the load pressureis.

To calculate the pump pressure Py, it is hecessary to substitute Equation (3.24) back
into Equation (3.20) to give

P, =P, +P, (3.25)

To find the swash plate angle, G40, Equation (3.20) is substituted into Equation

(3.22) and re-organized to give

6 -1

o = ten

T 2P
C Zd4c P 3.26
NApRpw[ o 2 v, H (326

where Py is determined using Equation (3.25).
To determine the control pressure Py, it is necessary to substitute the values of

Equations (3.25) and (3.26) into Equation (3.21) to give the control pressure under the

steady state condition as

PyO = Tsla +K IprZPsO - (K'sa +K IprSPSO)espO (3-27)

Equations (3.24), (3.25), (3.26) and (3.27) can now be sequentially solved to give the
value of four variables under the steady state condition xo = O (condition I). However, it
should be noted that the operating points cal culated from the above equations, may not
always exist in the operating region. It is necessary to check if the solution of each

variable isin the normal operating region. This approach is now explained.
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Whether the operating point with condition | exists or not is determined by checking
two requirements. First, the swash plate angle, &y, calculated by the flow continuity
Equation (3.26) must be smaller than the maximum angle, Bymax. Then, the control
pressure, Pyo, computed by Equation (3.27) must be smaller than the pump pressure, Py,
by Equation (3.25).

The above two requirements have a physical interpretation. The first requirement

(6y, < Oyma) impliesthat the flow demanded by the load plus the pump leakage which

corresponds to the swash plate angle, &y0, must be smaller than the maximum flow
delivered at the maximum swash plate angle, Gpmax. If thisis not true, the LS pump must
bein the “fully stroked” status (i.e. condition I11). The second requirement means that, if
the control pressure, Py, computed by Equation (3.27) islarger than the pump pressure,
P, then this situation resultsin a physically unrealizable condition under steady state
conditions.
3.3.2 Solution of the Steady State Equation Setsunder Condition Il (Ps = Pyo)
Figure 3.2 shows that the pump pressure under condition Il must be in region [Pg,
Pe]; that is, the pump pressure must be less than P, in Figure 3.2.

Po <Py (3.28)

Now from Equation (3.20), Ps must satisfy the relationship

P,>P, +P, (3.29)
Combining inequalities (3.28) and (3.29) resultsin

P,<P,-P, (3.30)
This indicates that the operating point with condition 11 may only exist when

P <P, —P,. If Pyisset to alarger value than P, the inequality would never be
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established because pressures P is aways positive unless arunaway load exists. This

implies that no operating point exists with condition Il and P, > P,,. Therefore, the

operating point with condition 11 can exist only when Py is smaller than Ps. Again,
because Py is always positive and P, usually issmall (e.g. for the pump studied, Py =
1.55 MPa), the operating point with condition Il exists when Pqy is smaller than Py and
PLoissmall.

Condition Il of Equation (3.20) gives the equality relationship between the control
pressure, Pyo, and the pump pressure, Py, but does not give the value of x; like condition
I. Thisresultsin adifferent method of solving the non-linear equation sets.

For the convenience of iteratively solving for the SSOP, Equation (3.22) can be
rearranged as

NApRpa)tan(esp) - Cwx E(P _P)-c,P
L/~ "o
o

S S

(3.31)

T

Equation (3.31) involves three unknown variables, &, Psand P.. In order to solve
for the SSOP of the LS system under Condition |1, Equations (3.21) and (3.23) have to
be used.

Equation (3.21) can be rearranged to reflect condition Il as

T, +(K, -1)P
o (p)=—=2 "2 T= 0<@_<6@,,. adP, =P, (3.32)
Sp K$+Kpr3ps P P y

It is noted that the pump pressure, P, in Equation (3.32) is not labeled with the
subscript ‘o' because at this point Ps is not known. Indeed, all subsequent equations will
not bear the “(” subscript until Ps can be solved.

Equation (3.23) can be rearranged to express P, as afunction of the Ps as
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—b, +4/b2 —4bb,
P = (3.33)
L 2bl

where b, =a?, b, =a, —2a,a,, and b, =aZ —a,P,. The coefficients, a;, a,, and ag, can

D2 DmT 2C2W2 X2 o
be further expressed as a, =c,, +B—m, a, = B M and a, :M.Substltutmg

Equations (3.32) and (3.33) into Equation (3.31) yields a non-linear algebraic equation
to solve for Py (and Pyo dueto Py = Py under Condition I1) under steady state
conditions. Then, substituting P into Equations (3.32) and (3.33) obtains &y and P
respectively.

Similar to the approach of Section 3.3.1, it is necessary to check if the operating
point calculated above is on the line (Ps = Pyo) of Figure 3.2. Firstly, the pump pressure,

Ps, must satisfy P, < P, < P.,. Then, the basic relationship of condition |1

s0 —

(P, — P, > P,) must be met.

3.3.3 Solution of the Steady State Equations Set under Condition I (Gpo = Gpomax;
Py=0)

It was mentioned that condition I11 represented the “fully stroked” status of the
pressure control pump in which the swash plate angle, &, was limited to its maximum
value, Gpmax. IN Order to avoid this operating condition when designing a LS system, or
to diagnose what causes this operating condition, it is necessary to develop the
mathematic solution of the operating point at this operating condition.

If condition Il exists, 8., = 6, ., (Equation (3.21)) and P, = 0 (Equation (3.20)).
Because the |eakage flow is very small relative to the delivered pump flow and the load

flow rate when the pump is fully stroked, the leakage term in Equation (3.31) can be
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neglected, and as a consequence, the first term in Equation (3.23) is constant and
approximately equals to the maximum pump flow delivery. Therefore, the load pressure

can be directly obtained from Equation (3.23), that is,

NA R wtan@ DT
ea— b PO (3.34)
D2 T B,
Neglecting pump leakage (the third term) of Equation (3.31) and rearranging
Equation (3.31) gives
NA R wtand_ . \°
Po = Pl +2 P2 > (3.35)
2 7C4A,

Again, the method of checking the operating point presented in Section 3.3.2 is used.
First, the numeric solution, Py, of Equation (3.35) can be substituted into Equation
(3.33) to obtain the load pressure, P, and to further check the basic condition of
condition Il (P, =P, <P,).

To summarize, the method of finding the operating point of the LS system isto solve
each non-linear algebraic equation with three possible operating conditions and to check
If the operating point existsin each condition. Thereisat most one operating point
among the three conditions.

3.4 Procedurefor Solving for the Steady State Operating Point

This section presents the flow chart for solving for the SSOP of the LS system
(Figure 3.3). Because, before the steady state analysis process begins, thereisno
obvious knowledge of the operating condition in which the LS system operates, an
operating condition must be assumed [ for example [ the normal operating Condition

| (Step (1) in Figure 3.3). Calculating Equations (3.24), (3.25), (3.26) and (3.27) gives
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the SSOP directly (Step (2)). Then, Steps (3) and (4) determineif the result satisfies the

essential conditions.

Assume that the LS system
1 operates under the normal
operating condition (Condition )

y

Calculate P, using Equation (3.24)
Calculate P_, using Equation (3.25)
Calculate sp0 using Equation (3.26)
Calculate Py using Equation (3.27)

| |
5 I I
Y = |
sp0 - spmax (] |
Calculate P, using Equation (3.34) = 7 I
i i g | P, =(P,+P,)2 |
Calculate P_, using Equation (3.35) S | s =(Py 2

© I
o ! v = |
> | | Calculate sp Using Equation (3.32) |
| Calculate P, using Equation (3.33) I
| Calculate values of two sides of I
| Equation (3.31) I
| |
I Y 9 N |
T 11 I
| |
| | P, =P, P, =P, |
I 1 |
| 12 |
| @ |
| |
13 I 13 |

I _ _
| [P = PitPIRand P, =Py :

end I_

Figure 3.3 Flow chart of solving for the SSOP of the LS system

61



It isimpossible in practice for the swash plate angle to be larger than the maximum
value. If the calculation result gives this result, this indicates that the LS system could
not operate under Condition I. In this case, the LS system must operate under Condition
[11. Therefore, the SSOP should be calculated by Equations (3.34) and (3.35). It is noted
that the solutions under Conditions | and |11 do not require the iteration calculation.

If the control pressure, Pyo, computed by Equation (3.27) in Step (2) is larger than the
pump pressure, Py, then this situation results in aphysically unrealizable condition
under steady state conditions. In this case, the LS system must operate under Condition
I1. The dashed line box in Figure 3.3 isthe flow chart of the iteration for computing the
SSOP of the LS system for this condition, because substituting Equations (3.32) and
(3.33) into Equation (3.31) cannot give adirect expression of Pg,.

The method of iteration is as follows: aregion [Py, P;] of the pump pressure, Ps, in
which the solution of SSOP is located, isfirst selected. Because the pump pressure, Py,
and the control pressure, Py, are equal and must be a value between Py, and Py (see
Figure 3.2), thefirst region is selected to be [P1, P2] =[P, Pg] (Step (6)). A pump and
control pressure is assumed to be 0.5(P, + P, ), at the mid-point in the region (step (7)).
The swash plate angle, &, and the load pressure, P, are then determined using

0.5(P, + P,) viaEquations (3.32) and (3.33) and are substituted into both sides of

Equation (3.31). The value of the left hand side is the pump flow, i.e. the input flow rate
of the pump chamber (here defined as Qin), while the value of the right hand side
represents the output flow rate of the pump chamber (here defined as Qou). If Qin > Qout
(step (9)), the pump volumetric flow rate has to be reduced. According to Figure 3.2,

reducing Qi, aong the straight line (Ps = Py) implies increasing pump pressure. In other
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words, the solution of the pump pressure, Ps, must be larger than the pressure,

0.5(P, + P,). Therefore, the new region becomes[P;, Py] = [0.5(P, + P, ), P;] (Step
(11)), otherwise, this region becomes [Py, Py] = [Py, 0.5(P, + P, )] (Step (12)). 20
iterations is about all that is required to reduce the length of the region from the initial
value of 0.79 MPato 0.75 Pa. Thefinal result for Condition Il is given by Step (13). The
calculation based on the flow chart shown in Figure 3.3 can give the operating condition
(1, 11, or 1) under which the LS system is operating, as well as the SSOP of the LS
system.

3.5 Summary

This chapter has demonstrated that the operating point of the LS system with a
critical center spool of the LS regulator is determined by three conditions. As condition
[, the LS regulator spool displacement of the operating point under steady state
conditions, X.o, is aways at the null position for the LS regulator with a critically lapped
spool. Inthiscase, the value of all state variables can be obtained directly.

Under condition I1, the control pressure and the pump pressure are the same. This
would occur when the system pressure differential setting, Pqy, is small. Condition 111
represents the “fully stroked” status of the pump. When the opening of the flow control
valveis quite large (which resultsin asmall pressure differential, P - Pio), this
condition could occur. This chapter also gives aflow chart which summarizes the

procedure for solving for the SSOP of the LS system.
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Chapter 4 Experimental Verification of the Steady State Operating

Point of the Load Sensing System

4.1 Introduction

In Chapter 3, the mathematical model for solving for the SSOP of the LS system was
developed. The objective of this chapter isto experimentally verify the theoretical
solution of the SSOP.

In the steady state analysis of the LS system, the load pressure is assumed to be a
controlled input. Therefore, in this part of the study, the steady state load pressure, P,
is established using arelief valve, instead of using a motor load. Adjusting the load
pressure, P_o, the opening of the flow control valve, A,, or the pressure differential

setting, Pg, can al cover changesin the SSOP.

In the subsequent sections, the experimental platform and the measurement system
are discussed first. Finally a comparison of the experimental and theoretical SSOP'sis
presented.

4.2 Experimental System

Because the main interest of this chapter is the experimental verification of the
SSOP, and not the dynamic response, asimple relief valve was used to replace the
hydraulic motor as the load.

The schematic of the experimental system is shown in Figure 4.1. Six variables, the
pump pressure, Ps, the control pressure, Py, the load pressure, P, the swash plate angle,
&, the LS spool displacement, x;, and the fluid temperature, T, were measured. The

relief valve located directly after the pump was used to protect the system in case of a

64



failure in the pressure compensator. A relief valve located down stream of the flow

control valve was used to create a constant pressure load.

P +.é>- % GP.

id- Adjustable
Py T 1L |l| orifice Ll
LSregulator ~ Pressure Relief Load:
control valve relief
pump valve

Figure 4.1 Schematic of Load Sensing (LS) System
In order to verify the theoretical model developed in Chapter 3, it is necessary to
compare the experimental results to those obtained from theoretical computations. It is
noted that the coefficients or constants used in the theoretical model must be consistent
with those of their experimental counterparts. Some of these coefficients can be found
from manufacturer specifications (pump volumetric displacement, for example); others
need to be obtained from experimenta results (leakage coefficient, for example). This
chapter, then, considers the calibration of all transducers, the characteristics of certain
components and the identification of certain system parameters that cannot be obtained

directly.

4.2.1 Measurement System

There are four types of physical quantities to be measured; pressure (the pump
pressure, Ps, the control pressure, Py, and the load pressure, P.), the swash plate angle,
&, the spool displacement of the LS regulator, %, and the fluid temperature, T. Figure

4.2 shows a schematic of the instrumentation and the Data Acquisition system (DAQ)
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used in the experimental system. Each channel includes a transducer, a signal
conditioning circuit and an A/D converter. All signals are converted into DC voltage
signals which can be monitored visually by multimeters. This setup facilitated the

"zeroing" of appropriate transducer outputs for all tests.

Physica Modulated DC channel
quantity signal voltage reading
Ps N Pressure |1 Signd Vs Ns
transducer —Ptconditioning| Ny
Py » : : g
PL» \& N

Signal Vi
conditioning

y LVDT
r—p

DAQ system
vZ

transducer conditioning

T Temp.
>l p

<_
—>»

6 angle l¢—| Signd
g —»
—>

L

Signd | V7 Nr
transducer conditioning

Figure 4.2 Transducers, Signal Conditioners and the DAQ of the LS System

The purpose of the measurement system calibration was to determine the
rel ationships between channel readings (output from the DAQ) and physical quantities
such as pressures and displacements. These relationships reflect the gain of transducers
and include the measurement error. The measurement system can be considered as a
cascade of two subsystems: the sensing system and the DAQ system. The gains and
measurement error of the DAQ system are the same for all channels. The error
associated with the DAQ is mainly introduced by the limitation of the "word length".
For this study, the DAQ system uses a multifunction interface board (model: CIO-

DAS16) with 16 channels of A/D converters and 4 channels of D/A converters. The
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word length of the DAQ system’s A/D and D/A convertersis 12 bits. For the specific
setting (range = [-5, 5]; gain = 1), the resolution of the A/D and D/A convertersis 2.44
mv. The bias error is measured to be —3.3 mv when each channel is set to 0 volt. The
bias error can be removed through the use of an appropriate software algorithm.

The gain and the measurement error of the transducers and signal conditioners
depend on the gain and sensing error of each measurement system. Calibration
procedures are necessary in order to determine the gain relationship and sensing error
between the physical quantities and the DC voltage outputs. According to
experimentation and uncertainty theory, measurement error or uncertainty of transducers
is expressed as the square root of the sum of the squares of the random error and bias
error [Coleman and Steele, 1999]. As previously discussed, the bias error of the A/D
converter can be readily compensated. The bias error of the sensing system is mainly
caused by a slow zero drift of the signal conditioning circuit. This can be minimized by
“re-zeroing” each system before each test. Therefore, the following section will focus on
the calibration of the sensing system viathe transducer gain and the random

measurement error.
Because the sensing error of the transducers and the signal conditioner and the A/D

converter error are independent, the overall random error can be calculated by

e=/(Ke, )’ +¢€? (4.1)

C

where e is the sensing random error, e isthe A/D converting error, and K is the gain of

the A/D converter. In this case, the A/D converter gain is set to equal to 1.
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The calibration of pressure sensors for the measurements of LS pump, control piston
and the load pressure, angle position sensor for the measurement of the swash plate
angle, and Proximator for the measurement of the displacement of the LS spool are
givenin Appendix B.

4.2.2 Determination of Relevant Parametersfor the Load Sensing System

4.2.2.1 Load Sensing Regulator

A schematic of the LS regulator used in this study is shown in Figure 4.3. The
regulator consists of the body, the LS spool, an end cap, the balance spring, an
adjustable screw and a spring guide. The spring and spool are separated by a spring end

cap. Adjusting the screw moves the spring guide, the spring, the end cap and the spool.

Parameters of the LS regulator associated with SSOP theoretical models are the
pressure differential setting, Py, the cross-sectional area of the spool, A, and the spring
coefficient, k.. A, and k. were measured to be 31.7 mm? and 61.1 N/mm respectively.
The P4 has to be determined through the value of setting X;; (see Figure 4.3). Thisis now
considered.

LS spool Spring k;
End cap
A X e PLe

............ \\ '

Adjustable screw

vvvvvv

---------

\\{ 2 \'l oo

mm
(maX|mum
compression)

Spring guide

Figure 4.3 LS Regulator of the Pressure Control Pump
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It has been mentioned that Py is not atrue physical pressure but an equivalent
pressure term. The value of Py is equal to the external pressure differential which forces
the spool to its null position (refer to Figure 4.3). In order to calculate Py, the schematic
of the LS regulator related to the pressure differential setting, Pg, is shown in Figure 4.4.

il
/ARl
|

K,
PP

AT
Figure 4.4 Coordinate Definition of the LS Regulator Spool Displacement

Under steady state condition, the spring force, Fg, can be expressed as

Fsp = kr (Xr - Xri ) (42)
where X isthe displacement of the LS regulator spool and whose direction is defined
opposite to the direction of the spring force exerted on the spool. X istheinitia
displacement of spool. k; isthe spring coefficient. When x; is equal to x;i, the spring

forceis zero. When x; is forced to zero by an external force under steady state, the

external force will balance the spring force which can be determined by

Fo« = Fp =K/ X, (4.3)
When the LS regulator operates in the LS system, the external force is determined by the
product of the pressure differential on the spool and the sectional area of the spool, that
is

F. =A(P.-P.) (4.4)
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The pressure differential, (P, — P, ), under the condition x, = 0 (i.e. the system pressure

differential setting Py according to the definition) can thus be determined by combining

Equation (4.3) and Equation (4.4) as
Pd :(Ps - PLs )|x =0 = _ﬁxri (45)
A

The subscript ‘;i’ is used to distinguish the initial position from the operating point *1¢’.
It is noted that x; must be negative, that is, the “discharge” orifice of the LS regulator is
always open before the system starts operation (see Figure 4.4). For the LS regulator
study, the manufacture setting of initial displacement is—1.27 mm. The derived
parameter, Py, is thus calculated to be 2.45 MPa. Py can be decreased by adjusting the
spring pretension screw (viaan adjustable screw) out so as to reduce the absolute value
of xi. In contrast, Py can be increased by tightening the adjustable screw (i.e. increasing
the absolute value of x;).
4.2.2.2 Pressure Compensated Pump

Figure 4.5 shows the schematic of the pressure compensated pump (Model: Vickers
PVE 10) with its control piston (note there are two types of pistons: pumping pistons and
acontrol piston). The theoretical delivery at maximum RPM (1800 rpm) and maximum
swash plate angle (18 degree) is 73.44 |pm (19.4 US gpm). When the pump shaft rotates,
each pump piston rotates around the pump shaft as well as translates along the piston
sleeve. The displacement of each piston changesin the cylinder sleeve as the piston and
sleeve assembly rotate along the swash plate. Each piston draws flow from the tank for
half the rotary cycle and discharges fluid for the other half of the cycle. Leakagein the

pump can follow three paths: through the clearance between this piston and its sleeve,
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between the piston assembly and the valve plate and between the piston shoe slipper

assembly and the swash plate.

Pressure
control pump

Figure 4.5 Pressure Control Pump with Control Piston

Many pump parameters must be determined; these can be divided into three types.
Thefirst typeis defined as structure parameters which are used to determine the pump
effective gain, Cyss (Which relates the pump flow to the swash plate angle).

Mathematically, thiswas given in Section 2.1.1 as

C ==P__"P _— N PP ¢ (HSp) (46)
pss .
6, by o,

For the pressure compensated pump in this study, the pump gain varies from 3.96
Ipm/deg. (1.04 gpm/degree) at &, = 18° to 4.09 |pm/deg. (1.08 gpm/degree) at &, =0
and at arotary speed of 1800 rpm. It is noted that C,ss represents the steady state gain of

the pump while C, (see Equation (2.37)) isthe linearization gain of the pump. Cpss is
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used to calculate the SSOP of the LS system and C, is used for the linearization and
dynamic analysis of the LS system.
The second type is made up of the torque bal ance parameters which describe the

relationships between the pump pressure, Ps, the control pressure, Py, and the swash

plate angle, &y These parametersare T, K, K, andK , (refer to Equation (3.34)).

Thethird type is the hydraulic parameters, for example, the leakage coefficient, c;.
The parameters of the first type are known because they are measurable or specified by
the manufacturer. The second type of parameters for this specific pump was determined
by Bitner [1996] and Huh et a [2000]. The third type, however, was unknown and had
to be measured. The procedures involved in making these measurements of the third

type are now considered.

Consider a situation where the load ports are blocked (no flow condition). The

second term of Equation (3.35) is zero giving,

NA R atané
Cy =—— ® (4.7)
IPS
Equation (4.7) can be expressed as
NA R atané_ & 6
Cy = e * = :Cmip (4.8)
77495,3 P, P,

The only fluid that the pump is delivering is due to |eakage. Therefore, the swash plate
. . NA R a
angleisvery small and tan(6y) = €. Cpss IS aknown constant, ——"—, and &, and Ps
T

are measurabl e; then ¢, can be calculated from the slope of aplot of Cpssby, versus Ps.
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In order to obtain the slope of aplot of Cpss€, Versus Ps by measuring &, and Ps
(without load flow), it is essential to measure many points ([Ps , 6], 1 =1, 2,....). The
pump pressure, Ps, must be variable. The regulator shown in Figure 4.6 is used to
explain the method of varying Ps. The LS regulator (lower part) and a pressure
compensator (upper part) are normal components in acommercial pressure regulator.
The pressure compensator is used to limit the pump pressure for safety. The pump
pressure, Ps, can be adjusted using the adjustable screw of the LS spooal (i.e. changing
pressure differential setting, Py), or by the adjustable screw of the pressure compensator
spool (see Figure 4.6). If the pressure, Ps, was adjusted by changing Pq (i.€. by adjusting
the LS spring adjustable screw), Ps would only reach the maximum design value of Py
(4.6 MPa) because the load pressure was zero in this experiment (note Ps— P = Pg) and
the adjustable screw could only be moved alimited amount, Ax;max. But the pump
pressure under normal operating conditions would be higher than this value due to the
presence of the load pressure. Thus, awide pressure range could not be created. The
other way to adjust Ps was by keeping LS orifice open by completely tightening the LS
adjustable screw (x, < 0) and then adjusting the screw of the pressure compensator of
the LS regulator assembly in order to vary the pump pressure Ps. Under these operating
conditions (i.e. No load flow with the “discharge” orifice of the LS regulator opened),
the pump pressure was amost equal to the pressure of the compensator spool spring (i.e.
deadhead pressure) due to the very small flow rate (i.e. the pump leakage).

Figure 4.7 shows atypical test result at afluid temperature of 41°C in which Cys6, is
plotted as afunction of Ps. This result indicates that the relationship between the flow

leakage (Cpss6) and the pump pressure approximates a linear relationship. The leakage
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coefficient at 41°C is calculated to be 0.13 Ipm/MPa (or, 2.17x10™? m®/s/Pa). Figure 4.8
isthe plot of the leakage coefficients as afunction of the fluid temperature. The position
of the temperature transducer was close to the drain port of the pump casing to the tank.
The curve shown in Figure 4.8 indicates that the pump leakage increases as the fluid
temperature increases. Thisis as expected since pump leakage is laminar and the
viscosity which is significantly affected by fluid temperature is related to the flow rate.

Theoretically, the relationship between the flow rate and viscosity isthe reverse ratio for

laminar flow conditions.
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Figure 4.6 Pressure Regulator Assembly

This section has discussed the estimation or measurement of the pump parameters,

the pump gain, C,ss, the torque equivalent parameters (TSp KSp K. o2 and K .3) and the

pump leakage coefficient, ¢y, which are essential to calculate SSOP of LS systems.

These parameters will be used in the subsequent sections.
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4.2.2.3 Parameters of the Needle Valve

In this study, a needle valve was used (See A, in Figure 4.1) to create the “fixed”
orifice for the LS system. In order to predict SSOP of the LS system, two parameters,
the flow cross sectional area, A,, and the discharge coefficient, Cq, of the adjustable
orifice must be known. A, is afunction of the displacement, x,, of the spool of needle
valve (or in this case the “turn number” of the valve knob). For the studied needle valve,
the relationship was determined by Huh et a [2000] and can be presented as a piece-
wise linear function as

(4.9)

(24N, 0<N, <25
16N, -34 25<N_<4

where Ny, is the number of turns on the needle valve.

Another important parameter which was needed to describe the uncompensated
needle valve was Cy. Cqyisafunction of the Reynolds number, Re, which can be
experimentally determined. The experimental method and result of the discharge
coefficient, Cy, are presented in Appendix C, (Wu, et a [2002]). For the studied needle

valve, the empirical model of Cyisre-written as
C, =0.75-2.47e°2/Re 11 7pg02Re (4.10)

4.2.3 Discussion of Experimental Procedures
The hydraulic components and the measurement system associated with the SSOP of
the LS system have been discussed in the previous sections. This section provides

information pertaining to the experimental proceduresto be followed.
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It should be recalled that the objective of the experiments was to verify all three
model s associated with Conditions |, Il and I11. These conditions were excited by
adjusting the system pressure differential setting, Pqy, the opening of the flow control
orifice, x,, and the load pressure, P.. Methods of setting the system pressure differential,
P4, and the flow orifice area of the needle valve were described in Sections 4.2.2.1 and
4.2.2.3 respectively. Theload pressure, P, was adjusted manually using the relief
valve.

The first procedure to be considered is that associated with the DAQ, in particular,
the determination of the sampling frequency. The pump has nine pistons which are

evenly distributed around the shaft. For one rotation, each piston delivers one pul se of
fluid. Thus, the period between each pulseis gi where « istherotary speed of the
w

shaft. Thistranslates to pulses every 0.0037 seconds at 1800 RPM. A pressure and flow
ripple will appear at the output of the pump at a frequency of 270 Hz. In addition, other
frequency components due to the structural design of the valve plate are present. For a
LS system, this pressure ripple can have a significant effect on the performance of the
components. A typical pressure trace of the output pump pressure, control pressure and
load pressure rippleis shown in Figure 4.9. A spectrum analysis of the control pressure
indicates that frequency spikes occur at a fundamental frequency (270 Hz) and a second-
order harmonic frequency (540 Hz). Higher order frequency components are not present
because the signals are filtered with an analog anti-alias filter with cut-off frequency of

750 Hz.
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The sampling frequency should be five to ten times the maximum significant signal
frequency [Thaler, 1989]. Therefore, the sampling frequency in this experiment was

selected to be 5000 Hz.

Pressures, MPa

o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time, s

Figure 4.9 System Pressures of the LS System
For steady state experiments, the valve opening and the load pressure had to be set at

fixed values. Although al variables will demonstrate some small oscillations at 270 Hz
and higher order harmonic frequencies, it is the steady state components which represent
the SSOP. To accommodate collection of data at several operating points, the DAQ was
programmed to sequentially adjust the load pressure viathe solenoid pressure relief
valve. Another signal was a slow ramp load pressure profile (2.5MPa changein 10
seconds, for example). With this slow ramp, the change in the operating conditions
would not excite system transients; thus a steady state relationship could be deduced at
any point in the trace. The collected data had to be filtered to obtain the result for al the

SSOFP's.
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4.3 Comparison of the Experimental and Theor etical Results

Section 4.2 presented the experimental system, hydraulic components, and
measurement system which were used to determine the SSOP of the LS system with
controlled load. This section compares the experimental and theoretical results for
Conditions|, Il and I11. The theoretical results are obtained through the calculation
procedure presented in Figure 3.5 of Chapter 3. It is noted that, because P gisa
controlled input in this experimental study, it is unnecessary to calculate P g in Step (2),
(5) or (8) in Figure 3.5.
4.3.1 Condition |

When the pressure differential across the needle valve was set to 2.5 MPaviathe LS
regul ator and the needle valve opening was set to less than 3.5 turns, the LS system
operated in Condition I. Figures 4.10 through 4.13 compare the predicted and measured
SSOP' s as afunction of load pressure with the needle valve opening at 2.75 turns.
Figure 4.10 shows the pump pressure and the control pressure. The actua pump
pressure correlated very well with the experimental results but the control pressure does
show some small error at large load pressures. This deviation may be due to the
assumption of neglecting the leakage in the clearance between the LS spool land and the
LS sleeve. Another reason may be a consequence of error in the pump parameters found
by Huh et al [2000].

Figure 4.11 shows the measurement of the system pressure differential, Ps - P.. All of
experimental points lie within aband of 0.06 MPa. The “scatter” band of the pressure

measurement system itself is 0.04MPa (£0.02MPa). This indicates that some amount of

scatter exists in the quantity Ps - P_ and is approximately 0.04 MPa (+/0.06% —0.04% ).
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Figure 4.11 Pressure Differential (Ps- P) of LS System SSOPs
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Figure 4.12 shows the swash plate angle as a function of P, . The scatter of experimental
datais within the band of 0.002 radians which is about 0.6% of the full swash plate
angle. This scatter is less than that of the measurement system (0.003 radians at

B0 =0.12 radian or 6.9 degree (reference to Figure B.2 in Appendix B). Therefore, the

measured result of the swash plate angle is considered valid. In addition to the random
error of the measurement system, the fluid temperature al so affects the scatter of the
resulting error. It can be further observed that when the load pressureis |ess than about
4.4 M Pa, the prediction has an excellent agreement with the experiments. But the
agreement decreases for load pressures larger than 4.4 MPa. This may be aresult of two

factorsrelated to the pump leakage and the load flow rate (note:

_ Qs _Qu*Qu - -
B0 = = ). On one hand, it was assumed that the pump leakage is
Cos C s
0.130 ~
] (Opening of valve: 2.75 turns)
©
9_ 0.128 1 — Theoretical prediction
2 = Experimental data
i
o 0.126 -
=)
[
@
[} _
e 0.124
o
@
© 0.122 ~
=
)
0.120 T T T T T T 1

0.4 1.4 2.4 3.4 4.4 5.4 6.4 7.4
Load pressure P ,, MPa

Figure 4.12 Swash Plate Angle of LS System SSOPs
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proportional to the pump pressure (Qu = ¢y Ps). In fact, when using this linear |eakage
model, model error also exists. On the other hand, in practice, the pressure drop across
the orificeis not exactly Py (Py = P — PLo under Condition I). When the P\ o increases,
the pressure drop, Ps — PLo, would change by a small amount.

Figure 4.13 shows the LS spool displacement. Theoretically, the spool should be at
the null position x;o = 0 for Condition I. The SSOP of experiments, however, are
distributed within a band of width 0.04 mm with a bias of —0.012 mm. This scatter value
isrelated to the data processing method. It was mentioned that with a slow ramp load
pressure profile, the change in the operating conditions would not excite system
transients. But the collected dataincluded a fundamental frequency of 270 Hz and its
high order harmonic frequencies. The SSOP’ s were measured by filtering out these high
frequency signals with a Chebyshev type 11 digital filter (cut-off frequency: 250Hz). In
spite of this, the signal still included some noise components less than 250 Hz.

It is noted that the centerline of the scatter band is 0.015 mm lower than the null
position (X = 0). Thetiny difference is negligible compared to the error caused by
visualy identifying the null position when the calibration of the proximitor measurement

system was processed.
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Figure 4.13 LS Spool Displacement of LS System SSOPs

4.3.2 Condition 11

When the system pressure differential setting, Py, was set to 0.58 MPa (84 psi) and
when the load pressure was less than 0.8 MPa (P, — Py), operating Condition 1
occurred. Figures 4.14 through 4.17 show the comparisons of the theoretical and
experimental results with avalve opening of 2.75 turns. Figure 4.14 shows the SSOP for
Ps and Py as functions of Po. If the load pressureisless than 0.8 MPa (116 psi), the
theoretical calculation indicates that the LS system operates in the range Condition 1.
The pump pressure, Py, approaches the control pressure, Pyo. In redlity, Py is always
larger than Pyo under any circumstances due to the leakage in the control chamber.

Figure 4.15 shows the measurement of the system pressure differential, Py — P o asa
function of P.o. The experimental pressure differentia islarger than the theoretical
pressure differential setting Py under Condition 1. When the system operating condition

transfers from Condition I to I, the pressure differentia approaches Py. Figure 4.16
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shows that the LS spool displacement is larger than zero. Thisis anecessary condition

for the existence of Condition Il (Equation (3.28)).
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Figure 4.14 Pressure Relationship of LS System SSOPs

1.2
o
- 1.1-
© Lol — Theoretical prediction
o 09 = Experimental data
g 0.8
c < } -
o 07- "
L= P LT
S g TS T RS " mg a3
Q05+
2 04 Condition Il Condition |
3 ' - | —
o 03 T
0.2 Ll Ll Ll Ll Ll 1
0.1 0.3 0.5 0.7 0.9 11 13

Load pressure P o (MPa)

Figure 4.15 Pressure Differential (Ps- P) of LS System SSOPs
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Figure4.16 LS Spool Displacement of LS System SSOPs

Figure 4.17 shows the swash plate angle as afunction of P . It isobserved that the

swash plate angle decreases as the load pressure increases. In Condition 11, the flow

through the valve orifice decreases as the pressure differential (Psy —P_o) decreases (note:

the orifice opening isfixed to 2.75 turns). This can be true only if the swash plate angle

decreases. In Condition I, although the pump leakage increases slightly as Py increases,

(dueto the load pressure increase, P\ o), the load flow decreases as the pressure

differential (Psy —PyLo), continuously decreases. The overal flow being delivered from

the pump pistons decreases as the load pressure increases. This can betrue only if the

swash plate angle decreases.
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Figure 4.17 Swash Plate Angle of LS System SSOPs
It is aso observed from Figures 4.14 through 4.17 that the theoretical calculations

yield adistinct boundary between Conditions |1 and I, Thisis not true for the
experimental results which show a smooth transition from Condition | to Condition I1.
Thisis because the practical LS hydraulic system is very complex which no theoretical
model can exactly represent. The theoretical model was based on several assumptions;
the leakage through the clearance between the LS spool land and the sleeve was
neglected, and the non-linearities of the LS spring and the Coulomb friction of the LS
spool were neglected. Finally, small chamfers at the edge of the needle valve orifice
were not considered in the model. Regardless, the results are considered to be
sufficiently close for practical SSOP predictions.

In Figure 4.17 the results for Condition Il are presented for small swash plate angles.
This corresponds to the short upper segment of the oblique line given by the equation Py

= Ps (Condition I1) in Figure 3.5 of Chapter 3. Experiments at large swash plate angles
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could not be conducted because the relief valve could not produce the small load
pressure required for Condition 11 with the large opening of the flow control valve.
4.3.3 Condition I11
Condition I1 will occur if the opening of the flow control valve increases beyond a

certain value. Therefore, an experiment to create Condition 111 requires the valve
opening to be the controlled variable. Thisis different from the experiments for
Condition | and Condition Il in which the opening of the valve was fixed and the load
pressure varied independently. Figure 4.18 shows the pump pressure Ps as a function of
the opening of valve. In thistest, the load pressure was not adjusted viathe relief valve
(the load pressure would increase as the opening of the needle valve increases). The
sectional area of the valve orifice increased to 2.5 mm? (3.5 turns). When the LS system
passed from operating Condition | to operating Condition |11, the control pressure, Py,
suddenly drops to zero (refer to Figure 4.19). Because this experiment did not adjust the
relief valve which simulates the load, the load pressure will increase when the load flow
increases under Condition I. Soon after the system reaches Condition 11, theload flow is
amaximum and the load pressure tends to be constant. This can be seen in Figure 4.20.

Figure 4.21 shows the pressure differential, Ps— P o as a function of A,. In Condition
I, the pressure differential, Ps-Py, is controlled to the design value, Py, which is 2.5 MPa.
When the system passes through Condition 111, the pressure differential decreases due to
the constant load flow (pump stroked) and the increasing needle valve opening. A
decrease of the pressure differential causes the LS spool to move to the left (Figures 4.3
and 4.22). When x; < 0, the control piston chamber is exposed to the return line. The
control pressure, Py, decreases to zero. The swash plate continues to stroke until it

reaches maximum position (Figure 4.23).
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Figure 4.22 shows a significant difference between the theoretical and experimental
results. Even though the trends of the measurement and theoretical prediction are same,
an offset of 0.1 mm exists. This is due to neglecting the leakage in its LS spool which
can generate a steady state flow force. A mathematical simulation which considered the
leakage and the steady state flow force has illustrated the offset of about 0.12 mm.
Figures 4.13 and 4.16 also indicate that the measurement is lower than the theoretical
prediction. In the experimental system, the leakage across the LS spool perimeter results
in the pressure, Ps, decreasing at the end next to the proximitor sensor; subsequently, the
LS spool movesin anegative direction (refer to Figure 4.5). Another possible reason for
this effect is a consequence of the null position error caused by visualy identifying the

null position when the calibration of the proximitor measure system was processed.
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Figure 4.22 LS Spool Displacement of SSOP' s under Condition I11

90



Condition 1l

Condition |

© © © © © ©
= N N w w D
ol o (6] o ol o
1 1 1 1 1 )

— Theoretical prediction
i " Experimental data

Swash plate angle G4 (rad)

0.10 : : - : . .
10 15 20 25 30 35 40

The sectional area of valve orifice A, (mm?)

Figure 4.23 Swash Plate Angle of SSOPs under Condition 111

4.4 Summary

For the LS pump and non-compensated valve, the following conclusions can be

made:

1. Threetheoretical conditions of SSOP of aLS system do exist in apractical LS

system with acritically lapped LS regul ator.

2. For each condition, the experimental results show acceptable repeatability and are

consistent with the theoretical predictions.

3. The experiments show a smooth transition between the three conditions which is

different from the abrupt transition predicted.

4. Condition | isthe “normal” operation condition. Conditions Il and 111 should be

avoided in practice.
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5. The condition of the SSOP of the LS system depends on the system pressure
differential setting, Py, the load pressure, P, and the opening of the flow control
vave, A,. When both P4 and P, are small, Condition Il occurs. When the demand
flow islarger than the supply flow by the LS pump (i.e. the opening of the valve,

A, islarger than the critical value), Condition I11 occurs.
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Chapter 5 Dynamic Analysisof the L oad Sensing System

5.1 Introduction

It iswell known that LS systems have a high energy-savings potential, but stability
problems do exist. Some researchers [Bitner and Burton, 1984(2); Krus, 1988; Lantto, et
al, 1990; and Lantto, et al, 1991] have investigated the stability problem of some LS
systems. However, their studies were limited in scope and as such, there is room for
further investigation of the stability associated with the non-linearitiesin the LS system.
Before approaching the stability issue, it is necessary to define what is the “dynamic
problem” of the LS system from aflow control point of view.

Fig.5.1 isthe schematic circuit of abasic LS system which consists of the LS pump, a
variable adjusting orifice (1), the motor load (2) and the LS line (3). As stated in Chapter
1, when an increase in the orifice opening, x, occurs (in order to increase the load rotary

speed), Ps istemporally reduced. Since Ps acts on the LS pump spool (4), the spool

¢ LS line (3) variable adjusting

P . (1) X//orlflce
el )" Jo-o —_
i P
S, H QL PL
(2)

Q ./ motor
nly load

Figure5.1 A Basic Load Sensing Circuit
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movesto the right in Figure 5.1. As such, fluid in the control port area on the
compensator pump piston side (5) is ported to tank reducing the pressure, Py, in the
control piston chamber. As a consequence, the pump swash plate angle, &, increases
and the flow from the pump aso increases. This causes Ps to increase, which in turn,
increases in the load flow until the pump pressure establishes a new balanced operating
point.

Fig.5.2 isasimplified block diagram of the LS system (which isto be developed in
this section). Kq and K¢, represent the flow gain and flow-pressure coefficient of the

adjustable orifice. Therest of the block transfer functions are defined as fol lows.

G, = ¢(S) 0 O Output transfer function.

Q.(s)
H, = R (S) 0 O Load transfer function.

Q(s)
G, = 338 00 LSpump transfer function (note™: aP(s) = P(s) - P(s)).

m]

H, = '::((SS)) 0O O Overall pressure feedback gain of the LS pump.
G, = ;((SS)) 0 O Pump volume transfer function (note: &Q(s) = Q.(s)-Q, (s)).
G, = () 0 O Damping of the LS line.

R.(s)

This chapter will show the development of the block diagram of Figure 5.2 but it is
first desirable to explain how thistransfer function isto be used from a physical point of

view.

Y3 isused to emphasize that the input is a differential signal.
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Figure 5.2 Block Diagram of the Basic Load Sensing Circuit

Asillustrated in Figure 5.2, the flow rate, Q,, can be manipulated directly by the
opening, x of the adjustable orifice and indirectly by the feedback path viaK.. The
system includes one “positive” feedback loop (HL = Gis > G, 2 Gs > K¢ path), in
addition to many negative feedback loops. It is the “positive” feedback |oop that, under
certain conditions, could cause the system to become unstable. Thisis defined as the
“dynamic problem” of flow control in the LS system.

The method of solving the dynamic problem isto find out these “certain conditions”
which cause the instabilities, and to avoid these regions without compromising the
energy saving of the LS system (i.e. by increasing the allowable pressure across the
adjustable orifice, as an example). Other researchers have considered this problem but
only in amarginal sense. These studies were unable to demonstrate that instabilities are
related to the SSOP and operating conditions (Conditions 1, 11, & 111 which were
identified in Chapter 3). The SSOP' s were shown to have a significant influence on the
values of the linearized coefficients in the models (K, K etc.). The operating conditions
do affect the stability at different operating modes (Condition I, 11, or I11). In other
words, the system TF parameters and order are very much a function of the operating

conditions. The objective of this chapter isto develop the system TF at different
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operating conditions (I, 11, & I11) and to further analyze how changes in the SSOP and
operating conditions affect the stability of LS system.

The procedure includes building dynamic models of all components for the LS
system, expressing them in TF form, giving a complete block diagram of the LS system,

analyzing and simplifying the block diagram for different operating conditions (I, Il &
[11), and developing the TF, % , of the LS system for Conditions |, Il and I11. These

TF sarevalidated in Chapter 6.
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5.2 Modeling of the Dynamic System

This section isto use the linearized modelsin Section 2.1 in Chapter 2 in order to
develop the TF of individual component. It is noted that the “A” prior to each variablein
linearized Equations (2.4), (2.13), (2.14), (2.29), and (2.35) will now be dropped for
simplicity. But it should be emphasized that all variables represent their “dynamic
component”. When the steady state operating point (SSOP) occurs in any equation, the
subscript “o” is added to distinguish the parameters/state from the dynamic component
of variables. For convenience, the schematic of the LS system isredrawn in Figure 5.3.
5.2.1 Dynamic Model of the L oad Sensing Spool

Equation (2.1) represents the dynamic model of the LS spool. Because the pressure
differential setting, Py is neither a state variable nor the input variable, Py is absent in
the linearized equation of Equation (2.1). Py affects the stability of the LS system only

through the SSOP. The dynamic equation is given as

Damping-adjusted velve £

QL 4 7\\/|_ PL
7
Flow-adjusted orifice 2
Critical center spool Qi e
i | B
Pressure

control pump

Roy

Control piston;;

Figure 5.3 Schematic of the Load Sensing System
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% =& (-Bx —kx +A(P,-P,)) (5.2)

Taking the Laplace transform of Equation (5.1) yields the TF relating X(s) to

X () K,
SO e R T 2, 62
)]
where
_A
Kr_kr (5.3)
_ |k
wr_ Mr (54)
B
- i 55
¢, 2Nk (5.9)

Equation (5.2) can be represented in block diagram form as shown in Figure 5.4.

Gr(S) _’

PLs

Figure5.4 TF of the LS Spooal

5.2.2 Dynamic Model of the Swash Plate

Equation (2.4) is re-written as

Job, = —Bspé?sp —(Kg +K3Po)b, —R,AP, + (K, =K 36,0)P, (5.6)

Taking the Laplace transform of Equation (5.6) yields the TF of &, with respect to Ps

and Py in the frequency domain as
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8 (5) = Gy (S)K 4sP-(8) ~ K, P, (5))

where
1
G, (s)

p 2 2 S
iz+ £ +1
wSP wSP

/K +K_.P
_ sp pr3° sO
a)sp = J—
sp
(g = i
N 2\/‘]Sp(Ksp+Kpr3PsO)
K :Kprz_Kprsgqao
» Ksp+Kpr3Pso
- RPYAY
i Ksp+Kpr3PsO

Equation (5.6) can be represented in block diagram form asin Figure 5.5.

P -
y
Kspy " P Gs(S)
L
Figure5.5 TF of the Swash Plate

5.2.3 Flow Continuity Equation for the Pressure Control Chamber

Consider Equation (2.29).

P, = K0, + Kygby + Ky X, — K, P, +K P,
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(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)



It will now be shown that the linearization coefficient, Kg, equals zero. In order to

provethis, Equation (2.30) is re-written as

_-R, (K, +2tan(8,, 80K o )

K 514
¢ cos’ (Hspo) (514)
where Ky, was defined in Equation (2.20) as
PA .
K, = Q0 = A%y ~Quo) (5.15)
N (VyO + Ay XyO )2 ! ’

Under steady state conditions, the sum of the three termsin the bracket of Equation

(5.15) are aways zero no matter in which condition (1, 11, or I11) the LS system operates
(Qr10 = Qr20, X, = 0). Therefore Ky is always equal to zero. Further, éspo in Equation
(5.14) is zero under steady state conditions; therefore, Kyis also always zero.

Consider the linearized coefficient, Kqg, in Equation (5.13). Substituting Equation

(2.25) into Equation (2.21) and then substituting the result into Equation (2.31) gives

— prﬂAY
0 05 gy ~ AR, (0] (519

where Vymax 1S the maximum volume of the control piston chamber.
Consider the linearized coefficients K;, Ks, and Kpy in Equation (5.13). Substituting

Equation (2.25) into Equations (2.22) through (2.24) gives

K = ﬂ(qul_quZ) (517)

NV, — AR, Oanlg,,)

K - /B(Kcrl + Kch) (518)

¥V, e — AR, Oan(8,,)
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K o — ﬂ<crl (519)
Ve~ AR, dan(6,,,)

Equations (5.17) through (5.19) indicate that linearized coefficients Ky, Kps, and Kpy
mainly depend on flow gains, K1 and K2, and flow-pressure coefficients, K1 and
Ker2. Recall that these coefficients are the partial differentials of flow rates, Q1 and Q2
with respect to displacement, x;, and the pressure drop across orifice, dP (reference to

Figure5.3), that is,

er = qulxr + Kcrl(Ps - Py) (520)
Qr2 = quZXr + KchPy (521)
Wherequ’l = aer ' K :& (NOte oP = Ps - Py)’ qu2 = aQrz y K __aQrz .

SRRV, = ox

r r

cr2
0X oP,

In order to theoretically estimate these four coefficients, the flow rate equations of the
two orificesin the pressure regulator (Qr1, Qr2) must be considered. Because the normal

operation of the LS regulator with acritically lapped spool occurs at the null position,

the application of the general flow rate equation (Q = C, A(x),/2 AP ) would introduce

significant uncertainty. There are two reasons for this: (1) C4 may not be equal to 0.61
due to laminar flow conditions and (2) the precise value of A(x) cannot be obtained
(small chamfers could exist which would be very difficult to measure). Therefore, the
flow rate equation must be modified to reflect this physical reality. Appendix C provides
an empirical model of the discharge coefficient, Cq4, which can be applied to both
turbulent and laminar flow. Using the results of Appendix C, Appendix D modifies the
orifice area, A(X), as afunction of the orifice opening. A comprehensive flow rate model

which has been shown to be valid around the null point is given as (zero |ap)
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- % JRe - % [Re J WX 2
0

Q=C, [1+ ae “  +pe O — |[=AP (5.22)
1-¢d
The“charge” (Qr1) and “discharge” (Qr,) orifices of the LS regulator can be considered

to be approximately symmetric about the null position; the flow rate equations are

therefore,
R nfRe ) wx 2
Q,=C,|1+ae %"  +be —|=(r.-p) (5.23)
1-¢ d VP
and
o) o,
——1\/R7(£‘2 -2 [Re,
Q,=C,. [1+ ae ' +be Co J W [2p (5.24)
g —1' 7

The corresponding flow gains and the flow-pressure coefficients for the “charge” and

“discharge’ orifices are given as

o _90, _Conft-(irx)e)

arl ox P, -PR (525)

R ) e

“diyre 2R
where C, =C, |1+ae ** +be ™

X = i

d

[ o
-2 JRe -2 [Re
(— ade “ -bd,e }/ Re

E=

2C,

« -9, _ c,w{(L- x)e* -1)

qr2 dX - P (526)

r (L-£)e* -1f 5
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— aer — CdVVXr

Kot =30p = (1-£)1-e )\/Zp(PS -P,) (5.27)

— aQrz — CdVVXr

2P, (1-¢)e* —1)/20P, 529

K

With empirical Equations (5.25) through (5.28), the value of K44 (Equation (5.16)),
Kw (Equation (5.17)), Koy (Equation (5.18)), and Kps (Equation (5.19)) now can be
calculated. It was mentioned earlier that Ky equals zero. Now it is possible to further

develop the TF for the linearized Equation (5.13).

Taking the Laplace transform of Equation (5.13) can give the TF of the pressure Py

with respect to three inputs, X, Ps, and &, in the frequency domain as

P,(s)=G, (s)(K, X, (s)+ K sP.(s) + K 5,58, (8)) (5.29)
where
G,(s)=—= (5.30)
i +1
C()y
wy — pr — /B(Kcrl + Kch) (531)

Ve — AR, dan(6,,)

qul - qu2

K, =—~ T2
g Kcrl + Kcr2

(5.32)

It is noted that K, as calculated by Equation (5.26), is aways negative due to the
“discharge” flow. In order to avoid any possible misinterpretation, Equation (5.32) is

rewritten as

B Kq,1+\K

yr
Kcrl + Kcr2

ar2

(5.33)
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R
i 534
Cos gsjo(Kcrl + Kcr2)

s = L (5.35)
Kcrl + Kcr2

Equation (5.29) can be represented in block diagram form as shown in Figure 5.6.

P, W
Kys
Xr Py
Kyr > Gy(S) —_
L
KyspS

L

Figure 5.6 TF of the Pressure Control Chamber

5.2.4 Swash Plate-Flow Gain of the Pump

Equation (2.35) represents the flow equation of the LS pump. It is re-written as

Qs = Cpgsp - qulxr - Kcrl(Ps - Py) (536)
here C iven by Equation (2.36) and repeated here for dlarity: C_ = — 2 %
where Was given uation . anar ere1or clarity. = .

pWasg y Eq ep y:C, —(_)ITE:OSZ 6.,

Kqr1 @and K1 are determined by Equations (5.25) and (5.26) respectively.

Equation (5.36) is an algebraic equation. The first term of the right hand sideis the
ideal flow rate from the pump pistons. The other two terms represent the flow rate
entering the LS regulator viaits charge orifice. Although the steady state value of the
pump flow delivery, Qq, at large swash plate angles is many orders of magnitude larger

than Qy1o, this does not imply that the dynamic component must also satisfy Qs >> Q3.
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When the swash plate angle is very small, the effect of Q;; on the system is significant.
Therefore, the other two terms in Equation (5.36) cannot be neglected.
5.2.5 Flow Continuity Equation of the Pump Chamber

Equation (2.37) is the dynamic equation of the pump pressure, Ps, with respect to two

flow inputs; Qs and Q.. It isre-written as

P, = Vﬁ((Qs -Q.)-c,P) (5.37)

where ¢y is the leakage coefficient of the pump. Substituting Equation (5.36) into

Equation (5.37) gives

‘ :VE(_ (Cpl + Kcrl)Ps +C0g — KX + Ky Py _QL) (5.38)

P
Taking Laplace transform of Equation (5.38) can give the TF of the pump pressure, Ps,
with respect to four input variables, swash plate angle, &, the LS spool charge orifice

opening, X, the control piston pressure, Py, and the load flow rate, Qy, to yield

P,(s) = G,(s)(C,8, (s) = Ky X, () + KR, (5) - Q. (5)) (5.39)
where
G.(g)= (5.40)
i + 1
a)S
ws — /B(Kcrl + Cpl ) (541)
VP
_ 1
K, = —Km v, (5.42)

Equation (5.39) can be represented in block diagram form as shown in Figure 5.7.
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Figure 5.7 TF of the Pump Volume
5.2.6 Model of theLSLine

Equation (2.49) is the dynamic model of the LSline. Since X, isvery small under al
operating conditions, A X, isnegligible. Thus,

pLS - ﬁ(PL B PLS) (543)
VLS RLS

Taking the Laplace transform of Equation (5.43) can give the TF of the LS pressure

PLs with respect to the load pressure, P, in frequency domain as

P.(s)_ 1
G (s)=—=< = 5.44
8= . (5.44)
Wi
where w, = A . The diagram is shown in Figure 5.8.
VLSRLS
P'— I:)Ls
GLS _>

Figure5.8 TF of the LS Line
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5.2.7 Modd of the Flow Adjusted Orifice without Pressure Compensation
The linearized flow equation of the adjustable orifice (Equation (2.39)) can be

expressed in the frequency domain as

Q(s) =K X(s)+ K, (P(s) - R.(s)) (5.45)
where
2
Kq = CdW _(Pso - PLO) (5-46)
\/ P
K = CaWX (5.47)

" J20(Ps - P)
The block diagram of this equation was shown in Figure 5.1.
5.2.8 Load Model
The load model is defined as the TF of the load pressure, P.(s), with respect to the

load flow rate, Q.(s). Equations (2.42) and (2.43) can be rewritten as.

IjL = Vﬁ (_ Dm¢+ QL —Cu PL) (5-48)

-1
§=1-(~B,@+ D,R) (549

m

Taking the Laplace transform of Equations (5.48) and (5.49) and then eliminating

#s) can givethe TF of the load as

S

P() S |

S w,

H (s)=_t =K Lo 5.50

L() QL(S) L +ZZLS+1 ( )
wf wy

where
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B

K =—"m— 551

L Cm Bm+D§1 ( )
B +D?

a)L — /8(ch m m) (552)
Vm‘]m

VmBm +Cn1Jmﬁ

= 5.53
¢ 2,/3.V,.8lc. B, + D) (553)

Bm
=" (5.54)

In order to obtain the TF of system output, @, with respect to the load flow, Qy,
taking the Laplace transform of Equations (5.48) and (5.49) and then eliminating P ()

can give the TF of the system output as

K
G,(s)= ds) e (5.55)
QL(S) i+ ZZLS_l_l
o
where
o
" D

If the |leakage of motor is negligible (i.e. c,, =0), the model parameters are

simplified as
Bm
B
w =D 5.58
=00 (559
B \Y/
g = | m (5.59)
20, 13,8
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Wo=—"=2 0, (5.60)

(5.61)

Equations (5.50) and (5.55) can be represented in block diagrams as shown in Figure

5.9(a) and 5.9(b).
QL H P Q ¢
—» "L —» G
(a) Motor load TF (b) System output TF

Figure 5.9 TF s of Motor Load

This section has devel oped the required TF s of all hydraulic components and has
shown the appropriate block diagrams. The following section will combine al block

diagrams and then show appropriate simplification for operating conditions |, 11 & 111,
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5.3 Development of the Transfer Function of the Load Sensing System for each
Operating Condition

The objective of this section isto develop the TF of the LS system for each operating
condition (I, Il & 111). When the LS system operates at different |oading conditions,
parameters of the dynamic model change due to the variation of the SSOP. If the
variation of SSOP is so large that the operating condition of the LS system shifts from
one condition to another, the system dynamic model would have to change, reflecting
the different forms of the TF sfor different operating conditions. In order to obtain the
simplified TF at each operating condition, the complete block diagram of the LS system
must be considered (essentially combining all the block diagrams developed in the
chapter).

Combining the transfer functions given in Figures 5.4 through Figure 5.9 provides a
complete TF of the LS system as shown in Figure 5.10. This block diagram istoo
complex to directly obtain the TF, because there are as many as 24 termsin the
determinant of the graph if Mason’s gain formulais applied [Ogata, 1970]. Even if the
TF could be obtained, the TF would not readily reveal the information about which
terms dominate the poles of the TF at specific operating conditions (I, 11 or I11).

Therefore, the block diagram must be simplified for each operating condition (I, I, and

11).
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r—-————-_—_— -
r

Adjustable o |
I . "
fixed orifice |
x | +
—» K, |
| - I
r-———————f——— - = ————— =
| K I | LS pump | Q
I : J| | Kor | | .
I Y W —
A | |
I
Q
5 L : _ o X, |P|_S
S
- + _
+?<-- G, 4-54-%4- Cp G, 4—?+- G,
+
P, Pump : P+ | LSline
capacity | Ksps Kys 1
| I
I Kcrl < :
I
I
- _ _ _ _ _ - ___ a1

Figure 5.10 Complete Block Diagram of the LS System
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5.3.1 System Transfer Function at Condition |

In order to obtain the TF of the LS system at operating Condition I, it is necessary to
simplify the block diagram (Figure 5.10). It is very difficult to ssimplify it using the “rules
of block diagram algebra” (Ogata, 1970) due to the fact that the summing points and
branch points come into contact with the main path from P, to Ps.

Consider the block diagram in the dashed line box of Figure 5.10. The block diagram
of the load sensing pump is redrawn in Figure 5.11 to reflect a more common form in

which the input variable is on the left side and the output is on the right side.

Figure5.11 Block Diagram of the LS Pump
Asaresult of the complex nature of the block diagram shown in Figure 5.11, it is

desirable to make the model simpler and make it user-friendlier. In order to simplify the
block diagram, it is necessary to analyze it and then make some assumption. This block
diagram includes one inner loop (Gy 2 Kgy 2 Gy =2 KygS), three feedback paths of the
pump pressure (unit feedback, Kys and Kgs — the first one is the dominant term) and three
feedforward paths (the main feedforward path, Kqr1 and Kei— the first one is the dominant
term). When the operating point is within the operating boundaries of Condition I, certain

assumptions can be made to simplify the transfer function and still maintain its validity.
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When the operating point approaches the boundaries of Condition 11 or Condition 111 the
assumptions may not be valid. In the literature, (Bitner and Burton [1984], Erkkila
[1999], Kim and Cho [1988], Krus [1988], Lantto, et a, [1990], etc), excluded the non-
dominant blocks from their models (feedback: Kys and Ky, and feedforward: Kq 1 and
Ker1). Thissimplification in the normal operating region, does not affect the model
accuracy significantly. However, when the LS system operates in the transition region
between Condition | and Condition Il or 111, the accuracy of the models presented by the
aforementioned authors is questionable.

In this study, the non-dominant terms are considered. However, it is very difficult to
simplify the block diagram on basis of the rules of the block diagram reduction [Ogata,
1970]. A capitulated assumption was made such that the feedback path can be ssimplified
by neglecting the non-dominant feedforward paths (Kq1 and Ke1). The feedforward path
can be simplified by neglecting the non-dominant feedback paths (Kys and Kgs). Even
though the non-dominant paths are neglected, the terms K1 and K1 are included in the
feedforward gain and terms Ks and Ky areincluded in the feedback gain. With this

assumption, Figure 5.11 can be simplified into Figure 5.12.

Ls
? - Qi
+ p

Figure 5.12 Simplified TF of the LS Pump

¢ Equivalent pressurefeedback gain of theL S pump, H,
In order to obtain the equivalent pressure feedback gain, Hy, it is necessary to move

the second and third addition points of Psforward until the first addition point (Figure
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5.11). Because it was assumed that Kqr1 and K1 were negligible, it is feasible to move
the second and third addition points to the first addition point.

H, considers all effect of the three inner feedbacks of the pump pressure, Ps (refer to
Figure 5.10). Thefirst inner feedback of the pump pressure relates to the force, APs,
exerted on the LS spool. The second inner feedback reflects the effects of the pump
pressure to the control pressure, Py, viathe flow pressure sensitivity, K1, on the “charge”
orifice, and the third corresponds to the “back pressure” on the swash plate. H, can be
derived on the basis of the rule of the block diagram algebrato give

K K

sps

KyrGyrS(s)_ K, Ko,G, (5)G, ()

spy =r

, K (5.62)
=1+ 1 [S_z.,_zzrs_,_lj[Kys_ s [i+1]]
Ky K, (@) w, Koy | @y
Equation (5.62) can be ssimplified for the low frequency regions as
K K
H, =1+ > [1- e J (5.63)
Kyr Kr KSPYK)’S

Substituting equations (5.3), (5.11), (5.12), (5.33) and (5.35) into above equation gives

crl

[1+ ECFZ J(K pr2 - Kpr3gsp0)
\ 1_
) Ry A

crl

KK
H =1+— :
i A(qul-*_‘quZ

(5.64)

¢+ Equivalent feedforward gain of the LS pump, G,
Because it was assumed that Kys and Kg,s were negligible, it is feasible to combine the
non-dominant feedforward term, K1, into the pump gain term, C,, to give an equivalent

Cpas
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22
c;=cp£1— % [SZ + ZS‘°3+1B (5.65)
CpKSpy wg, w.

p

Considering the fact that the term,CK%l , iIsusually lessthan 0.01 at Condition I,
P~ spy

lessthan 0.1 in the transition region between Conditions | and I1, and a, = 78 ~ 190

2 2(.s .. -
rad/s, the effect of the dynamics term, S—Z + Zsp +1, on C_isnegligible. Therefore,
w
p s
. K Kar(Kg +K 5P,
cp:cp[1—¢]:cp[1— Ky + K °)J (5.66)
CP Spy CPRPYAY

In order to derive the equivalent feedforward gain of the LS pump, Gy, Figure 5.11is
redrawn into Figure 5.13 in which an inner loop shown in the dashed line box relates to
the velocity feedback of the control piston. The TF of the inner loop is

- K4, G, (s)G, ()

G . - Spy Ty
PP 1+ K, G, (s)G4, (S)K 18
~Kgy
2 S
iz + X +1] 2 +1
_ w, Wy w, _ -Kg, (5.67)
s 2 9
1+ b Wy, Wy W, Wys,

1 - COSZ gqjo(Kcrl + Kcrz)(KSp + K P )

_ pr3' s0
ysp 2 A2
K o K RZ,

(5.68)
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Figure 5.13 Block Diagram of the LS Pump at Condition |
For the pump and valve examined, ays, = 0.19 ~ 1.23 rad/s, ay, = 78 ~ 190 rad/s and

wy < o (see Table 5.1). Therefore, Equation (5.67) can be reduced to

-K
Gy = i (5.69)
pinloop S 32 2 Z s
+1| =+ P41
Wy Wy Wiy
w
where w,, = W, |— (5.70)
Wy
w, w,
{is :[Zsp o J — (5.71)
2w, |\ w,

Table 5.1 Frequency Parameters of the LS Pump’s Dynamics Characteristics

(Condition 1)
Range Wsp (rad/sec) o (rad/sec) | «j (rad/sec)
Min 0.19 78 407
(B0 = 18°; Po = 0.76MPa) | (P = 0.76Mpa) | (G40 = 0°)
Max 1.23 190 2200
(60 = 0°; Py = 20MPa) (P =20Mpa) | (6o =18°)

In additions, when w< 1000 rad/s, Equation (5.67) can be further approximated as
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>+

(5.72)

Figure 5.14 is the ssmplified block diagram of the studies LS pump which can be

further reduced. The TF of the LS pump, Gy(s), can be obtained from Figure 5.14 as

Kp i.}.l
wpo

(5.73)

(5.74)

(5.75)

(5.76)

G,(s)=
p 2
(S”J[Sﬁ 2,5, 1]
Wy )
where K, =K, K, K, C,(L+y)
@
_ Pyy
Wpo —7(1+V)
y: qul
K)"’KSWCP
> K.,
Xr
Pl - K spy
G » K > s
r yr +
+ Wy
HP

Figure 5.14 Simplified Block Diagram of the LS Pump

Substituting Equations (5.33), (5.12), (5.37) and (5.66) into Equation (5.76) gives

(Kcrl + Kcrz)(Ksp + KprSPSO)
\K

KCI’l(K + K I’3PSO)
CpprA/[1+ > J(l— ® P

y:

qr2

CPRP)’AS’

arl
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Substituting Equations (5.3), (5.33), (5.12), (5.37) and (5.66) into Equation (5.74) gives

{ Kcrl(K +Kpr3PsO)J
Rafy g,

A CpprAy(qul-"‘quZ

P k_r (Kcrl + Kch)(K + Kpr3PsO) y)
cr K +K r Ps
py,% qu+‘qu2 {1 1 pr3 O)J
or :i pyAS/ + K (5.78)
P kr Kcrl + Kcrz)(Ksp +K pr3 SO) i .

yin Equation (5.76) represents the ratio of leakage flow gain (viathe LS regulator),

46,
K = 0Q, , and the control gain, C , inthe main path. From the point of view of
0 P A

r r

energy saving, y is expected to be small because physically thisreflects the orifice's
leakage. However, avery small Kq1 (hence Kqr2 because symmetry about the null position
was assumed in the model) resultsin avery small equivalent gain of the LS pump (see
Equation (5.78)).

Substituting Equations (5.68) and (5.77) into Equation (5.75) gives

Kcrl(K + Kpr3PsO)]
1- 1+y (5.79)
]{ CoRy A ( )

NR A w Kgo
a)po: E_P [1'*" a

IRP)’AY K

grl

It is noted that Gy(s) accommodates a change in sign of Ps and Ps at the summing
point in Figure 5.14. It should be noted that the input signal in Figures 5.14 is (HpPs —

P.s) while the input signal in Figure 5.12 is (P.s— HpPs).

! A represents the small signal analysis
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Because the undamped natural frequency, a, of the LS spool isvery high (in this
study, aw = 1954 rad/s) compared to @, (in this study, ays < 1.23 rad/s), Equation (5.73)

can be further simplified as

K p[s + 1}
Wy,
G, (s)=——>"—~ (5.80)
(S . 1}
wysn

Consequently, the dashed line box in Figure 5.10 is simplified into asingle block in
Figure 5.12 which represents the TF of the LS pump (refer to Equations (5.64) and
(5.80)) at operating Condition I. As aresult of the simplification, the block diagram
shown in Figure 5.10 now becomes the block diagram originally shown in Figure 5.2 at
operating Condition I.

The TF of the overall LS system can be obtained from the Mason’s gain formula as

K,{l+G,G.H, )G,

F(s)= . \
1+K.H, +K.G,+G,GH,+KH GG,H,-G,)
KpKSHp(S +1J
K, 1+ Dro Ky
K s S ¢ 2;s
—+1| —+1 — t L=+1

Wiy w, & W

KK, |2 +1 K KH,| > +1] K KKK (H,-1) > +1 {S+1] S
1+ wLO + KSKC a)po + a)LpO a)LO a)pO

+
B ) i
wL wL ws wysp CL)S wysp CL)f wL ws wLS

(5.81)
Equation (5.81) can be presented in amore genera form as

3 2
F(s)= b,s® +b,s” +bs+b,

== 2 3 > (5.82)
a;s’ +a,s" +a,8’° +a,8* +a,s+4a,
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where al coefficients, g and by, of the s polynomials in the numerator and the
denominator are given in Appendix E.

Equation (5.82) can be compared to Bitner’s model [1986]. Bitner [1986] derived a
7™ order TF which considered the LS spool dynamics («@ = 1954 rad/s). Equation (5.82)
neglects effects of system characteristic frequencies higher than 1000 rad/s (refer to the
derivation of Equation (5.80)). The reason for doing so can be explained as follows.
The system presented by Figure 5.10 has apair of dominant conjugate poles in which the
undamped natural frequency is usually small (< a). Thispair of dominant conjugate
poles can be estimated by Ding's method [1989]. At afrequency of 1000 rad/s, the
magnitude of the TF is attenuated by about 40 dB. In other words, the high frequency
components in the motor’ s rotary speed are difficult to identify. It is recognized that if the
focus of study is such that high frequency behavior is of concern, the simplifications
(Equation (5.67) to Equation (5.72) and Equation (5.73) to Equation (5.80)) made in this
section cannot be applied. In this case, a TF or a state space model hasto be directly
derived from Figure 5.10. Thiswould result in a 9" order model. Although this derivation
is not developed in this thesis, the 9™ order TF has been developed and programmed for
the purpose of comparison to asimplified 5™ model. A comparison of the frequency
response for the 5™ and 9" order transfer functions with four different operating
conditionsis given in Figure 5.15. The comparison indicates that simplifying the pump’s
transfer function to that given by Equation (5.80) would not affect the outcome of any
analysis of the LS system in the frequency regions of interest in this study. The trivia
difference between the 5™ and 9" order models at resonant peak can be observed when

the flow orifice has a small opening and the LS line has a small damping.
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Largel oplenilné of the flow &:urifilcel| Small damping on LS line
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Figure 5.15 Comparison between 9" and 5™ models for four different conditions

5.3.2 System Transfer Function at Condition ||

When the LS system operates in Condition I, the LS spool does not operate about the
null position (see Figure 5.3). Instead, the LS spool moves to the side in which the load
pressure is exerted. In this condition, X.0> 0, Psy = Pyo. In order to explain the
simplification at Condition I1, the LS regulator and the control piston areillustrated as
Figure 5.16.

The charge orifice usually is open at Condition 11 though it may sometimes be closed
during the dynamic oscillation. The average opening, %o, is significant for the small

control piston volume, Vy, under Condition Il (Pyo = Py).
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Figure 5.16 Schematic of the LS Regulator and
Control Piston at Operating Condition |1

The block diagram in Figure 5.10 can be simplified to that shown in Figure 5.17. Itis
noted that block K1 in Figure 5.10 does not exist because the two terms which contained
Ker1 in Equation (5.38) cancel dueto Py = Pyo. It is further noted that a isindependent of
K¢r1 dueto this cancellation at Condition I1. It can be observed from Figure 5.17 that one
positive feedback [oop (Gs> Kgs> G Cp) still exists and hence there is a potential risk
of instability.

X

—>Kq—>?

Figure 5.17 Block Diagram of the LS Pump at Condition |1
The block diagram is further simplified into Figure 5.18 in which the pressure

feedback of the LS pump, H,, can be written as:
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(5.83)
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Figure 5.18 Simplified Block Diagram of the LS Pump at Condition I
Equation (5.84) indicates that the coefficients, Ky and K3, of the swash plate’s
“backpressure” terms in Equation (2.3) (see Chapter 2) affect the pressure feedback

gain, K; , under operating Condition I1.

The TF of the overall LS system can be obtained from the Mason’s gain formula as

1+G,H
F(9)= Kyl oG,
1+KH,_+K.G, +GH, +KHGH,
(5.85)
KK K
Ko 14— Pl 2
| Ean] CAE
— wszp wsp ws L L
KCKL[S+1] . KPKSKCK( +1J
1+ > Wo + Kch + KDKS + Wi
2 > 2 > 2 2
R e
W W Wy W, Uy (23 w; W, o Wy

Equation (5.85) can expressed in amore general form as

123



F(s)= b,s® +b,s* +bs+b,
a;s’ +a,s’ +a,s° +a,s" +a,s+a,

(5.86)
where al coefficients, a; and by, of s polynomialsin the numerator and the denominator
are given in Appendix F.
5.3.3 System Transfer Function at Condition I11

When the LS system operates in Condition I11, the flow control function of the LS
pump does not exist. The situation can be observed from Figure 5.10 in which the dashed
line box does not exist because Q4(s) = 0 (i.e. the flow delivered is a constant when the
pump is fully stroked). Recall that Q(s) is actually AQg(S) which is zero because the

pump swash plate does not move. The block diagram of the LS system is reduced to that

shown in Figure 5.19.

X + @

—»| K, »c >
- Q,

Figure 5.19 Block Diagram of the LS Pump at Condition I11
It is noted that no positive feedback loop existsin the block diagram (Figure 5.19).

The TF of the overall LS system can be obtained from the Mason’s gain formula as
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q 2
212 + As +1
w,
F(s)= L L (5.87)
KCKL[S +1J
1+ ; a%_o + KSKC
i + ZZLS +1 i +1
C()E . s
Equation (5.87) can be expressed as a more general form as
+
F(s)= D,S+D, (5.89)

Casi+a,s’+asta,

The coefficients of s polynomialsin Equation (5.87) are obtained in Appendix G. It
can be verified by Routh’s stability criterion that the LS system is always stable at
condition 111 (see Appendix G).

This section has developed the TFs of the LS system for conditions |, I, and 111. The
TF sfor conditions | and |1 are approximated as 5" order and for condition I11, the TFis
3" order.

5.4 Procedureto Calculate the L oad Sensing System Stability

This section discusses how to compute the stability of the LS system for the three
conditions (I, 11, I11). For the LS system with the given LS pump (Vickers PVE19Q),
most of the model parameters are unchangeabl e such as the dimension parameters.
However, the setting parameters (such as the system pressure differential setting in the
LS regulator, Pg), the control input (such as the opening of the flow adjustable orifice
area, A,) and the load parameters (such as the volume of pump’s outlet chamber, V,, the
volume of motor’sinlet chamber, Vp,, the motor damping, By, the inertia of motor and the

load, Jm, and the resistant torque of the load, Ty) are changeable. The system stability can
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be usually described in terms of its “absolute” stability (i.e. conditionsin which the
system is either “stable” or “unstable”) and its relative stability in terms of its undamped
natural frequency, a, and its damping ratio, ¢, associated with the dominant poles.

Table 5.2 shows the process that was used to establish the stability for the LS system.
The calculations are broken into five steps. The first step isto establish the operating
point with the method introduced in Chapter 3. The second step is to estimate the flow
gains and the flow-pressure coefficients of the LS regulator orifices and the adjustable
orifice. The third step computes the coefficient of the TF s for each functional subsystem
based on the models introduced in Sections 5.3. The fourth step cal cul ates the coefficients
of the s-polynomial in the denominator and numerator for the TF of the LS systemin
Section 5.4. Only roots of the denominator determine the stability of the LS system.
However, in order to check if thereis a* zero-pole cancellation” or asituation in which a
zero and a pole on the right half of the s plane are very close each other, it is hecessary to
know al the zeros determined by numerator. Finally, applying the “root” function of
Matlab®, all the poles of the TF of the LS system can be calculated. In the following
chapter, the procedure using the models introduced in previous sections will be used to
calculate the stability of a specific LS system. The results will be compared to their
experimental counterparts.
5.5 Summary

This chapter has established comprehensive frequency-domain models of the LS
system for Conditions|, 11, & I1l. A summary of the procedure to evaluate the zero’'s and
pole’'sisgivenin Table 5.2. These models relate to the steady state operating points via

the flow gains, K, the flow-pressure coefficients, K, and the non-linear dynamic
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Table 5.2 Procedure of Stability Analysisfor the LS System

Calculation steps

Parameters

Input parameters

4

Operating point

J

linearization
parameters

I

Coefficients of
subsystem TFs

J

Coefficients of
closed loop TF

Poles and zeros of
loop TF

Pd Vp A\/ Vm J m Bm Tmf

Pso Pyo PLo Xro
(Figure 3.3)

qul qu2 Kcl KcZ Kq Kc "
(EQgs.5.25 through 5.28, EQs.5.46 and 5.47 )

Ko K, Ko K @ wa

p

ay Wep Wo o 4L & $o

a; bi
(Appendix E, F, and G)

Qs

Goitjap (1=1,2,..9addgit+jasi (1=1,2,...7)

(Matlab programming)

** [0 0O Theflow rate, Q., through the adjustable orifice usually is turbulent.

Therefore, it is unnecessary to use the more accurate flow rate model in

Appendix D

equation of the pump swash plate. In order to obtain a precise model of the flow gain and

flow-pressure coefficient for the LS regulator orifices, the empirical flow model of an

orifice developed in Appendices C & D was used.

These models are experimentally verified in Chapter 6 and are used in Chapter 7 to

investigate the relationship between the stability of the LS system and the SSOP’ s under

avariety of operating conditions.
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Chapter 6 Validation of Dynamic Models of the Load Sensing System

Chapter 5 has developed the transfer functions of the LS system under Conditions|, 11

and I11. The purpose of this chapter isto experimentally validate these models. The

procedure for the validation experiments includes (1) setting up a proper experimental

system, (2) determining all parameters of the LS system for the models, (3) the

description of the experimental method and (4) a comparison between the theoretical and

experimental results.

6.1 Experimental System

Figure 6.1 shows the experimental platform for testing the LS system. The LS system

issame as that studied in previous chapters, except that (a) a servo valve acts as the

Servo valve
(pilot stage

supplied by
a separated
source)

=
~
Pilot stage
LS line Orifice used for l AAN J
adjusting w |
I
I:)LS '
=<
(RN M otor
load
(4
~.Jachometer
/' _I ~@
{
} {1 et
i E , valve(1)
L] L L L
Signal Scope
analyzer
input output| | chl ch2
|

Pump

Ol

valve
2

[ R

Signal
generator

Figure 6.1 Experimental System of frequency response of the LS System



adjusting orifice (compareto Figure 6.1) and (b) arelief valve (1) in Figure 6.1 is
positioned downstream of the motor to simulate a constant resistance torque for the load.
The experimental setup included asignal generator, atachometer, asigna anayzer, and a
scope.

The servo valve (model: MOOG 72-102) has a pilot stage which was supplied by a
separate hydraulic pump and adjustable relief valve (2). For comparative frequency
response experiments, it is essential to generate an input signal (the opening of the
adjustable orifice, x) within a certain bandwidth. A servo valve with suitable frequency
response characteristics was selected for this purpose. An additional requirement was that
the servo valve had a separate pilot stage source port. The pilot stage of most servo
valves uses the same source pressure as the main stage. For this type of servo valve, there
are two problems: (a) the dynamic response is poor when the source pressure is lower
than the specified operating pressure (usually 3000 psi for a high frequency response
servo valve and 1000 psi for the low frequency response servo valve), and (b) the bypass
flow through the pilot stage is significant compared to the flow rate through the main
stage when the orifice opening of the main stage is small. Therefore, a servo valve with a
separated pilot stage source was used. This servo vave (MOOG 72-102) had a response
time of 10 ms at 3000 psi pilot pressure.

Therelief valve (1) creates a backpressure on the motor load which was used to adjust
the operating point. In order to explain the relationship between the relief valve pressure
in the experimental circuit and the simulated |oad torque, the dynamic model of the motor

isprovided as (refer to Figure 6.1)

1 .
p=L(-B,0+D,(R ~P,)-T:) 61

m
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where Ppy, is the pressure setting of the relief valve (2) in Figure 6.1. T, isthe measured

value of the motor torque (see Appendix 1). Comparing Equation (6.1) to Equation (2.43)
gives

T,=T,.+D P, (6.2)
T.. and Dy, are known. Adjusting Py, can change the simulated T,y in Equation (2.43).

A tachometer (model: KEARFOTT CM-09608007) was used to measure the rotary
speed of the motor load of the LS system. Appropriate transducers for measuring the
operating points, Psy, Pyo, PLo, %0, B0 and Quo, were installed. These were the same
transducers used for the operating point determinations described in Chapter 4.

The signal generator provided a pseudo random input signal to control the orifice
opening. A signal analyzer was employed to directly obtain the experimental Bode plot.
6.2 Model Parameters

In order to predict stability regions of the LS system (based on the model developed in
Chapter 5) the model parameters must be known. Appendix H lists all parameters with a
“*” representing adjustable parameters. A, isthe cross sectional areawhichis
proportional to the adjustable orifice opening, x, as an input variable of the system (Note:
the orifice of the servo valve isrectangular type). The pressure differential setting, Py, the
damping frequency inthe LSline, a s, and the resistant torque of the load, Ty, are
settable. It is noted that the damping frequency in the LS line, a s, does not affect the
SSOP. When the back pressure is set to zero, Ty IS minimum and represents the motor’s
Coulomb friction torque.

The values of these parameters were obtained from four sources:

(1) Direct measurement (ki, my, Ay, Vimin, Vi, Vi Jn),
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(2) Aninternal research report provided by Bitner [1996] (A, Br, Ry, Ry, Ap, @ Ky,
Topr Kprz, Kora, B, Jspy),

(3) Manufacturer specifications (5, o, 1, Gpmax, Cmi, Dm) and

(4) Experimental methods (d;, Wy, Cpi, Cd, Bm, Tor, als).

Some explanatory comments are required regarding the parameters determined by
experimental methods. The equivalent height, d;, and the width, w;, of the LS regulator
orifice at the null point are two important parameters which affect the gain of the LS
pump. The description of how they were measured is presented in Appendix D. The
procedure for determining the leakage coefficient of the LS pump, ¢y, was described in
Chapter 4. The method for determining the servovalve discharge coefficient, Cy, iS
contained in Appendix C. The damping coefficient, B, and the Coulomb resistant torque,
Tn, Of the motor with an inertiaload (flywheel) were experimentally determined
according to the procedure described in Appendix 1. The method for finding the damping
break frequency, w s, of the LS line can be found in Appendix J.

6.3 Comparison of the Modédl Predictions and Experimental Results

This section will provide afrequency domain comparison between the theoretical
predictions and experimental results for the dynamic models of the LS system under
operating Conditions|, Il and I11. A comparison can only be conducted for the dominant
poles of the LS system due to the finite band width (<20Hz) of the servo valve and the
[imited resolution of the tachometer.

For the frequency response experiments, it is necessary to explain the method of
setting an operating point and the dynamic excitation signal. The input signal applied on

the servo-valve has a carrier signal (i.e. aDC voltage plus a small pseudo random). The
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DC voltage bias sets the operating point. The small pseudo random signal is a dynamic
excitation signal about the operating point. The magnitude of the pseudo random signal
must be small. Otherwise, the linarization procedure isinvalid. From an experimental
point of view, however, the very small magnitude of the pseudo random signal resultsin
apoor SNR (signal to noise ratio) and consequently poor precision in experimental
results. In this study, the magnitude of the pseudo random signal is 10 mv which results
in small excursions (amplitude of about 1 Ipm) in the flow rate about the operating point.
6.3.1 Condition |

The objective of this section is to provide comparisons of the theoretical and
experimental frequency response results of the LS system at asmall opening and at a
large opening (operating points).

For the experiment using alarge opening in the valve area, the adjustable parameters
were fixed at the values shown in Table 6.1 by setting therelief valve (1) at 500 psi. The
linearized parameters, model parameters and the coefficients of the system TF were also
determined. Finaly, the poles of the TF which related motor rotary speed, ¢s), to the
adjustabl e orifice opening, X(s), were obtained.

Figures 6.2 and 6.3 show a comparison of Bode diagrams between the model
prediction and measured values. Figure 6.2 indicates that the model is an accurate
representation particularly at lower frequencies. There is aresonance peak about 6 rad/s.
Thisisaresult of apair of dominant conjugate poles (s, 2 = -0.6 £6]) which yield asmall

damping ratio (¢ = 0.1).
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Table 6.1 An example of Determining Parameters for the Stability Analysis

Adjustable Ay Settable Pq Tt Qs
parameters| 11 mn? parameters| 0.3MPa | 13.7Nm | 4505s®
Operating Pso Pyo PLo X 0 Bspo Qo %o
point 7.6 MPa 3 MPa 7.3 MPa | -0.006 mm| 0.055rad | 13 I/min 53 rad/s
K ql K q2 K cl K c2 K c
Lineaized 0.099 -0.092 | 0.5x10% | 0.8x10-12 | 3.6x10™*
parameters m2s* m2s?! misINt m3s N mSsINT
Ko Ks KL g i Gsp G,
Model 2x10°  |5x10"  m| 9.8x10°
parameters| m’s'N? ’sN m°sN 13.8 ' 18.6 s’ 130 s* 1954 s*
Gy G o G po < L {sp
290 s? 0.34 st 405 s? 0.0353 0.06 0.4
numerator bs b, b, bo
Coefficients 4.69x10" 0.384 143 2.95x10"
of TF Denominatof] as ay a; a, a; ao
1.36x10° | 0.94x10° 5.96 803 1127 2.95x10"
Poles of TF Sy Sz S3 S4 S5
~0.6+]6 -0.66 -188 499 6248

[ 20 ! LT
=] i Prediction
5 i
[ L
E 07 L J a L '..
S m - )
L35 -
V)] - L
C — L
S=l200
SR}
5 i
o i
g i
3 40 |
S . N
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= 6ol -
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Frequency (rad/s)

Figure 6.2 Comparison of Magnitudes between the Measured and
Predicted Results Using Equation (5.81)
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Figure 6.3 Comparison of the Phases between the Measured and
Predicted Results Using Equation (5.81)

In order to verify that the relative stability shifts with operating points, another
frequency response was measured and calculated at a small orifice opening, x. The input
parameters, the operating point and the poles of the LS system at the condition of asmall
orifice opening, X, are given in Table 6.2. The comparisons of the magnitudes and phases
are shown in Figures 6.4 and 6.5. A resonant peak exists at about 7 rad/s. Thisisagain a
conseguence of a pair of the dominant conjugated poles (s;, = -0.5 £ j7.3) with asmall
damping ratio ({ = 0.07).

Table 6.2 Another example of Determining Parameters for the Stability Analysis

Adjustable A, Settable Py T i Qs
parameters 4 mn’ parameters| 0.3 MPa 6.1 Nm 250 s*
Operating Pso Pyo PLo X0 Osp0 Quo %o
point 7.2 MPa 3 MPa 6.9 MPa | -0.004 mm| 0.025rad | 4.8 I/min 33 rad/s
Poles of TF Sy Sz S3 Sy S5
-0.5+j7.3 -0.5-7.3 | -247+177| -247-177 -2336
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Comparing Figures 6.2 and 6.4 indicates that at the smaller orifice opening, x, a higher
resonant peak in the magnitude occurred. It can also be observed that the experimental

plot in Figure 6.4 has the larger scatter than that in Figure 6.2. Thisis because SNR at the

small opening in the valve areais larger than that at the large opening.
6.3.2 Condition I1

In order to validate the model for the operating Condition I1, it is necessary to predict

the locus of the pair of the dominant poles as the opening, x, of the adjustable orifice

increases (see Figure 6.6). The purpose of the prediction isto determine a proper

operating point for the experiments. Based on model predictions, this pair of the
dominant polesis sensitive to the operating points. For example, when the opening of the
adjustable orifice begins to increase from zero, the dominant poles of the LS system are a

pair of conjugate poles. The corresponding undamped natural frequency is 18 rad/s at a

Small openingx r 20
) ‘\‘ - 15
Locus of two dominant poles '
for the operating Condition Il as the VoF10
adjustable orifice opening, x, varies!
\‘ [ 5
<— ‘\
‘ e = —i ‘ *'- 0
-60 -50 -40 -30 -2 0
- -5
Relatively large opening - -10
- -15

Small opening _—
Figure 6.6 Root Locus of the LS system for Condition |1
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small opening, X. The smaller the opening is set at, the smaller the damping ratio
becomes. When the opening reaches a specific value (flow rate about 0.87 litre/min), the
damping ratio is larger than 0.7 and hence the large oscillations disappear. The model
prediction aso indicates that in the high frequency regions, another pair of conjugate
poles with positive real parts (about 100 ~ 300 rad/s) may exist when the opening, X, is
large depending on the operating point. However, this pair of polesis approximately
cancelled by apair of zeros which are very close to them. Therefore, experimentally, this
pair of polesin the region of 100 ~ 300 rad/s was seldom detectable.

For the low frequency region of Condition Il which requires a small opening of the
adjustable orifice, it was difficult to obtain an accurate Bode plot from the signal analyzer
due to the low signal-noise-ratio. In order to check if an undamped natural frequency of
about 3 Hz (18 rad/s) existed in the experimental system, the orifice opening, X, was set
to avery small value (but not zero). Although a pseudo random signal was not applied,
the noise in the LS system served the same purpose. A spectral analysis of the output
signal can provide this information.

Figure 6.7 shows the spectrum of the measured pump pressure, Ps. In addition to the
frequency components of 30 Hz and its harmonic frequencies (caused by the pump
rotational speed), afrequency component of 3 Hz in the pressure signal exists. Thissigna
indicates a dominant frequency of about 3 Hz. Therefore, it was concluded that the model

could predict the main dynamic characteristics of the actual LS system.
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Figure 6.7 Power Spectrum of the Pump Pressure at Condition |1

6.3.3 Condition |11

When the LS system operates at Condition 111, the LS pump acts as afixed
displacement pump sinceit isfully stroked. The circuit thus becomes a simple fixed
displacement pump/valve/motor configuration. For the experimental LS system, the

model is given in the normalized form as

G(s)= ( 0.000288(s + 3) 63)

s+30)|s? +3.4s +38.54)
Equation (6.3) indicates that the system is stable because the TF has a zero (s, = -3
rad/s), apair of dominant conjugate poles (Sp1,2 = -1.7 + j 6 rad/s), and the other pole
(Spz = 30 rad/s). Figures 6.8 and 6.9 show a comparison of the model prediction and the

experimental result in the form of Bode plots. It can be observed that the resonant

frequency occurs at about 6 rad/s (i.e. 1 Hz). The comparison indicates that the
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experimental results show a significant scatter (frequencies less than 2 rad/s) and the
predicted results did not agree with their experimental counterpart in this frequency
range.
6.4 Summary

This chapter has attempted to experimentally validated the dynamic models of the LS
system under operating Conditions|, Il and 111 developed in Chapter 5. A servo valve
acts as an adjustable orifice. The opening, x, of adjustable orifice can be proportionally
manipulated by DC bias plus a pseudo random signal. The bias sets the operating point
and the pseudo signal provides the signal necessary to determine the dynamic response of
the LS system. This carrier signal was also fed into asigna anayzer as the input signal of
the LS system. The rotary speed of the motor measured by a tachometer was connected to
the signal analyzer as the output of the LS system. The experimental result in the form of
the Bode plot can be used to compare to the model prediction. The comparisons indicated
that the models of the LS system for Condition I, Il and 111 are satisfied for most

conditions, the exception being the lower frequency region for Condition I11.

140



Chapter 7 Stability Analysis of the Load Sensing System

Chapter 5 provided a comprehensive block diagram (Figure 5.10) of the LS system
and developed the simplified TFs for three different operating conditions. Chapter 6
experimentally verified the dynamic models (i.e. TF sfor operating Conditions |, Il and
[11) in the low frequency regions. This chapter uses the stability model developed in
Chapter 5 to analyze the stability of the LS system at a variety of operating points as a
function of the opening of the adjustable orifice.

When the af orementioned opening varies from zero to its maximum, the operating
points associated with the appropriate variables move and form “trajectories’. In
addition for the same opening but under different load conditions, the trgjectory is
different. Before the stability of the LS system is discussed, it is necessary to first
illustrate some common SSOP trajectories when the orifice is adjusted in a practical LS
system. The stability isthen calculated at each operating point along these common
SSOP trgjectories. It must be noted that initially the damping-adjustable orifice in Figure
5.3 isfully opened. The effect of the damping orifice in the LS line on stability at a
specific SSOP is then discussed.

7.1 Trajectory of Steady State Operating Pointsfor the L oad Sensing System

In order to investigate how the stability varies as the operating point shifts, it is
necessary to know some common trajectories during operation. In practice, it is
necessary to determine flow control of the LS system by changing the opening, X, of the
flow orifice at certain load conditions such as Jm, Bm Cmi, Dm and Ty In this study, it is
assumed that Jm, Br, € and Dy, are constant. The load resistance, Ty, however, can be

different. Such is an application when, for example, a crane or an excavator liftsits load;
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Tn isalarge positive value. When unloaded, Ty isasmall positive value or can even
become negative (i.e. runaway load: Ty < 0). For different Ty, the trajectory of the
SSOP of the LS system can be quite different when varying x,. To assist in this
discussion, two types of trgjectories are defined. Before proceeding, it is necessary to
know the pump’sinitial status (the pump is amost destroked even though the orifice has
not been opened). Assume that the load pressure, Py, is zero initialy. According to

Equation (3.20) in Chapter 3, the pump’sinitial pressure is determined by

P. =

sl

{pd P, 2P, (Condition ) (7.1)

P, P, <P, (Condition Il)

It is necessary to further explain Equation (7.1). First, Condition |11 is not possible
because the pump is destroked (zero flow). When Py is set to be larger than Py, the

assumption behind Condition Il (that is, Ps > Py dueto B, =0, O refer to Equation

(3.20)) would result in a prediction that P > P (refer to Figure 3.2) which is not
physically possible. Therefore, the pump pressure, Py, can only be Py for condition Py >
Pw. When Py is set to be smaller than Py, the pump pressure, Py, would no longer be
equal to Py, but, equal to P, otherwise, the pump flow would not be zero in the initial
condition.

Trajectory I:

Trgjectory | isaconsequence of plotting the SSOP' s of the LS system for Condition |
or Conditions | & 111 as afunction of the orifice opening. These SSOP' s are evaluated
using the procedure presented in Figure 3.3 of Chapter 3. However, it isfirst necessary
to determine the actual conditions for Trgjectory I. It is known that for certain load

conditions (i.e. Ty, Bm, ¢ @and Dy, constant) the pump pressure always increases as the
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flow orifice opening, X,, increases. Therefore, aslong as the pump pressure, Py, satisfies
Py > Py (see Figure 3.2) at the zero opening (x, = 0), the LS system would not operate
in the region of Condition I1. Based on Equation (3.25), Py > P istrueif the following
condition is satisfied, that is,

[)n;rnﬁ

P, + > P, 7.2
" leaB,+07) "2

Trgjectory | isshown in Figure 7.1, When the orifice has a small opening, the load
pressure is soon established (limited by the compressibility of the fluid) and the pump
pressure would jump from point X to X;0. The trgjectory starts from the initial opening
(x10 = 0). According to Equation (3.25), the pump pressure, Py, is equal to

D, T«
P, + il at x10. The swash plate angle, , iIsnot zero, but very small due to
d (—)Cm B + Dri 10 p gle, o y
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Figure 7.1 Operating Point Traectories of the LS system
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leakage in the pump. As the orifice opening increases, the control piston pressure, Py,
and the pump pressure, Py, increase until the point x;; where the control pressure
reaches a maximum value. Beyond x,1, the control pressure decreases until the point x;»
where the pump isfully stroked. At point x;2, the pump flow delivery reaches the
maximum. Neglecting the leakage in the pump (¢, Ps), the flow orifice opening can be
approximated by the relationship

_NARatanb, .,

Xy =
TC W, EPd
\/,o

As x continues to increase (X;3), the control pressure suddenly dropsto zero. Thisis

(See Equation (3.31)) (7.3)

because the flow rate through the orifice now becomes constant (Qumax) and an increase
in the orifice opening, X, must result in a decrease in the pressure drop across the orifice,
(Ps—PL). The decreasein (Ps— P.) moves the LS spool such that the discharge orificeis
fully opened and as a conseguence, the control pressure, Py, becomes zero. Asthe orifice
opening further increases, the pump pressure decreases (xi4) due to the fact that the
pump is fully stroked (maximum flow rate, Qpmax).
Trajectory |1

Trajectory Il is considered asthe “trace” of the SSOP's of the LS system starting
under Conditions |1, as the adjustable orificeis opened gradualy. Again, it is noted that
these SSOP' s are evaluated using the procedure presented in Figure 3.3 of Chapter 3.
When Inequality (7.2) cannot be satisfied, the operating point must start from point (Xg)
at the zero opening (see Figure 7.1). Asthe opening of the adjustable orifice increases,
the operating point moves along a straight line Ps = Pyo (X21 in Figure 7.1) until a critical

point, X2, in which P o and Py as solved by Equations (3.37) and (3.38) can no longer
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satisfy the essential condition for operating Condition Il (i.e. P, - P, > P,). Inthis case,

the operating point enters the region of Condition |. As the adjustable orifice opening
increases, the remaining segment of Trgectory 11 issimilar to Tragectory | which passes
through Xo3, X24, Xo5 aNd Xog, €tC.

If the SSOP cannot reach the break point (xz2) on Trajectory 11 before the swash plate
angle increases to the maximum, Gymax, (POINt X32), the operating point can only movein
the region defined by Conditions Il and I11. Thistrgjectory usually occursin the case of a
significant runaway load. As the opening of the adjustable orifice increases, the runaway
load decreases the resistance as seen by the pump and subsequently, the pressure
decreases. In order to determine the condition under which the SSOP would not enter the
region of Condition I, consider atypical SSOP (Pg = Pyo = Ps1, G0 = Gpmax) Which is
the boundary between Condition I, 11 & 111 (refer to Figure 7.1). Substituting Equation

(3.34) into Equation (3.20) gives

NA R, @Wt@NE e DinTi } b
d

D’ [ T B
C,+ " "

or T = (Psl - Py )(% + Dm]

m

_B,NA R wtanb, .,
D

(7.4)

When the load torque, Ty, is less than the critical value expressed by Equation (7.4),
the SSOP moves along the region at Condition 11 and directly runsinto the region at
Condition Il without entering the region at Condition | (xs2 in Figure 7.1).

7.2 Stability of the Load Sensing System on Trajectories of Steady State Operating
Points

It iswell known that stability of anon-linear system depends on its SSOP. This
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dependence, in particular in the LS system, is significant. Previous researchers have not
adequately addressed this problem. The objective of this section isto investigate the
dependence of the LS system on its SSOP's. The stability along the trajectories defined
in Section 7.1 isfirst examined. The absolute and relative stability [Ogata, 1970] of the
LS system are graphically presented as a function of the SSOP.
7.21 Trajectory |

Figure 7.2 shows an example of Tragectory | for the model parameters defined in
Appendix H in which certains variable parameters (pressure differential setting, Pg,
resistant torque of the motor load, Ty, and the damping frequency inthe LS line, @),
are set to be equal to 2.5MPa, 0.21Nm and 450 s™ respectively. Parameter, A,, is chosen
to be 2.4x1073, 16.2, 20.9", 20.9%, and 30 mm? by setting the needle valve opening, x,, to
aninitial start’s point (very small value), and then 3.1, 3.4, 3.4" and 4 turns (see
Equation (4.9)). The procedure for determining stability was given in Table 5.2. The
results indicated that in theregion of Condition I, the dominant conjugate poles with
frequencieslessthan a (the undamped natural frequency of the motor load), and
a second pair of “non dominant” poleswith frequenciesvery closeto a (the
undamped natural frequency of the L S spoal), are those that influence the stability

of the LS system.
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Figure 7.2 Operating point trajectory | of the LS system
Figure 7.3 shows that for Tragectory I, in the region dictated by Condition I, the non-

dominant poles (X0, X11 and x32) arein theright half of the splane. The systemis
unstable in this region. The magnitude of complex part of these poles are close to the
undamped natural frequency of the LS regulator spool, «. It can be observed that when
the orifice opening is small (x10, X11) the poles and zeros of the LS system transfer
function at these frequency points exactly cancel (x10) or approximately cancel (X1).
In apractical LS system, however, instabilities which result from these particul ar
poles are not readily observed in the output flow of the LS system. This is because the
poles and zeros cancel. When the dynamic signal becomes large enough, the non-
linearity of the LS system resultsin alimit cycle oscillation. In the presence of aload
with arelative large inertia, the high frequency oscillation of about 2000 rad/s are
filtered. In other word, the high frequency oscillation in the motor rotary speed cannot

be identified. It is noted that the high frequency oscillation might be observable in other
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parameters, such as the system pressures, (Ps, Py and P.) and the displacement of the LS

regulator spool, X.
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Figure 7.3 Relative stability of the non dominant poles on trgjectory |

It is necessary to notethat if the lines, which connect the LS pump, the flow control
valve, and the load, are soft hoses, the equivalent bulk module of the fluid is much
smaller than that of pipes and hence these poles and zeros would occur in the left half of
the s plane.

From amore practical perspective, the relative stability of the dominant conjugate
polesis of more concern than non-dominant poles described above because of possible
low frequency “hunting”. This pair of dominant conjugate poles has their frequency
component less than c (in this study, c = 18.6 s). It can be observed that as the
operating point moves along the trajectory shown in Figure 7.2, the damping ratio, ¢, of

the dominant conjugate poles shown in Figure 7.4 is approximately constant
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(¢ =cos™ @) but the undamped natural frequency, a, decreases. It can also be

observed that when the operating point enters the region of Condition I11 (pump fully
stroked) from Condition | (the normal LS operation), the dominant poles no longer vary
(x13 and xy4 in Figure 7.4). The LS system shows more significant oscillations in
Condition | than in Condition 111, because the damping ratio of the dominant poles (1o,

X121 and x32) in Condition | isless than that in Condition 111 (X3 and Xu4).
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Figure 7.4 Relative stability of the dominant poles on trgjectory |

7.22Trajectory Il

Figure 7.5 shows Traectory Il. In this example, it is assumed that a“runaway” load
with anegative torque of 6.94 Nm is applied to the rotary shaft. When the opening of the
adjustable orificeis set to Xz (very small value), X1 (0.15), X2z (0.25), X3 (1.34), Xo4

(1.47), Xo5 (15), Xo6 (24), Xo7 (333), Xog (344), Xog (344+) and X2a (4), the operatl ng
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point moves along the trajectory shown in Figure 7.5. Points, Xzo, Xo1 and X2 arein the
region of Condition Il. xo3 is a boundary operating point between Conditions Il and I.
Points, Xo4, X5, X2 @Nd Xp7 @re in the region of Condition I. g and X»g are boundary

operating points between Conditions | and I11. X, isin the region of Condition I11.

Control pressure Pso (MPa)

Pump pressure P

Figure 7.5 Operating point trgjectory Il of the LS system
Figure 7.6 shows the locus of the dominant poles. The calculation indicates that,
when the system operatesin theregion of Condition |1, at least one pole with a
positivereal part exists. Therefore, the system istheoretically unstable in theregion
of Condition I1. However, for each pole with the positivereal part, one zero with a
positive real part always exists. These zer os have a value very closeto the positive

pole and hence can be considered as canceling out.
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Figure 7.6 Dominant poles on trajectory Il in the region of Condition |1

When the orifice opening is very small (X0 = X21), there are three dominant poles (a
real pole and a pair of conjugate poles). The real pole and areal zero in the left half of s
plane cancel (see Figure 7.6). The conjugate poles have a small damping ratio. The
dominant conjugate poles are very close to the imaginary axis with their frequency
component very close to a . Asthe orifice opening increases (from X;; to Xp2), the
damping ratio of the dominant conjugate poles increases due to an increasing of the
phase angle of the poles. However, the dominant real polein thisregion (from X;; t0 X»2)
liesin the right half of s plane so that the LS system becomes unstable. At operating
point X2, the dominant conjugate poles now become two negative real poles. Asthe
orifice opening continues to increase (X23), the operating point enters the region of
Condition | (Figure 7.7). The LS system becomes stable. At the operating point (xz4), the
two dominant poles become a pair of dominant conjugate poles (Figure 7.7). However,

as the operating point shifts from x5 to Xz, then apair of non-dominant conjugate poles
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shiftsto the right half of s plane (shown in Figure 7.8) and the LS system becomes
unstable. When the operating point reaches Xz, the pump is fully stroked. The operating
condition of the LS system suddenly changes from Condition | (xzg) to Condition 1 (X2o)
in Figure 7.7. In the region of Condition 111, the poles no longer vary with increasing x
(comparing Xz9 and Xso in Figures 7.7 and 7.8). The locus plot of dominant and non-
dominant polesindicates that on the trgjectory the LS system experiences transitions
from “unstable’ (X0, Xo1, X22, X23) 10 “stabl€” (Xo4, X25, @aNd X26) 10 “unstable” (xz6, X27 and

X2g) and then back to “stable” (X9 and xap) Operating regions.
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Figure 7.7 Dominant conjugate poles on trajectory Il in the region of Condition |
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Figure 7.8 Non-dominant conjugate poles on trajectory 1l in the region of

Condition |

7.2.3 Stability Presentation Based on Steady State Operating Points

The purpose of this section isto calculate the absolute and relative stability of the LS

system for different openings of the adjustable orifice, x, and for different load

conditions, Ty, and to present the results in terms of the system pressures, Py, Pyo and

Gspo-

Figure 7.9 shows the absol ute stability perspective related to SSOP's. In this stability

analysis (Chapters 3 through 5), the load torque, Ty, is allowed to vary from =33 Nm

(runaway load) to 14 Nm and the orifice opening, X,, varies in the region of zero through

4*“turns’. The stable region is labeled with “O” and the unstable region is represented by

“® xn ]

153



Condition |

35} x Unstable SSOP
O Stable SSOP ox x>
3F o x X X x X
25} " %
Condition Il

Top line: swash plat angle = 0
Bottom line: pump fully stroked

Line from [0,0]: Ps = Py

The control piston pressure Py (MPa)

The pump pressure Ps (MPa)
Figure 7.9 Stability of the LS system

In the region of Condition I, when the pump pressure, Py, islarge, the system
becomes “locally” unstable (Note: the term “locally” implies small excursions from the
operating point). The result is a consequence of the dynamics of the LS regulator spool,
because the magnitude of the frequency component of the conjugate polesis very close
to the undamped natural frequency of the LS regulator spool, «. The boundary between
the unstable region and stable region may change depending on the parameters of the LS
pump and the load. In the region of Condition Il, the LS system is always unstable. In
the region of Condition I11, the LS system is always stable.

Figure 7.10 illustrates the damping ratio of the dominant poles of the LS system in
the normal operation condition (Condition 1). It can be observed that the damping ratio is
lessthan 0.1 in all normal operation regions and lies in the range (0.06 ~0.08). Hence {

IS approximately constant.
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Figure 7.10 Damping ratio of the dominant poles of the LS system
Figure 7.11 illustrates that the undamped natural frequency (i.e. the bandwidth) of the
dominant poles of the LS system reduces as the opening of the adjustable orifice
increases (hence the swash plate angle and the pump flow delivery increase). When the
orifice opening is very small, the system bandwidth approaches the undamped natural

frequency of theload, ci . In this study, «y was 18.6 rad/s.
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Figure 7.11 The undamped natural frequency of the dominant poles of the LS
system

7.3 Effect of the pressure differential set, Py

As an important parameter of the LS system, P4 can affect both the steady state and
dynamic performance of the LS system. From an energy saving of point view, Py is
desired to be as small as possible. However, Py directly affects the steady state operating
condition (see Equation (7.2)). The LS system with small P4 tends to enter the region of
Condition Il where the LS system is unstable. In addition, decreasing Py resultsin a
decrease of the bandwidth because the magnitudes of dominant poles become small.
Figure 7.12 compares the root locus of the dominant poles of the LS system for Py = 0.5

MPaand 2.5 MPaunder Condition I.
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Figure 7.12 Dominant pole root locus comparison of the LS system between
different pressure differential sets, Py

7.4 Effect of thedamping in the Load Sensing line, a s

It can be observed from Figure 7.4 that under normal conditions (Condition 1) the
dominant pole of the LS system isapair of conjugate poles which are very close to the
imaginary axis. Therefore, the damping of the LS system is very small (see Figure 7.10).
A practical system would thus display a significant low frequency oscillation. In order to
reduce this oscillation, one practical method is to increase the damping in the LS line
(see Figure 5.3). The purpose of this section isto theoretically calculate the relative
stability of the LS system when the damping in the LS line varies. The disadvantage of

changing this parameter is aso discussed.
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Figure 7.13 shows comparisons of the theoretical frequency responses of the flow
control TF (Equation (5.81)) as a function of different damping coefficientsinthe LS
line. When the damping orifice in Figure 5.3 is fully opened, the damping inthe LS line

isminimum (s = 500 rad/s in Figure 7.13). The magnitude of the flow control TF,

@ , of the LS system has a significant resonant peak of about 20 dB at 9.5 rad/s.

X(s)

When the damping orifice is gradually closed, the resonant peak decreases. This
illustrates the stabilization process on the LS system by increasing the magnitude of the
damping in the LS pilot line. However, thisimprovement is associated with a side effect
in that the bandwidth of the control system decreases. Figure 7.13 indicates that the
bandwidth of the LS system is about 0.6 rad/s for a s = 1 rad/s. Consequently, the LS

system transient response decreases. Figure 7.14 shows a comparison of the
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Figure 7.13 Comparison between different damping in the LS line
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Figure 7.14 Comparison of experimental results for different damping in
the LSline

experimental magnitude frequency response for different openings of the damping valve.

When the opening of the damping valve decreases from 1 turn to 1/4 turn, the damping

ratio of the LS system increases from 0.2 to 0.5 but the bandwidth decreases from 5

rad/sto 2 rad/s.

In summary, the LS system can be stabilized viathe damping orifice in the LS pilot

line but it resultsin a decrease in the transient performance.

7.5 Summary

The result of the dynamic analysis of the LS system in this chapter can be

summarized as follows;

When the system pressure setting, Py, and the load, Ty, satisfy Equation (7.2), the
LS system always operates in Conditions | and |11 as the adjustable orifice is opened
from zero to alarge value. Otherwise, the operation of the LS system operatesin

Conditions I, I and I11. When the runaway load, T,y , islessthan acritical value as
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determined by Equation( 7.4), the LS system can only operate in Conditions |1 and
1.

In the region of Condition I, the LS system is stable when the pump pressure, P, is
small. When Psislarge, the LS systemis“locally” unstable. A high frequency
oscillation would be observable in the system pressures. In additions, alow
frequency oscillation al'so occursin al regions of Condition I, because the damping
ratio of the dominant poles of the LS system isvery small (<0.1) and hencethe LS
system has a poor relative stability.

In the region of Condition I, the LS system is unstable.

In the region of Condition 111, the LS system is always stable.

Decreasing Py can improve the efficiency of the LS system. But asmall Py tends to
force the LS system to enter the region of Condition Il wherethe LS systemis
unstable. Under Condition I, asmall Py also makes the dynamic response of the LS
system slower.

The damping orifice in the LS line can be used to stabilize the system but the

bandwidth of the LS system is compromised.

160



Chapter 8 Modeling of the Pressure Compensate Flow control Valve

8.1 Background

Chapters 2 through 7 have investigated the steady state and dynamic performance of
apractical LS system with acritically lapped spool in the LS regulator. Asillustrated in
Chapter 7, amain problem in the LS system is the poor relative stability. In order to
solve this problem, Krus [1988] suggested an increase in the damping in the LS line.
Based on the theoretical results presented in Chapter 7, increasing damping inthe LS
lineis not an ideal method, because the bandwidth is reduced.

It can be noticed from the literature review in Chapter 1, that other methods have
been suggested to stabilize the LS system such as, (1) replacing the ssmple adjustable
orifice (See Figure 2.1) with aPC valve (LSPC system [Lantto, et al, 1990 and 1991;
Pettersson, et al, 1996; Li, 1999]); (2) replacing the hydraulic LS line with an
electrohydraulic LS line [Backe, 1993; Luomaranta,1999; Zhang, et al, 1999]. The
second approach required additional control valves and hence introduced additional
sources of inefficiencies. It was also found that improved stabilization using the
electrohydraulic valve was not evident. The first method using a PC valveis ssimple and
practical but acomprehensive analysis of the LSPC system has not been attempted.

In this chapter, a comprehensive model and analysis of the PC valve is presented. A
general non linear dynamic model of atypical PC valve and its linearized equationsis
devel oped. Chapter 9 develops the steady state model for solving for the SSOP of the PC
valve. Chapter 10 experimentally verifies the steady state model developed in Chapter 9.
Chapter 11 further develops the dynamic model of the PC valve and discusses the

relationship between the dynamic performance and the design parameters of the PC
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valve. Based on the knowledge of the LS system (Chapters 2 through 7) and the PC
valve (Chapters 8 through 11), Chapters 12 and 13 present the steady state analysis and
the dynamic analysis of the LSPC system respectively.

8.2 Introduction

Asintroduced in Chapter 1, the pressure compensated valve (PC system) is aflow
control device which consists of afixed or adjustable orifice and a compensator valve.
The compensator valve modulates its opening in order to maintain afixed pressure drop
(Ps - Py) across the fixed or adjustable orifice.

There usually are two configurations for PC systems™: (a) hydrostat upstream and (b)
hydrostat downstream as shown in Figure 8.1. Their purpose for flow control are same,
that is, to maintain a constant pressure drop across the fixed orifice independent of
changesin load pressure, thus flow is maintained constant and is independent of changes
in the load pressure. The hydrostat upstream, configuration (a), has been studied by
many researchers [Lantto, et al, 1990; Li 1999; Pettersson, et a, 1996; Zarotti and
Nervegna 1988]. From a practical viewpoint, in this study, it was very difficult to install
transducers to measure the spool displacement, x,, and the intermediate pressure, P,
for the hydrostat upstream due to the compact structure of these valves. However, PC
systems with the hydrostat downstream can be fitted with appropriate transducers to
measure X, and Pr. Therefore, only the hydrostat downstream configuration is studied
inthisthesis. Thereisno loss in generality here because if the model can be verified
with the hydrostat downstream then the approach can be applied to the case of the

upstream hydrostat with some confidence. For the duration of this thesis, a hydrostat

! The term PC system is synonymous with PC valve in the literature.
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downstream will be assumed.
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(a) Hydrostat upstream configuration (b) Hydrostat downstream configuration
Figure 8.1 Comparison of Two Types of PC Systems

The PC system investigated in this study was a PC flow control valve manufactured
by Brand Hydraulics Inc (model: EFC12-10-12). The PC system shown in Figure 8.2
consists of the valve case, a hydrostat spool (automatically controlled) and an adjustable
spool (manually or electrically). Its operation principle has been explained in Chapter 1
and is not repeated here. It is noted that the PC flow control valve was designed with a
by-pass port (5). In order to investigate the performance of this valve without by-pass
flow (See Figure 8.1b), the by-pass port was capped.

The state variables used to describe the dynamic behavior are the displacement, X,
of the hydrostat spool, the pressure, Pg,, in chamber (2) and the intermediate pressure,
Pm (see Figure 8.2). The input variables include the upstream pressure, P, the
downstream pressure, P, and the opening , x,, of the adjustable orifice.

This chapter presents the non-linear dynamic model of this particular PC system and

the process used to linearize the nonlinear relationships.

8.3 Non linear Dynamic Model of the Pressure Compensated system
Figure 8.2 shows the sectional drawing and its equivalent schematic of the PC
system. The control equations associated with the PC system include the flow, QLy, into

the PC system through the fixed or adjustable orifice (1), the flow, Qp, out of the PC
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system through the hydrostat orifice (4), the dynamic equation of the hydrostat spool, the
flow continuity equation of the chamber (2), and the flow continuity equation of the

intermediate chamber between orifices (1 & 4).

////%-ﬁﬁ# /_/

.
%
=
|

Fixed orifi

Figure 8.2 Sectional Drawing of the PC System

Preliminary studies have shown that the adjustable orifice is rectangular shape and
the hydrostat orifice is crescent-type (such as Parker PC series and Brand FC series).

Therefore, the flow equations of Q. and Q_pc can be defined as [Merritt 1967]

2
QLv = CdvaXv ;(Ps - Pm) (81)
2
Qch = Cchpc (ch) ;(Pm - PL) (82)



where

0 X <0

pc =

R .—X
Apc (ch): Ric Cos_llpcRpC} - (Rpc - ch 2Rpcxpc - Xic 0< ch < 2Rpc

P
2
Ro.7T X 22R,

(8.3)

It must be noted that flow discharge coefficients, Cy, and Cqc, of Equations (8.1) and
(8.2) were not the same. Although the flow rates through both orifices were the same,
the flow status (that is, turbulent or laminar flow conditions) was different due to
different pressure drops and different cross-sectional areas for each orifice, especially
when the flow rate was small. This gives rise to different Reynolds numbers for the

same flow rate.

Consider the dynamic equations of the PC system. The dynamic force balance across

the hydrostat is considered first.
. 1 , :
Xpe :M_ (_ chxpc - kpcxpc —Kg Abc(xpc)(Pm - PL) - :d—Qch + A\ocs(Ppc - (Psh - Pm))) (8.4)
pc

where X, is the opening of the hydrostat orifice (also the displacement of the hydrostat
spool). M is the spool mass. By, is the damping coefficient of the spool. k. isthe
coefficient of the pre-compression spring. The third term in the bracket represents the
steady state flow force which is proportional to the flow orifice sectiona areaand the
pressure drop across the hydrostat orifice. The constant of proportionality is defined by
the coefficient, k. The fourth term stands for the transient flow force in which the
damping length, L, is equal to the axial length between the hydrostat orifice (i.e.
outgoing port) and centerline of the conduit (i.e. incoming port) shown in Figure 8.2.

The fifth term is the force which relates to the pressures differential across the ends of
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the hydrostat spool. It is further noted that Py is not atrue “physical” pressure but an
equivalent pressure term caused by the pre-compression spring (P = % )- Py controls

the pressure drop across an adjustable or fixed orifice and is adesign value which
reflects the maximum pressure differential, Ps - Py, across the orifice. Thiswill be

discussed further in Chapter 10.

The flow continuity equation of the right hand side chamber (2) of the spool is

+ A X (8.5)

where Vg, =V, — X A, - Ve represents the chamber volume in chamber (2) at the

pc” ‘pes*
right hand side of the hydrostat spool which varies as the hydrostat spool moves. Vg is
the value of Vg, at X, = 0. P« isthe pressure in chamber (2). Rg, represents the resistance
of the short dlot type orifice (small hole (3)). It is noted that, because Vg, is very small
and Bisvery large, the term at the left side of Equation (8.5) can approximate to zero.

Therefore, Equation (8.5) is further smplified as
P§1 = Ps + ApcsRmch (86)

The flow continuity equation of the intermediate chamber between the adjustable

orifice and the hydrostat orificeis

\% cm - .
'PB I::’m = QLv - Qch - Apcsxpc (87)

where V., =V o + X A - Voem represents the intermediate volume between the fixed

pcmO pc” *pes *

orifice (1) and the hydrostat orifice (4) which varies as the hydrostat spool moves. Vpemo

166



is the value of Vpem &t Xoc = 0. P is the intermediate pressure. Similarly, because Vpem is
very small and Bisvery large, the term at the |eft side of Equation (8.7) can approximate

to zero. Therefore, Equation (8.7) can also be simplified as
QLv - Qch - Apcsxpc = O (88)

8.4 Linearization of the Non-linear Dynamic Model of the Pressure Compensated
System

Linearizing Equations (8.1) and (8.2) gives
AQLV = KqVAXV + KC’\/(APS _Apm) (89)
AQupe = KpeXpe + Koy (APm _APL) (8.10)

where Koy and Kgpe are flow gains of two orifices (1 & 4). Ky and Kepe are flow-pressure

coefficients and are given by

2

va = Cdva _(Ps - I:)mo) (811)
P

« = Cawx (8.12)

” \jzp(Ps_Pmoj

2 dA_|x
Kae = Cae /;(Pmo -P) E—I% (8.13)
pc

_CuAelXe) (8.14)

chc
V 2,O(Pmo - PL)

When the flow rate through the PC valve is small so that the flow statusis laminar or
in the transition from the laminar to turbulent, these parameters must be determined

using models presented in Appendix D.
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Linearizing Equation (8.4) gives

M pe X + (ch + pLquc)Ach + k;cAch

. . (8.15)
= _kff Apc (chO )(APm - APL ) - ﬂ—chc (APm - APL )_ Apcs (Apm - APm)
A
where k', =K. +kq W(Pmo -P) (8.16)

pc
Theterm, LK, (4P, - 2P, ), is usually neglected because there s little direct

evidence to indicate that the pressure rate term contributes substantialy to the valve
dynamics [Merritt, 1967]. Linearizing Equation (8.5) gives

AP, = AP + A R, (8.17)
Substituting Equation (8.17) into Equation (8.15) and neglecting LK, (AF’m - AF’L)
give

M A% + B AKX, + Ko A, — (AL — K, A (X, JAP,

(8.18)
= _ApcsAPs + kff Apc (chO)APL

where B;C =B, + LK, + Aﬁcs (8.19)
Equations (8.18) and (8.19) indicate that the hydraulic resistance, Ry, associated with
the small hole (3) in Figure 8.2 can be used to increase the damping coefficient of the
hydrostat spool.
Linearizing Equation (8.8) gives

AQ,, —AQ,,, — A DX, =0 (8.20)
Substituting Equations (8.9) and (8.10) and then rearranging Equation (8.20) yields

K ol + A% + (Ko, + Koo JAP, = K AX, + K AP, + K AP, (8.21)
Equations (8.10), (8.19) and (8.21) will be used to develop the TF of the PC systemin

Chapterll.
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8.5 Summary

This chapter introduced two different configurations of PC systems (i.e. hydrostat
upstream and hydrostat downstream configurations). The non-linear dynamic models of
the PC system with hydrostat downstream were presented. These equations will be used
to develop the SSOP model of the PC system in Chapter 9. Finally, these models are

linearized and will be used to develop the TF of the PC system (Chapter 10).
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Chapter 9 Steady State Analysis of the Pressure Compensated System

It is necessary to know the steady state operating point (SSOP) before the linearized
models in Section 8.3 in Chapter 8 can be used to develop the transfer functions (TF) of
the PC system. This chapter provides a set of non-linear algebraic equations and the
procedure of solving for SSOP (Xpco @nd Pry).

9.1 Steady State Model of the PC System

Under steady state conditions, the derivatives of all variables in Equations (8.4), (8.6)
and (8.8) are zero. A subscript “o” isadded to all variables (except for x,, Psand P_
because they are input variables for particular study of the PC system) of all non-linear
equations to present the SSOP. In this situation, Ps is equal to P4, from Equation (8.6)
and Qv is equal to Qpco from Equation (8.8). Equating the right hand sides of
Equations (8.1) and (8.2), and expressing Py, as afunction of the variables Psand Py,
give

CPWIXR, + A (xR,

" /72W5X5 + A;ﬁc (ch)

m

(9.1)

dv

where 17 isdefined as 7 = g . Equation (9.1) indicates that the pressure, Py, isalinear

dc
combination of pump pressure, Ps, and load pressure, P, with coefficients proportional
to theratio of the square of the orifice areas.

Substituting P, into Equations (8.1) and (8.2), Q. can be expressed in terms of Ps

and P_ as

_ - av W Xy pc (ch) 2 P P
Q. =0Q,, = c ~ - 9.2
L Lp \/ sc (ch)+ 2W5X3 ( L) ( )

The steady state algebraic equation of Equation (8.4) is
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Apcs(Ppc - (Ps - Pm))_ KoeXpe = kff Apc (ch)(Pm - PL) =0 (93)

pc ™ pc

It is noted that the transient flow force does not affect the steady state operating point
because the transient flow force is proportional to the acceleration of the fluid elements,
I.e. the derivation of the flow rate. At steady state, the flow rate can be considered as
constant. Therefore, no term associated with the transient flow force existsin Equation
(9.3).

Substituting Equation (9.1) into Equation (9.3) gives

S )J o AN o) o (0

AP, -
"“{ AL WX A DX )+ 2w
Equation (9.4) can be rewritten to give the pressure differential, Ps - P, as afunction

of the hydrostat spool displacement x__, that is,

pc?

P-P :[P K ])I (x..) (9.5)
s L pc A pc 2\ pc '

pCs

Ans(AZ (%0 )+ 72w2x2)

9.6
o 77 A (0 W0+ A2, T 50

where )Iz(xpc) =
Equation (9.6) can be further simplified. Assume that

= 0.5

2 2

k.n? = O.7CdC(CdVJ - 07Ca
Cdc Cdc

Usually, the hydrostat spool sectional area, Ancs, is much larger than the flow area of

two orifices, wyx, and Age. Thus,

2,2
kff ,72Apc (ch )W\?X\f + Aic (ch )Apcs = A;Z)c (ch{i\sw;/(xv + Apcs] = A,Z)C (ch )Apcs

pc \™pe

Equation (9.6) can be approximated by

171



2\02 2

WX

Az(xpc):]-"'AT(\)l(_) (9.7)
pe \"pe

The method of solving Equation (9.5) for xueo Will be discussed in Section 9.3.
Substituting the solved X into Equation (9.1) generates the intermediate pressure Py,

It is necessary to discuss all possible operating conditions of the PC system shown in
Figure 8.2 before introducing the procedure for solving Equation (9.5). Thisis because
the solution of Equation (9.5) could be invalid under certain conditions, such as that
associated with mechanical limitations.

9.2 Operating Conditions of the Pressure Compensated system

In order to find different operating conditions of the PC system, it is necessary to
examine several scenarios of the operation of the PC system as a function of different
upstream pressures, P, in Figure 9.1. The PC valve in Figure 9.1 represents the PC

system shown in Figure 8.2.
|
A
]
[

Load

Pressure
compensated

LL] pume L1l

Figure 9.1 Investigation of the Operating Conditions of the PC system
If the deadhead pressure of the pump is set to be small (See Figure 9.1) and hence the
upstream pressure, Pg, is small, the hydrostat spool does not move until the product of
the pressure differential, Ps— P, and the hydrostat spool sectional area, Ancs, is larger

than the pre-compression force of the hydrostat spring (See Figure 8.2). In other words,
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acritical value of the pressure drop across the PC system, Ps— P, must exist for a
designed PC system. When the pressure drop, Ps— Py, islarger than this critical value,
the hydrostat spool is not limited. This condition is defined as Condition A. If the
hydrostat is limited due to mechanical constraints, then thisis defined as Condition B.
Under Condition B, the PC system essentially becomes a cascade of two fixed orifices.

Thecritical value, Py, of the PC system pressure drop can be determined by

P_=p-p =|p - Ay (X o) 9.8
pcc ~ 's L= pc A chmax 2chmax ()

pes
where Xocmax 1S the maximum displacement of the hydrostat spool due to mechanical
limitations. It is noted that because Ax(Xpcmax) relates to x,, the critical value, APy isa
function of xy, that is, Ppc(X,). Therefore, the non-linear algebraic Equation (9.5) about
the operating point X,co IS expressed as

k
P-P :[ppc_A_mxpc]Az(xpc) P.-P >5Ppcc(xv) (Condition A)

pcs

(9.9)

Xpeo = X (x,) (ConditionB)

pe max P.—P <P,
Equations (9.8) and (9.9) are used to define the operating status of the valve and to
solve for the operating point, Xpc.
9.3 Numerical Procedureto Deter mine Xuco
Figure 9.2 shows the procedure of solving for the operating point, xpco. With reference
to thisfigure, the critical valueis calculated (1). When the pressure drop across the PC
system is not larger than the critical value (2), the hydrostat spool has a maximum
displacement due to the spring pre-compression (3). When the pressure drop across the

PC system is large enough to overcome the spring pre-compression, the PC system is at

Condition A. It is necessary to useiteration for solving for X, because Equation (9.9) is
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an implicit non-linear algebraic equation (see the dashed line box in Figure 9.2). The

flow chart of theiteration is similar to that shown in Figure 3.3.

Calculate o Ppcc using Equation (9.7) 1

No (Condition B)

pc2 = chmax

Xpe = (xpcl + xpcz)/z 5
Calculating p-|p Koo ( )
oP = - Xpe |42 X e

pc A 6
pcs
where A 2(ch) is determined by Eq. (9.6)

pcO = xpcmax

Calculate P (Eq.9.1)

Figure 9.2 Procedure of Solving for Operating Points
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Chapter 10 Experimental Verification of the Steady State Oper ating

Points of the Pressure Compensated System

As explained in previous chapters, knowledge of the steady state operating point
(SSOP) of anon-linear system is essential when using the linearization approach to
determine stability boundaries. A pressure compensated (PC) flow control valveisa
simple pressure feedback (or load sensing) system. It has three state variables; the
hydrostat spool displacement, Xuc, the intermediate pressure, Pm, and the pressure, Py,
(See Chamber (2) in Figure 10.1). Therefore, their SSOP’s must be determined using the
non-linear equations presented in Chapter 8. From Chapter 9, the SSOP of the pressure,
P+, IS equal to the upstream pressure, Ps. But the hydrostat spool displacement operating
point, Xyco, and the intermediate pressure operating point, Pmo, must be determined by
Equations (9.8) and (9.1). The objective of this chapter, then, isto experimentally verify
the solution of Equation (9.8).

In order to solve for the SSOP of the PC system from Equation (9.8), the parameters
Poc, Koe: Apcs, Kir, Cae and Cqy must be known. The SSOP, X, Of the hydrostat spool
displacement can be uniquely determined as afunction of the pressure drop across the
PC system, Ps— P, and the cross-sectional area of fixed rectangular orifice, A..

M easurement or estimation of these parametersis now considered.
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Figure 10.1 Sectiona Drawing of the PC System

10.1 Parameters of Pressure Compensated System

The PC system investigated in this study was manufactured by Brand Hydraulics Inc
(model: EFC12-10-12). To assist in describing how the remaining parameters are
estimated, Figure 10.1 shows a cross sectional drawing of the PC system with installed
transducers. A displacement transducer (Eddy current Proximator) was embedded into
the end cap at the right hand side of the hydrostat spool. A pressure transducer was
installed between the two orifices (orifices (1) and (4)). The fluid enters the system from
theinlet and through orifice (1). The pressured fluid Psis aso fed to the chamber (2) via
asmall hole (3) at the end of spool. The fluid downstream of the fixed orifice (1) isat
pressure P, Flow from the fixed orifice (1) must then pass through the hydrostat orifice

(4). The area of the hydrostat orifice, Apc(Xpc) (i.€. afunction of the spool displacement,
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Xoc) Can be determined from the force balance equation between the hydraulic force,

APCS(PS - Pm) , the spring pre-compression, F__, the spring force, k and the steady

pc’ pc XPC

state flow force, k A, (x,. P, - P.) (see Equation 8.4). It should be noted that orifice

(1) isrectangular in shape and the hydrostat orifice (4) is round (to be precise, four
crescent shaped orifices).

Measured and cal culated parameters (those obtained indirectly from other known
measurements are marked with a“ ™) arelisted in Table 10.1. The spring coefficient, Ko,
and the spool cross-sectional area, Apcs, Can be directly measured. The spring pre-
compression, Fy, Was calculated from the product of the spring coefficient, kqc, and the
initial deformation (15.63 mm) of the balance spring. In theinitial condition, the
hydrostat spool makes contact with the washer. Thus, the spool initial displacement, X,
isequal to the maximum, Xocmax.

Table 10.1 Parameter of the PC System

Fixed rectangular orifice width Wy 49.83 |mm
Spool diameter Dpes |23.55 |mm
Number of circular orifices Noc |4

Diameter of circular orifice Dpc 7.2 mm
Spring constant Koc 9.1 N/mm
M aximum opening of orifice Xpcmax | 2.62 mm
Pre-compression’ Foe [1423 [N
Pressure setting of the PC system’ P (038 |MPa
Coefficient related to steady state force | kg 0.7Cqc
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10.1.1 Pressure Differential Setting, Py, for Pressure Compensated System

As was the case for Py for the LS system, Py is not atrue physical pressure but
equivalent pressure term. In order to understand its physical meaning for the PC system
shown in Figure 10.1, consider Equation (9.3). Because X, is defined such that when the
spool displacement, X,c, equals 0, the hydrostat orifice area, Ay, is also zero, the value of
Puc is equal to the external pressure differential (Ps— Pr) on the hydrostat spool of the
PC system which forces the hydrostat orifice to close (x,c = 0) (see Figure 10.1).

Theinitial displacement of the hydrostat spool is so designed that the hydrostat
orificeis normally fully open (that is, Xpci = Xpemax). The spring force, Fg, under steady
state condition can be expressed as

Fo = Foo * Koo (Koo = Xoo) (10.1)

where Fpcis the pre-compression of the spool spring at the initial displacement. Xpemax IS
the maximum opening of the hydrostat orifice (also the initia displacement of the
hydrostat spool). Ky is the spring coefficient of the hydrostat spool spring. Xucisthe
displacement of the hydrostat spool whose sign is defined as positive in the same
direction of the spring force exerted on the spool. When X, is equal to Xscmax, the spring
forceis equa to the pre-compression, Fp.. When xyisforced to zero by an external
force, the external force will balance the spring force which value can be determined by
Equation (10.1)

F.=F_ =F_+k_x (10.2)

ext sp pc pc “* pc max
During normal PC system operation, the external force on the spool is the sum of the
steady state flow force and the product of the pressure differential across the spool ends

and the sectional area of the spool. When X is forced to zero, the steady state flow force
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becomes zero. Therefore, the external force can be expressed as the product of an

equivalent pressure differential and the spool sectional area, that is
Fee = A (P = P) (10.3)
The pressure differential (PS - Pm) under the condition x,c = O (i.€e. the pressure setting

Ppc based on the definition) can thus be determined by combining Equation (10.2) and
Equation (10.3) as

4 F_+k X K. X
— _ _  pc pcMpcmax _ "vpc/tspring _def
Ppc _(Ps mexpczo - A - A (104)

pcs pcs

The derived parameter, Py, is calculated to be 0.38 MPausing the parametersin Table
10.1. The pressure differential, (Ps - Pm), across the fixed orificeis ideally constant (Pyc);
however, (Ps - Py) decreases as the fixed orifice opening increases. (Ps- Pp) IS, thus,
always slightly less than Ppc. Xsring_def represents the deformation (from free length) of
the spring at X,c = 0.
10.1.2 Deter mining the coefficient ks

Aswill be shown, the parameter ki in Equation (8.4) is a coefficient associated with
steady state flow force. The steady state flow force exerted on the hydrostat spool cannot
be neglected in this case. Simulation studies indicated that the steady state flow force
was substantial when compared to the spring force on the spool. Mathematically, the
steady state flow force on a spool is proportional to the discharge coefficient of the
hydrostat orifice [Merritt, 1967] and is given by

Fq =2C,.C, coséA . (x,. [P, - P.) (10.5)

dc v m

where C, = 0.98. 8= 69°. In Equation (8.4), the steady sate flow force, however, is

represented by kg A, (xpc)(Pm -P ) Thus, the coefficient, kg, can be expressed by
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k, =2C,C,cosf =0.7C,, (10.6)

Y
Therefore, ki becomes known if Cgyc is determined.

All parameters, except the two discharge coefficients, Cy, and Cqc, are known or can
be calcul ated. Determining these two coefficients, however, isanon-trivial process.
Thus, adetailed discussion on the methodology used to determine these parametersis
now considered.

10.2 Deter mination of the Dischar ge Coefficients

Methods of measuring and modeling the discharge coefficient of orificesin Appendix
C were applied to both the fixed orifice (1) (rectangular shaped) and the hydrostat orifice
(4) (crescent type) in the PC system. When changing the operating conditions of the PC

system by adjusting x, AP, and T, variables Qqc, Ps, Pm, PL, and X,c would change. Cq,,

Cac, Re, and Re; can be calculated using Equations (C16) and (C17) provided in
Appendix C (Note, the subscript “,” represents the fixed orifice and the subscript “.”
represents the hydrostat orifice).
10.2.1 Dischar ge Coefficient of the Fixed orifice (1) (Rectangular Type)

Figure 10.2 shows the experimental results for the fixed orifice (1) of the PC system.
The experimental data demonstrates a slightly higher discharge coefficient than what has
been generally accepted as a value for rectangular orifice (Cq = 0.61, Merritt, 1967) but

generally behaves as expected. An analytical approximation to Cgy, as afunction of
o
JRe, wasobtained using a statistical curve fit of theform C,, [1— e ] . C,. IS

the discharge coefficient when the flow becomes fully turbulent. o represents the
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laminar flow coefficient because, when ,/Re, islessthan C—a"f" this formula can be

further approximated by its 1* Taylor expansiond,/Re, which has the same form as
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Figure 10.2 Discharge Coefficient of the Fixed Orifice (1) of the PC
System

o

Merrit (1967) used. For thissituation, C,, =0.63 and 6 =0.17, that is,

Cy, = 0.63L- 7™ ) (10.7)
10.2.2 Dischar ge Coefficient of the Hydrostat Orifice (4) (Crescent Shaped)

Figure 10.3 shows the experimental result of the discharge coefficient of the
hydrostat orifice (4) in the PC system. This curve indicates that there is considerable
scatter in the results in the region of transition. Only when the Reynolds number is larger
than 1000 (\/% = 31), does the discharge coefficient begins to converge. Thus, a
correlation equation of the form of Equation (10.7) is unacceptable.

In order to identify the source of the “too much scatter” problem in Figure 10.3, the

flow through the hydrostat orifice (4) at avery small opening, X.c, iS considered, because
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Figure 10.3 Discharge Coefficient of the Hydrostat Orifice (4) of the
PC System

small Reynolds numbers occur when the opening of the crescent orifice is small. Figure

10.4 shows the geometry of the hydrostat orifice (4) for avery small opening. The
experimental PC system has four crescent orifices along the perimeter of the hydrostat
spool. The flow through each orifice consists of two components: the orifice flow, Q,
and the leakage, Q.. When the opening of these orifices, Xy, is very small, the leakage,
Q, becomes significant relative to the orifice flow, Q; (Figure 10.4). Under these
circumstances,_calcul ating Reynolds number, Re;, and discharge coefficient, Cyc, using
the overall measured flow rate (Q = Q1 + Q) and flow cross sectional area of the
crescent type orifice, in fact, isunreasonable. Theoretically, Re; and Cqy. should be
calculated by Q, instead of overall flow rate (Q, + Q). Ruan, et a, [2002] developed a
leakage model of Q.. However, it isimpossible to separate Q; and Q. from the measured
value of Q. It is noted that Equations (10.6) and (10.7) cannot be used for a crescent

orifice, because the leakage, Qo, at x,c = 0 is different from that at x,c # 0. Inthiscase, a
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Figure 10.4 Geometry of Orifice (4) on Perimeter of the Hydrostat Spool
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.

possible method to determine Cyc is to modify Re; to reflect a dependency on fluid
temperature, orifice opening and the pressure drop across the crescent orifices.

The modification coefficient, &, is empirically selected as
e=[Jo| [ 2o (10.8)
T 4P,

Qpe
A F’JDh (10.9)

sp[
such that Re, =
w(T)

X
where coefficient mis equal to 2 and nisafunction of x,cas n = —  Tpisroom
pco

temperature (23°C) for this experiment. APy o is aspecific value (here 2 MPa). X0 iS 1
mm.

Applying this new modification to the Re cal culated from the experimental data
yields the plot of Figure 10.5. Also shown is the corresponding Cg. as afunction of Re;
(See Appendix C). It is quite apparent that this modification reduces the scatter

significantly.
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Figure 10.5 Discharge coefficient of the hydrostat orifice (4) of the PC
system as a function of the modified Reynolds number

10.3 Comparison of Experimental and Theoretical Results of the Steady State

Operating Points

A set of experiments was conducted to measure the displacement, X, of the
hydrostat spool as afunction of x,, Psand P_. Theinput conditions of each experiment
(i.e. xy, Ps, and P.) are considered as the input to the nonlinear Equation (3.35) to predict
the displacement, X, of the hydrostat spool. The predicted and experimental results of
Xpc are compared in Figures 10.6 through 10.9.

Figure 10.6 shows the comparison between the experimental and predicted results of
Xpc as afunction of x, under the condition of a constant pressure drop of 1.6 MPaacross
the PC system. The region between the dashed lines contains al of the measured values
for the hydrostat orifice opening, X,.. The region between solid lines represents al of the
predicted results of xu, which vary mainly due to changesin oil temperature (viscosity).

When the opening of the fixed orifice, x,, is small, the measured and predicted results
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are aimost identical. As the opening, x,, increases, the measured valueis gradually larger
than the predicted results.

Figures 10.7 through 10.9 are comparisons between the experimental and predicted
results of xpc as a function of x, under conditions of different pressure drops across the
PC system, Ps - P.. The agreement between predicted and measured results is generaly

very good. The higher the pressure drop, the more accurate predictions occur.
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Fluid temperature: 25 ~ 50°C
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Opening of the hydrostat orifice X,
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0.1 0.2 0.3 0.4 0.5 0.6 0.7
Opening of adjustable orifice x,,, mm

©
o

Figure 10.6 Comparison of the Experimental and Theoretical Results
of the Hydrostat Orifice Opening, Xy (APs. = 1.6 MPa)

10.4 Summary

The PC system has afixed orifice and a hydrostat |ocated orifice. The fixed orificeis
used to manually, or electronically, adjust the flow rate of the PC system. The hydrostat
orifice is automatically controlled by the pressure drop across the fixed orifice. Because
the opening of the hydrostat orifice (i.e. the displacement of the hydrostat spool) directly
affects the dynamic and steady state behavior of the flow, it is necessary to study the

SSOP of the opening of the hydrostat orifice.
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Figure 10.7 Comparison of the Experimental and Theoretical Results
of the Hydrostat Orifice Opening, Xy (APy. = 2.2 MPa)
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Figure 10.8 Comparison of the Experimental and Theoretical Results
of the Hydrostat Orifice Opening, Xoc (APs. = 2.9 MPa)
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Figure 10.9 Comparison of the Experimental and Theoretical Results
of the Hydrostat Orifice Opening, Xpc (APy. = 3.5 MPa)

This study establishes anonlinear equation to solve the SSOP of the opening of the
hydrostat orifice, X,c. This nonlinear equation involves the discharge coefficients of two
different types of orifices. For the fixed rectangular-type orifice, the discharge
coefficient, Cqy, isindirectly measured and fitted as an exponential function of the
square root of Reynolds number. For the hydrostat crescent-shaped orifice, however, the
discharge coefficient, Cy, has to be presented as a function of a modified Reynolds
number due to significant leakage at small orifice openings. The discharge coefficient,
Cqc, isaso fitted as an exponential function of the square root of the modified Reynolds

number.
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Chapter 11 Dynamic Analysis of the Pressure Compensated System

The objective of this chapter isto devel op the frequency response model of the PC

system with the downstream hydrostat configuration. Similar to the methods used in

Chapter 5, the linearization equations given in Chapter 9 are used to develop the

appropriate transfer functions.

11.1 Dynamic M odel of the Pressure Compensated System

This section devel ops the frequency response model of the PC system based on the

linearized dynamic model in time domain. Condition A and B are considered separately.

11.1.1 Condition A (Normal condition)

Equation (8.4) represents the dynamic model of the hydrostat spool. Because the

pressure setting, Py, is neither a state variable nor an input variable, Py is absent in the

linearized equation of Equation (8.18). Py affects the dynamic behavior of the PC

system only through the SSOP. The dynamic Equation (8.18) is repeated (Again, note:

“A” used for linearization is dropped)

M X +B. x_ +k.x _(Apcs_kﬁApc(chO))Pm

pcpc pc pc pc”pc

= _Apcs Ps + kff Apc (cho )PL
Taking the Laplace transform of Equation (11.1) gives
All (S)X pc (S) + A12 I:)m (S) = _Apcs Ps (S) + kff Apc (X pcO )PL (S)

where A,(s)=M s* +B s+k,
A12 = kff Apc (cho)_ Apcs
Equation (8.21) isrewritten as (Note: “A” is dropped)
qucxpc + Apcsch + (Kcv + chc)Pm = vaxv + Kcvps + chcPL

Taking the Laplace transform of Equation (11.5) gives
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AZl(S)X pc (S) + A22 Pm(s) = vaXv(S) + Kchs(S)+ chc I:)L (S) (116)

where A,(s)= Ky + As (11.7)

pc T Ppcs
A, =Ky K (11.8)
Taking the Laplace transform of Equation (8.10) gives the load flow rate through the
hydrostat orifice as
Qupe (8) = K X e (8) + Ko (P (8) = P () (11.9)
Solving Equation sets (11.2) and (11.6) for state variables X,c(s) and Pr(S), and then
substituting them into Equation (11.9) yields the flow rate, Q.p(S), as afunction of three
input variables, Xy(S), Ps(s) and P (s). Appendix K presents the derivation of this

function and is shown to be

Qupe(8) = G ()X, () + Gy (SR () - P.(5)) (11.10)
where
2
G, (s) =K, 3PS Do (11.11)
s“+as+a,
’+b b
G 8)= K oyt Do (1112)

s*+as+a,
The dynamic model of the PC system (Equation (11.10)) and the linarized equation
for asimple orifices (Equation (5.45)) have asimilar form. That is,
Q(s) = K X(s)+ K (P,(s) - P.(s)) for an orifice and
Qupe(5) =G, (s)X, (8) + G, (s)(P,(s) - P.(s)) for the dynamic model. Therefore, Gu(s)
can be considered as the “flow gain transfer function” (TF) which is equivalent to its

counterpart, Ky, and Gyg (S) as the “flow-pressure coefficient transfer function” (TF)

equivalent to its counterpart, K. In order to accomplish flow control through an
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appropriate change in the area of the adjustable orifice, X\(S), Gps.(s) should be as small
as possible (zero at best). Thusit is most important to investigate the relationship
between Gpy (s) and parameters of the PC system with an aim to minimize the effect on
Qvpc through optimal design of the PC system.

The gains and coefficients of Equations (11.11) and (11.12) are derived in Appendix
K and arelisted as

K K
ov cpv

LY (11.14)
LT Lk -
Kcv + chv

B;c + Apcs (Apcs - kff Apc (chO ))

. - (11.15)
M Mpc(Kcv +K6pc)
a, = kpc + quc (Apcs - kﬁ Apc (chO )) (1116)
pc M \Kq + Kcm)
B*
o - B (11.17)
M.
bxvo _ kpc quc (Apcs - kﬁ Apc (XpCO )) (1118)
M pc M pcKCpC
_ B:)c AlfCS
By = - - - (11.19)
K Kk A () 11.20
psL0 — M - M _ K ( . )

pc pc’ “cpc
Equations (11.13) through (11.20) include six coefficients given in Chapter 8. They

are repeated here for completeness.

B, =B, + oLK, + AZR,, (11.21)
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k;c = kpc + kff Wpc(PmO - PL) (1122)

Keo = Cay |2 (P, = Pyo) (11.23)
Yo,
K, =—_CaX (11.24)
\/ ZP(PS Pmoj
2
Ko = CaeWye ;(Pmo -P) (11.25)
Cchpc (X C) (1126)

ch —__ % pe\v e/
i \/Zp( mo L)
dApc(chO) )

X o

where w,. represents the equivalent width of the hydrostat orifice,

Equations (11.15) through (11.20) can be expressed into simpler form by substituting
Equations (11.21) through (11.26) into Equations (11.13) through (11.20). In the
following process, it isassumed that A, >> A (cho) (i.e. the spool cross sectional

area, Ay, 1S much larger than the hydrostat orifice area, Apc(Xoc0)) and k,; <1(reference

to Equation (10.6) ). With these conditions, Equations (11.15) through (11.20) become

1 1
B+ oK + _ 11.27
al M pc [ IOL qu [RSh KCV + KCPC J] ( )
ao — 1 Kk + quc Apcs j
M pc P Kcv + chc
(11.28)
_ 1 " 2Wpc Apcs o
M ot {
pc
pc pcO A\/

B, +0K,__+A2R
I AL |\/Tpc pes " sh (11.29)

pc
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b, = [kpc 2P (P - PL)} (11.30)

M p pc (cho)
b, = |B +dK, +A|R, +—= (11.31)
psLtl — M pc ,OL qgpc pes| Mish K_ .
pc ov
1
bDSLO = M (kpc - kff Wpc (Pmo - I:)L )) (1132)

In order to use Equation (11.10) in subsequenct analysis and design of the PC system,
it is necessary to determine Ry, in Equation (11.27). Ry, represents the hydraulic
resistance in the damping hole (3) in Figure 8.2. The damping hole can be considered a
short tube orifice. Because the flow rate through the damping hole is small, the flow
must be laminar. Merritt [1967] gave a discharge coefficient for a short tube orifice at

laminar flow conditions to be

(11.33)

where Dyany is the diameter of the small hole, Lyanp is the length of the small hole, and

Re is the Reynolds numbers and is defined

Re= 4R (11.34)
waamp

Substituting Equation (11.34) into Equation (11.33), and then substituting Cq into the

genera orifice flow equation yields

Dg‘mﬂ
Q=—*"" sp (11.35)
1284,

Therefore, the hydraulic resistance, Ry, is derived as areciprocal of the coefficient in

Equation (11.35), that is,
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1284l
D

damp

(11.36)

11.1.2 Condition B (Hydrostat orifice fully opened)

Under Condition B, the hydrostat orifice of the PC system is fully opened. The PC
system becomes essentially two cascade fixed orificesin series. In order to obtain the
equivaent flow gain and flow pressure coefficient of the cascaded orifices, Equations
(8.9) and (8.10) must be considered (Noted: the “A” due to linearization is dropped). For

Condition B, Xyc = Xocmax aNd Qv = Qupc = Qu. Therefore,
Q = KgX, + Ko (R~ Py) (11.37)
Q =Kg(P.-P) (11.38)
Eliminating Py, from Equations (11.37) and (11.38) gives

K K K,K
— qv' “cpe + cv” “cpe P-P 11.39
QL Kcv+chc XV Kcv+KCPC( ° L) ( )

Based on Equation (11.39), the equivalent flow gain and flow pressure coefficient

for the cascaded orifices are defined as

LK K,
Ko =Tk (11.40)
cv+ cpe

Kchc o
= P (11.41)
Kcv + chc

11.2 Theoretical Prediction of the Frequency Response of the Brand PC Valve
This section uses the model form of Equation (11.10) to predict the frequency

response of the Brand PC flow control valve. The essential parameters of the PC system
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must be measured or indirectly calculated. For various conditions, the Bode diagram of

Gu/(S) and Gpg (S) are presented.

11.2.1 Parameters

Table 11.1 gives al essentia parameters for plotting the Bode diagrams based on

Equations (11.11) and (11.12). Parameters with a“*” have been evaluated directly or

developed in earlier sections.

Table 11.1 Parameters of a Typical PC System

Parameters Expression Value Unit
Fluid Fluid density 0 898 Kgm
characteristics | Fluid temperature T S °C
and Dllsg:harge coefficient of fixed Cay “ 1063
parameters orifice
Dllspharge coefficient of hydrostat Cue “ 1065
orifice
Geometry Spool diameter Dics 23.55x10° | m
Width of fixed orifice (rectangular 3
arameters W, 49.83x10° | m
g type (1)) i
Equivalent width of hydrostat * 3
orifice (crescent type (4)) Woe 20.8x107 | m
Maximum displacement of the 3
spool Xpcmax 2.62x10 m
Diameter of the damping hole Darmp 1x10°° m
L ength of the damping hole Ldanp 1x10°® m
The axia length between
hydrostat orifice and the center of | L 1x107 m
conduit
Dynamic Spool mass Mpc 0.14 kg
parameters Spool damping coefficient Boc 10 Nsm™
Pre-compressed spring coefficient | Ky 9.1x10° Nm™
Spring pre-compression Foc 142.3 N

Fluid temperature, T, is used to determine the dynamic viscosity, 4, required by

Equation (11.36). For the fluid in this study, the fluid’ s viscosity (model: NUTO 68) can

be expressed as
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1 =0.182p0T 1 (11.42)

Two discharge coefficients, Cqy and Cqyc, given in Table 11.1 actually represent Caye
and Cyc obtained by the experiment in Chapter 10. The discharge coefficients can
usually be considered as constant because the flow rate isrelatively large and hence the
flow isturbulent. Only when the adjustable orifice has a very small opening, the
modified discharge coefficient model in Chapter 10 has to be applied.

Wy represents the equivalent width of the hydrostat orifice at small openings.
Although the hydrostat orifice is crescent type (See equation (8.3)), the orifice could be
approximated as an equivalent rectangular shape about an operating point, X,co. The
experimental result indicated that when Xy iS larger than the certain value (e.g. 0.2 mm
for this study) the width of the equivalent rectangular orifice is almost constant. The
value of wyc of 20.8 mmin Table 11.1 is an experimental result.

11.2.2 Procedure and Result of Calculations

It is necessary to explain the procedure for the evaluation of the frequency response at
an operating point because the PC system is, in fact, a nonlinear system. All of
Equations (11.13) through (11.26) depend on the operating point. Equation (11.21) does
not explicitly show a dependency on temperature, but it isindirectly affected via
Equations (11.36) and (11.42).

The operating point is determined by the input variables; x,, Psand P, and the fluid
temperature, T, for the studied PC system. Assume that x, is 0.2 mm, Psis4 MPaand P.
IS2 MPa. The operating point is calculated using the flow chart given in Figure 9.2 of
Chapter 9. The results indicate that the PC system operates under Condition A (the

normal condition): &Py = 0.34 MPawhich islessthan (Ps—P.) (2 MPa). Thus,
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Operating point: Xpeo = 0.23 mm and Prp = 3.63 MPa

_ 0.17(s? + 42055+ 4.33x10")
(s+7479)(s +1122))

G,(s) (11.43)

_ 4.63x10™(s+9668)(s - 4.57)
(s+7479)(s +1122))

G () (11.44)

Note that as s > 0, Gpe (0) becomes negative, i.e. the phase shift is 180° at steady
state.
Equations (11.43) and (11.44) are plotted in Figures 11.1 and 11.2. It can be observed

from Figure 11.1 that the frequency band of flow control isvery wide (1122 rad/s). In
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addition, it can be deduced that a conjugate zero and another pole with very high break
frequencies, exist.

For Gps(S), Figure 11.2 and Equation (11.44) indicate that asmall real zero existsin
theright half of the s plane. In the low frequency region, the flow-pressure coefficient is
very small (about -250 dB). It is known that the smaller Gy () is, the better that flow
control over all frequencies can occur. The ideal situation is that a zero should be located
at the origin. Thisisfurther discussed in the follow section. As mentioned above, at the
very low frequency region (near the steady state condition) the phase of the flow-
pressure coefficient TF is 180°. Thisis defined as an “over-compensated” situation and

will now be considered.
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11.3 Model Analysis and Design of the Pressure Compensated System

The objective of this section is to analyze the basic characteristics of the flow gain TF,
Gu/(S), and the flow-pressure coefficient TF, Gps.(S), to use these to define three different
dynamic operating conditions and to derive formulas which can be used to optimize the
design of a PC system.

11.3.1 The Basic Featur e of the Flow Gain Transfer Functions, G,(s)

Theflow gain TF, Gu/(9), isalow pass filter because ap in Equation (11.28) is smaller
than by, in Equation (11.30). The bandwidth of the low pass filter can be considered as
the smallest one of two poles which is determined using Equations (11.27) and (11.28).
The hydraulic resistance, Ry, in Equations (11.27) affects the damping in the system. In
order to obtain a proper damping ratio of the PC system, the size of the damping hole (3)
in Figure 8.2 must be carefully calculated. When the holeislarge (resulting in asmall
value of Ry,), the two poles of Equations (11.11) and (11.12) are complex conjugates; as
aresult, the damping ratio is very small. This can cause oscillatory behavior of the PC
system. If the hole is very small (so that Ry, islarge), the two poles become real, with
one of the poles becoming very small. This reduces the flow control bandwidth of the

PC system. In an ideal situation Ry, is selected such that the PC system has a pair of

conjugate poles with adamping ratio of 0.7, thus, & 2¢ =1.4. Substituting

Ja

Equations (11.27) and (11.28) into this equation and rearranging it gives

1 Kape A 1
= 2M |k +—2 P B - oK —-— 11.45
RSh A;:S [\/ pc[ pc KCV + chcj pc Id_ qPCJ KCV + chc ( )

198



In this case, the bandwidth of the flow control is ,/a, (refer to Equation (11.12)).

Figure 11.3 gives the magnitude plots of the flow gain TF s and the flow pressure
coefficient TF s for two examples: Examples| and II. The flow gain TF s and flow
pressure coefficient TF s are Gu(S) and Gpsi1(S) for Example | and Gy2(S) and Gpsi2(S)
for Example |1 respectively. The comparison between Gy,1 and Gy, indicates that further
increase in the bandwidth can be obtained by increasing the spring coefficient, kyc, the

spool cross sectional area, Ancs, O decreasing the mass, My, (Equation 11.28).

1ok
— — Example| Gy 1 4\

sk Example |l

Flove gain TF

Magnitude (dB)

Flow pressure coefficient TF

Frequency (radfsec)
Figure 11.3 Frequency response comparison of

|Gps(9)] Of two PC systems

11.3.2 The Basic Feature of the Flow-Pressur e Coefficient Transfer Functions,
Gps (9)

The flow-pressure coefficient TF, Gyy (S), isahigh passfilter. The function of the PC
systems in hydraulic circuitsis to control the flow rate through the valve by minimizing

the effect of the pressure drop across the valve on the flow rate. To realize this, the
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magnitude of flow-pressure coefficient TF, Gps (S), should be as small as possiblein all
frequency regions, especialy in the low frequency region.

Factors affecting the magnitude of the flow-pressure coefficient TF, Gyg (S), will now
be explored. It can be observed from Equation (11.12) and Figure 11.2 that Kps_
represents the flow-pressure coefficient in the high frequency region. Kpy_ is determined
by the flow pressure coefficients of the adjustable orifice and the hydrostat orifice at a
specific operating point and is independent of dynamic parameters such as Myc, By, K,
Rsn, €tc. These dynamic parameters only affect the shape of the magnitude of Gy (S) at
the low frequency region. Therefore, it is possible to reduce |Gyy (S)| in the low
frequency region by designing a set of proper dynamic parameters.

Figure 11.3 also shows the magnitude plots of flow pressure coefficient TF's, Gps1(S)
and Gpg2(S). When the pole of Gpg (S) increases, |Gps. ()| decreases (compare Gpg 1(S)
and Gpg 2(s)). Section 11.3.1 hasintroduced the method of increasing the pole (i.e.
expanding the bandwidth of flow control of the PC system). Therefore, increasing the
pole results in two advantages: expanding the bandwidth of flow control and decreasing
|Gps ()]

The other approach of decreasing |Gy (S)| at low frequenciesis to decrease the zero
of Gpa(S) (compare Gps 1(S) and Gps 2(S) again). The zero of Gyy (S) in Figure 11.3 can

be determined by (reference to Equation (11.12))

(11.46)

s, = o.q b2, —db o ~byy,

It can be seen that, s, isreduced by decreasing the absolute value of bpgo (ideally bpgo
=0). Intheideal situation, sx isequal to zero and the flow rate is completely

independent of the pressure drop across the PC system at steady state condition. It must
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k

pc
Ky W

be emphasized that by can only be zero at some operating point, P, = P, +
pc

(reference to Equation (11.32)). Indeed, Po can be larger, equal or less than

P+ " ®_ which corresponds to, bpgo being positive, zero or negative. This givesrise
ff Wpc

to different dynamic operating conditions.
11.3.3 Three “ Pressure Compensated” Conditions

bpso Can be positive, zero, or negative depending on which of the spring coefficients,
Ko, and the equivalent spring coefficient caused by the steady state flow forceis largest.
These cases reflect three different pressure compensation conditions. With the
inspiration from the three damping conditions (under-damped, critically damped and
over-damped conditions) of the 2" order system, three different pressure compensation
conditions are defined into under-compensated, critically compensated and over-
compensated conditions.
Under-compensated Condition:

Ko > KW (Pro = P.) (11.47)

In the “under-compensated” condition, the flow pressure coefficient of the PC system
IS non-zero but positive at the steady state. When the pressure differential, Ps— Py,
increases, the flow rate, Q ¢, increases. Thisissimilar to the case of asimple orifice, but
the increase in Qpc is much less than the increase in Q. of asimple orifice for the same

pressure drop across the PC system. As an example, K_ =1.8 [pm per MPafor an

orifice and K. = 0.018 Ipm per MPafor the PC system.

Critically Compensated Condition:
kpc = kff Wpc (Pmo - PL) (1148)
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Under the critically compensated condition, the flow pressure coefficient of the PC
system is zero at the steady state. Therefore, the steady state flow rate, Qpsio, iS
independent of the pressure drop across the PC system, (Ps — Pyo).

Over-compensated Condition:

Koe < KW (Pro = P) (11.49)

In the “over-compensated” condition, the flow pressure coefficient of the PC system
is negative at the steady state. When the pressure differential, Ps— P, increases, the flow
rate, Qupc, decreases. The examplein Section 11.2.2 is such a case. The theoretical
prediction of the phase angle under steady state conditionsis 180 degrees (Figure 11.2).
This result has been verified experimentally in which the flow rate has been measured as
afunction of the pressure drop across the PC system at several openings. It is clear that

the slope (here K4 ) is negative reflecting the over-compensated condition (Figure 11.4).

40 ~ ]

e Large opening X,
2: ’_—"" —— ; 'y
5 30
U) *
7 Koy <O
E_) 4 Experiments result
v 207 Trendline
2 — i
kS .
12 Ky <O
@ 10 1 Small opening x,
2

0 T T T 1

0 1 2 3 4

Pressure drop across the PC system, MPa

Figure 11.4 The relationship of flow rate and pressure drop across
the PC system at steady state.
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11.3.4 Simplification of the Dynamic Model of the Pressure Compensated System

Equations (11.11) and (11.12) can be simplified, because, except for asmall zero in
Gps.(9), the poles and zeros of G,(s) and Gps.(s) are very large and hence, only
influencing the dynamics of the valve at very high frequency operating condition. This
justification istrue aslong as Ry, is not extremely large. Figures 11.1 and 11.2 indicate
that most of the corner (or break) frequencies are larger than 1000 rad/s. These
frequencies can be neglected when the frequency response less than 1000 rad/s of the PC
system is of concern.

Equation (11.10) can be simplified and expressed as

Que (8) = Ky X, (8) + G (S)(P.(5)- P.(8) (11.50)
k +M
K, K K
where K, = Kubro — Do B! L (11.51)

Kcv + chv kp + quCApcs
° K_+K
o cpc

G ()= K| 1 _—
wpco
where
K' = KaKeae Ko =K WPC(PmO _ P'-) (11.53)
Ky tKy, b Koo Ao |

> Kcv + chc
K —KgW \Po — PR
wpco — pc ff pc( m0 L) 1 (1154)
ch + IOLquc + Aﬁcs[Rm +KJ

cv
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The ssimplified dynamic model of the PC system is such that the flow gain TF, Gy(9),

isapure proportional gain, K, and the flow pressure coefficient TF, Gpy (9), is

1).

pcO

approximately as afirst order TF with the corner frequency, apco (time constant,

For the critically compensated condition, substituting Equations (11.53) and (11.54)

into Equation (11.52) gives
Gy (8)=Kpus (11.55)
where
2 1
" Ky K 4 Koo '

P Ky K
Thisindicates that the flow pressure coefficient, Gps (S), isapure differential. At
steady state condition (s = 0), the flow pressure coefficient is zero. Flow through the
valveis completely independent of pressure drop.
For the over-compensated condition, it can be observed from Equations (11.53) and

(11.54) that both K’;SL and w, are negative. Equation (11.52) can be expressed as

*

GpsL (S) = ‘K psL

(i - 1] (11.57)
|
Equation (11.57) indicates that the flow pressure coefficient at steady state is equal to

- ‘K pi‘ (reference to Figure 11.4).

11.3.5 Discussion Relating to Experiments on the Pressure Compensated System

. . . * K psL bp5|_0
It must be explained that although the sign of the steady state gain, Ky = ————,

a,
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of Equation (11.44) has been experimentally verified (see Figure 11.4), it is extremely

difficult to completely verify Equation (11.44) at all frequencies experimentally, because

The flow pressure coefficient of PC valvesisvery smal; that is, the dynamic
component in the flow rate, resulting from the small dynamic excitation signal in
the pressure drop across the PC valve, is quite small. Any change in measured

flow which could be attributed to K (s) would be masked by alow signal to

noiseratio at their levels.

In order to increase the flow sensitivity toK (s), one method is to increase the

amplitude of the dynamic excitation signal of the pressure drop across the PC
valve. However, this would make the linearization method invalid. This can be
further explained by examing Equations (11.12) and (11.32). When (Ps— P.) (and
hence (Pm — PL)) varies over alarge range, the coefficient, by o, in Equation
(11.12) would experience a significant variation, and indeed could change its sign.
Consequently, the TF defined at the operating point would no longer be valid.

It isvery difficult to excite and measure break frequencies larger than 1000 rad/s.

Asafina note, it should be mentioned that the three compensated conditions

discussed above are often not of concern for asimple circuit which uses a PC system

only for control of the flow rate, because ‘K;SL‘ is much smaller than K. for asimple

orifice (typically one hundredth). However, when the PC system plays the role of both

flow control and “pressure sensing” in complex circuits such as a LSPC system, the

three compensated conditions can have completely different consequences for the

performance of the system.
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11.4 Summary

Based on the analysis of the PC system model given by Equations (11.10), (11.11)

and (11.12), the following comments can be forwarded.

Becauseit is preferred that a PC system display a very small flow pressure
coefficient, the best condition is that the spring coefficient, k., matches the
equivalent spring coefficient caused by the steady state flow force (referenceto
Equation (11.48)).

The PC system can exist in one of three dynamic compensation conditions which are
defined as pressure “under-compensated”, “critically compensated” and “over-
compensated” conditions depending on the sign of byy o (Equation (11.32)).

In order to extend the bandwidth of the flow control valve, the poles of the PC
system TF' s (Gu/(S) and (Gps(S)) should be as large as possible. Increasing the
spring coefficient, kyc, the spool cross sectional area, Aucs, Or decreasing the mass,
Mpc, can expand the bandwidth.

In order to obtain a good compromise between the bandwidth and dynamic behavior
of the PC system, the size of the damping holein Figure 8.2 must be properly
selected using Equations (11.45) and (11.36). A very small Ry, (i.e. avery large

damping hole) would result in high frequency oscillation. But avery large

R« (avery small damping hole) would reduce the bandwidth.
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Chapter 12 Steady State Analysis of the Load Sensing and Pressure

Compensated System

12.1 Introduction

In Chapter 2 through Chapter 7, it was established that flow control usingalS
system demonstrated high efficiency, but at the expense of performance. In chapters 8
through 11, a PC valve for flow control was considered which demonstrated good
dynamic characteristics, but was very inefficient from an energy point of view. In this
chapter, acombination of the LS system and the PC valve is examined and is defined as
aload sensing, pressure compensated (L SPC) system. The LSPC system isillustrated

schematically in Figure 12.1.

LS line (6)_¢
PL FoToTeTTIeT i
4 S (4) - (5)
et iyt % i —
(1) 5 ]
e * PC valve 7)
X 4= @
P "0 Q I," motor
ml ¢
2 0 T \\p' / load
S
| LS pump \ 7 |

Figure 12.1 Schematic of the Load Sensing Pressure Compensating System
The LSPC system consists of aLS pump with the LS regulator (1), the control piston
(2) and the pressure control pump (3), the PC valve with an adjustable orifice (4) and
hydrostat (5), the LS line with a damping orifice (6), and the motor load (7). It can be

observed that the PC system (defined by (4) and (5)) controls the load flow rate, QL
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through the load (7), whilethe LS pump ((1), (2) and (3)) delivers the necessary flow to
the PC valve by measuring the pressure drop across the PC system viathe LS line (6).

In order to investigate the performance of the LSPC system by the linearization
approach, a procedure similar to that used to analyze the LS system and PC system must
be followed. The basic steps include modeling, steady state analysis (operating condition
analysis and solving for SSOF’s), dynamic analysis, etc. However, because the LSPC
system is an assembly of the LS system and the PC system, it iS unnecessary to repeat
modeling of each hydraulic component. This chapter analyzes the steady state operating
condition of the LSPC system and presents the method of solving for SSOP's. The
following chapter considers the modeling and analysis of the dynamic performance of
the LSPC system.

12.2 Steady State Operating Conditions

The steady state operating conditions of the L SPS system are combinations of all
operating conditions of the LS system and the PC system, that is, six different operating
conditions (Condition I, I1, and 111 for the LS system; Condition A and B for the PC
system). It is now necessary to discuss these operating conditions.

According to Chapters 3 and 9, Conditions | and A are the normal operating
conditions for both the LS system and the PC system. Therefore, the combination of
Condition | for the LS and Condition A for the PC system is the normal operating
condition of the LSPC system. For simplicity, this condition is defined as Condition N
for the LSPC system. According to Equations (3.20) and (9.9), Condition N must satisfy
the relationship

Po —Po =P, (12.1)
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and

Pso - PLO > P (Xv) (12-2)

pec
It is noted that Ps and P in the condition (P, - P_ > &P, (x,)) of Condition A in
Equation (9.9) is added with a subscript “¢” in Equation (12.2). Thisis because, when
the PC system was independently studied, Ps and P_ were considered to be input
variables, but Ps and P are now two state variables in the LSPC system. Combining
Equations (12.1) and (12.2) gives
P, > d:’pcc (xv)

or

K
P, > [Ppc - Ap° xpcmax]az(xpcmax) (12.3)

pcs
where A, (X ) i determined by Equation (9.6) with Xp = Xpamex. It gives

20,242

Apcs(Afm(chmax)H? wvxv)

A, \X = 12.4
) T W+ A 424
which can be approximated as (see Equation (9.7))
n°Wo X,
A, X =1+ g 12.5
o (Koo . (125)

It is necessary to explain that Inequality (12.3) is an essential condition for Condition
N. If Inequality (12.3) cannot be satisfied, the LSPC system cannot operate in Condition
N. If Inequality (12.3) can be satisfied, it is possible for the LSPC system to operate in
Condition N. This must be further determined by (Ps - P.). Aslong as (Ps - P.) liesin
the region [ Ppcc, Pd], the LSPC system operates in Condition N (reference to Equations

(12.1) and (12.2)).
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It can be observed that A, (x depends on the opening of the fixed orifice, x,. For

e )
convenience, the six operating conditions are discussed in two cases:
Case 1: Inequality (12.3) istrue and
Case 2: Inequality (12.3) isfalse.

It can be observed from Equation (12.5) that a critical opening value, X,c, may exist

k 2022
and satisfies P, :[Ppc_A_pCchmaxJ[lJ’ AT ] . When x, is smaller than X,

2
ncs Apc X

C max
P X=X

the LSPC system isin Case 1. Beyond this opening value, Inequality (12.3) becomes
false and hence the LSPC system isin Case 2. The critical value of the fixed orifice

opening, X, can be approximated by

- P,
I, p _kpcxpcmax

pc
Apcs

-1 (12.6)

X

Case 1: (Inequality (12.3) istrue)
In addition to Condition N, there are three possibilities: Condition O, P and Q, which
are shown in Table 12.1. The operating condition must also be further determined by the

load condition.

Table 12.1 Steady State Operating Conditions of the LSPC system (Case 1)

LS
Condition| | Condition Il | Condition Il
PC LSPC
Condition A Condition N | Condition O | Condition P
Condition B X XX Condition Q

x & xx:; Impossible conditions
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Condition N is the normal operating condition. Conditions O, P and Q would occur
under “extreme” load conditions. Condition O is associated with the “runaway” load.
Conditions P and Q are associated with the situation that the load flow demand is larger
than the maximum flow delivery of the pump.

Consider the impossible operating conditions “x” in Table 12.1 (Condition | for the
LS system and Condition B for the PC system). According to Equations (3.20) and (9.9),
the combination of Condition | for the LS system and Condition B for the PC system

implies P, =P, =P,;and P, =P, < &P, (xv) and consequently P, < oP (xv) which

pec
contradicts the criterion (Inequality (12.3)). Therefore, the condition with a*x” could
not occur.

Consider the second impossible operating condition with a“xx” (Condition 1l for the
LS system and Condition B for the PC system). Again, according to Equations (3.20)

and (9.8), the combination of Condition Il and Condition B implies P,, - P, > P, and

P, — P, <P, (x,), and consequently P, < P, (x,) which also contradicts the

pcc
criterion (Inequality (12.3)). Therefore, thisis aso an impossible steady state operating
condition.

The four different steady state operating conditionsin Table 12.1 can be expressed by

(Py—Po)=P, > P, for X,, = 0and X ¢, < X, (CONdiition N)
(Py=P,)>Py > P, for X, >0, X,0p < Xomex a0 P, = P, (condition O)
P, > ( L0) > P, for X4 <0, X < Xpeex @Nd P, =0 (conditionP)
P, >(Py —Po)& P 2 (P —Py) fOr X4 <0, X = Xoema @1 P, = 0 (condition Q)
(12.7)
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pcmax) increases as X, increases, Inequality (12.3) is aways true for all

Because Az(x
openings, Xy, aslong asit is true for the maximum, X,max, Of X, (refer to Equation (12.5).
Therefore, ageneric condition for Case 1 which is applicable for al x, becomes

k 202 y2
P, > [Ppc 2 X ][1+ 7 D% Xy J (12.8)

2
pcs Apc ch max

Inequality (12.8) is an important criterion of the LSPC system, because it gives the
L SPC system the “most chance” (for all x,) to operate in the normal operating condition
(Condition N). It is noted that, in addition to the LS pump parameter, Py, Inequality
(12.8) mainly deals with the parameters of the PC system. It does not relate to the load
parameters such as Jy, Bm, D, Ty, €tC. Therefore, it can be used to select the PC system
for the LSPC system.
Case 2: (Inequality (12.3) isfalse)

Under this Case, four operating conditions could possibly exist and are givenin Table
12.2.

Table 12.2 Steady State Operating Conditions of the LSPC system (Case 2)

LS
Condition| | Condition Il | Condition Il
PC LSPC
Condition A X Condition O XX
Condition B Condition R | Condition S | Condition Q

x & xx: Impossible conditions

The steady state operating condition for Case 2 can be expressed by
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pcmax

(Py—Po)=P, <P, for x,, = 0and x,, (Condition R)

Py —Po)>P&(Py—Py)> P, forx, >0,X, < X @d P, = P, (Condition O)
P, < (PSO - PLO) <P for X4 >0, X0 = Xpema @ P, = P, (ConditionS)
Py > (Pso - PLO)& P 2 (Pso - PLO) for X.o <0, X0 = Xpomax @ P, = 0 (Condition Q)

(12.9)

Similar to Case 1, it can be verified that Condition P does not exist in Case 2.

An approximate criterion can also be found for Case 2. According to Equation (12.4),
when the opening of the fixed orifice is zero, A2 (Xoemex) 1S €qual to 1. Py (Equation
(9.8)) isvery closeto Py, because X, is very small at x, = O (reference to Figures 10.6
through Figure 10.9). Therefore, Inequality (12.3) isfalse at x, = 0 implies that

P, <P

pe (12.10)

If Inequality (12.10) istrue, Inequality (12.3) would aways be false for al values of
Xv. Therefore, Py and Py must be such selected such that Inequality (12.10) is aways
false.

In summary, Case 1 is preferred because it is possible for the LSPC system to operate
in Condition N. Case 2 is an unexpected case for the LSPC system and the design
parameters should be selected such that Case 2 would not occur.

It is now necessary to consider the non-linear equations used to solve for the
operating point under the six operating conditions.

12.3 Solving for the Steady State Operating Point
In this section, the solutions of the steady state equations set with six conditions are

discussed separately. For each condition, the general solution of the operating point is

developed which is associated with X0, Xpco, G40, Pso, PLo, Pyo-
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12.3.1 Steady State Operating Point at Condition N

Because the pressure drop across the PC system, (P — PLo), is constant (Pg) (though
Py or P o can be variable under Condition N), the SSOP of the LSPC system at
Condition N can be independently cal culated by the equations sets presented in Chapters

3 and 9 (with some minor modifications). First, X,co IS calculated by (refer to Equation

(9.5)

K
P, = (Ppc —AixchAz(xpc) (12.12)

Anes (A2 (%, )+ 72022

mA( M 2+ AL X A

Equation (12.11) is anon-linear algebraic equation which must be solved by the iterative

where 4, (x, ) = (12.12)

method presented in Figure 9.2.
In order to determine the load pressure, Pyo, With X0 generated from Equation

(12.11), it is necessary to modify Equation (3.24). It can be observed from Equation
2P, . -
(3.24) that the term, C,wx_ | —= , represents the flow rate through asimple orifice. In the
P

L SPC system, this term must be replaced by the flow rate through the PC valve which

was presented in Equation (9.2). Consequently,

w, X, A (X / DT,
PLO - 1 - [ dv Xv (2 pc(;) 2 E Pd +né—mf] (1213)
[Cm +DmJ \/A Xpco +’7 P "

The pump pressure, Py, can be directly obtained by

Po =P +F, (12.14)
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To find the swash plate angle Gy, the term, C,wx /2% , in Equation (3.26) is

replaced by Equation (9.2) to yield

C, W x A (X /
HspO —tan™ T ;jv WX pc(2 pctz))2 gpd +Cp| Pso (12.15)
NAPRPO‘) \/Apc(xpc0)+n vav '0

Thus, the control pressure Py, is determined by Equation (3.27). For completeness,

it isrepeated here
Po=To + K ,Py = (K + K. 4Py Bao (12.16)

12.3.2 Solution of the Steady State Equations Set with Condition O

Because the pressure drop across the PC system, (Ps — Pyo), IS not constant under
Condition O, the SSOP of the LSPC system cannot be independently calculated by the
equation sets presented in Chapter 3 and Chapter 9. The SSOP; X0, Xpco, 50, Psos PLo,
Pyo has to be computed by solving alarge non-linear equations set. In order to simplify
the calculation, it is essential to manipulate some equationsin Chapters 3 and 9 to
reduce the number of the non-linear equations set.

Substituting Equation (9.5) into Equation (9.2) gives

C
QL (ch): dvA\/ ApcsApc ch E[Ppc _&XPCJ (1217)
\/kﬁnzp\/z + ApcsApc(ch) P

Substituting Equation (12.17) into Equation (3.23) and then re-organizing the
equation resultsin
C A A
PL (ch)= 1 _ dvf\/ J pes Vpe ch \/Z(Ppc _ kpc XpC\J + Dmef (1218)
[Cm. +Dm] \/kﬁn A’ +ApcsApC(Xp0) P AF’CS B,

B

m
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It is noted that the load pressure, P, and the displacement, X, in Equation
(12.18) are not labeled with the subscript ‘0 because at this point X, is not known.
Indeed, all subsequent equations will not bear the ‘0’ subscript until the X, can be
solved.

Substituting Equation (12.18) into Equation (9.5) gives

1 ]{ e A

P =
s(ch) [ 2 \/kﬁﬂ A\/ +ApCS pc(

C, +—"

+[P _ ey ] Apcs(Aﬁc(ch)*'”ZA\xz)
pc pc 2 2 2
A ™ Tk A (X JAZ + AZ (X JA

Equation (3.32) is repeated but Ps is now a variable dependent on Xpc.

)_T +(Kpr2 1)P(XPC)
P Ky +KosP (X )

pr3' s

O, (x

056, SOy ad P, =P, (12.20)

Replacing the flow term, C,wx %(PS ~P,), in Equation (3.31) with Equation

(12.17) and substituting Equations (12.20) into Equation (3.31) result in a non-linear

algebraic equation of the displacement, Xy, as

NA, Rpwtan[T;P * (*i ':): - ;)E’ (XS) )]

pr3

Cah APCSADC Xpe 2 kpc J
‘lp - te P
\/kffﬂzp\/ + Apc(xpc)Apcs \/,0( ” Apecs Xpo | 7 Co S(ch)

(12.21)

where the function P, (xpc) isgiven in Equation (12.19). For agiven Py, the numeric

solution of Equation (12.21), Xxco, Can be used to determine other variables, P, Py

(which isalso equalsto Pyg), and o by Equations (12.18), (12.19) and (12.20).
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It can be noted that the above derivation of the non-linear Equation (12.21) does not
contain the variable x.. In general, the actual value of the variable X.¢ is usually not of

concern sinceit is the pressure equality, P,, = P, that isimportant for condition O.

However, x;o can be determined by Equation (3.1) if required. Since Xue is now known,

substituting Equation (9.5) into (3.1) gives the displacement of the LS regulator spool

under steady state condition as
K A (A (X o )+n°A
N A 1 W
kr Apcs kff’] Apc(xpcO)A\/ +Apc (cho)Apcs

12.3.3 Solution of the Steady State Equations Set with Condition P

Under Condition P of the LSPC system, the pump isin the fully “stroke” position
but the PC system isin the normal operating condition. In order to solve for the SSOP in
this condition, consider Equation (9.3).

The first term of Equation (9.3) includes the pressure drop across the adjustable or

2
fixed orifice, (Ps— Pp). It can be aternately expressed as g[CQ—LA,] . The third term of
dv

Equation (9.3) represents the steady state flow force. For convenience, the equation can
be expressed in aform consistent with the model of the steady state flow force, F ,

derived by Merrit [1967]. ki can be eliminated by rewriting the flow force as:

c0s69° pQ? . . .
F. = . The contraction coefficient, C, equalsto 0.611 [Merritt, 1967, p42].
" eads) " | i

Consequently, Equation (9.3) with the pump fully stroked becomes

2 02
cos69
Al P, —B[Q"“‘f’x j —kyxy, =2 Ooree _ (12.23)

¢ Ypc
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If the hydrostat orifice can be approximated by an equivalent rectangular orifice with

the width, wye, Equation (12.23) can be directly solved to give Xu as,

c, + jcf —4k,.C,
Xpco = (12.24)
2k

pc

2 02
cos69
where c = ApCS[F)pc —B[Qp_max] } and c,= P - Wmeax
c'pc

It is noted that the solution, Xy, of Equation (12.24) must be smaller than Xpemex,
otherwise, the L SPC system would operate in Condition Q.
12.3.4 Solution of the Steady State Equations Set with Condition Q

If the hydrostat orifice is fully opened and the pump fully stroked, the LSPC system
operates under Condition Q. In this case, the cascade of two fixed orifices plays the part
of afixed orificein the LS system with the pump fully stroked.

It can be observed from Equation (9.2) that the PC system can be regarded as an

Apc (ch) and
\/Apc pc +17 A/

equivalent orifice whose area equals to the product of afactor,

thearea, A,, of the adjustable orifice. Therefore, the SSOP can be calculated by

replacing A, in Equation (3.35) with the equivalent orifice area, that is,

(12.25)

2
5 p 4P NA R wtané,, max\/AZ X o mex )+ nPw2x?
s0 LO 2 d\,WVXVApC( pcmax)

where P\ is determined by Equation (3.34) which is repeated here for convenience.

NA R wtané D T
PP PR m”} (12.26)

- D2 [ T B
c, +—= "
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It should be noted that Xpeo is known to be Xaecmax Under Condition Q.
12.3.5 Solution of the Steady State Equations Set with Condition R

Condition R is an operating condition which the LS system operates in normal
condition but the PC system is in the condition under which the hydrostat orificeisfully
open (i.e. the spool reaches the end). The LSPC system now operates in the LS mode
with an equivalent orifice of two fixed cascade orifices. The method of solving for the
operating point is the same as that for Condition N, but it is unnecessary to calculate Xpco
using Equation (12.11) due to Xpco = Xpcmax-
12.3.6 Solution of the Steady State Equations Set with Condition S

Similar to Conditions Q and R, Condition S aso represents the LS mode. The model
of the operating point can be obtained by modifying the orifice area, wx, in Equations
(3.31) and (3.33) with the equivalent area of two cascade orifices (Equation (9.2)). The

modified model equations are:

NAR,@tan(, ) Cowx, Ay (X ) 2

- 2(p-p)-c,p.  (1227)
4 AL Ko )+ 12WEX P( e
g (p):T?p*(Kﬁfz_l)Ps 0<6.<6. _ andP =P (12.28)
2T TR P, =% = Vqm AU, =F 115

~b, +,/b? - 4bb
p=—2 > ~ 4D, (12.29)
L 2b1

where b, =a?, b, =a, —2a,a,, and b, =aZ —a,P,. The coefficients, a;, a,, and ag, can

2 DT C2WAx2A2 (x
be further expressed as a, =c,, +%, a,=—"™ and ae,zg 2"“ V&Apc( ZCmax)z .
B By P Apc(xpcmax)+’7 WX
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12.4 Procedure of Solving for the Steady State Operating Point

Figure 12.2 shows the flow chart of solving for the SSOP of the LSPC system. First
of al, the critical opening of the fixed orifice, Xy, is calculated using Equation (12.6). If
the opening setting, X, of the fixed orificeis less than x,, the LSPC systemisin Case 1.
Therefore, the LSPC system may operate in Condition N, O, P or Q. In order to justify
which of the Conditions N, O, P and Q exist, it is hecessary to initially assume that the
L SPC system operates in its normal condition. Therefore, Equation (12.11) is used to
iteratively calculate xpeo and then values of other variables, P o, Ps, Pyo and 8y, are
computed using Equations (12.13), (12.14), (12.15) and (12.16). At this point, Condition

N must be validated. If the swash plate angle isless than the maximum (6, < &,

e )
and the control pressure isless than the pump pressure (Pyo < Py), the LSPC system
does operate in Condition N. Otherwise, the LSPC system must operate in one of the

other three conditions. If &_, < &, and Py > Py, then an impossible condition exists.

In this situation, the LSPC system might in fact be operating in Condition O. If

6

0 > O 1S CAculated, then this situation is al'so impossible. This condition indicates
that the pump isfully stroked, that is, Condition P or Q (which depends on whether the
PC valveisfully opened (Condition Q), or not (Condition P)). Similarly, the operating
condition must be validated based on Equation (12.7).

It is noted that the dashed line box in Figure 12.2 indicates that some iterative
computation is required. For Case 2, the procedure for justifying the validation of

operating condition and calculating the SSOP is similar to Case 1 and henceit is not

explained here.

220



1éc

WeIsAS DdST18U1 J0 dOSS 8y} Joj BUIA|OS J0 1eyD MO4 Z'ZT 84nbid

xewds — ods - d
ods
. . ods . xewds ods = 6 AWN.NHV .Um 6 °1ed
(oeen) B3, 2 1°9 5 0= © (s7°21) b3 20 (12°21) 3% d 120
(6T°¢T) b3 ""d €D » (6T°21T) 'ba "ded (9z'21) 'b3%'q e 21) b3 g
USRS —_ 9¢'¢T) b3~ d1ed (62'21) ‘b3 ”'d1eD
(8T'2T) 'b3”'d 1ed o (8T°21) b3 %4 D xewosd  _ o, xewod  _ od,
2 =
A 2 duonpuod _ duonpuoo A A
1 = (s uoipuod) oN
(12'21) b3 X |ed >
~ O uoiIpuo) 0] ‘s
T
(0 uonipuo) oN (vz'2zT) b3 *x 8D (vz'zT) b3 ®x e
oN
(oT21) .cm_ﬁ“;n_ are|nge
(sT'z1)b3a’ omm 6 areinojed
¥1'2T)'b aleno|e
MmH.NHw .cmm__ Sn_n_ Em__so__moo (oT°21) .cm%f SIBINSIE D
(sT'21)'b3 %" g areNOED
* (¢1°21) "b3 °°4 argnojen
. . 01
T—— X (€1 Nﬁwmmm d areinojes
1T21) ‘b3 °*x ayeinojen x = 029y
N uonipuod Japun sajeiado d uonipuod 1apun sajeiado
walsAs DdST ayrleyl swnssy warshks DdST dylieyl swnssy

(T @ase D) soA E Z @se)D) oN

(0T'z1T) "b3 x eyEINOIR D

(" uonipuo Q) saA




12.5 Summary

This Chapter has investigated all possible steady state operating conditions of the
LSPC system. Theoretically, there are six different operating conditions which are al
combination of the conditions of the LS system and the PC system. They are defined as
Conditions N, O, ...S. Condition N is the normal operating condition under which the
LS system and the PC system normally operate.

The operating conditions can be classified into two groups: Casel and Case 2. Case 1
reflects all combinations (N, O, P and Q) of the LS system and PC system operating
conditions in which Inequality (12.3) istrue. Case 2 represents all combinations (O, R, S
and Q) of the LS system and PC system operating conditions in which Inequality (12.3)
is false. When the adjustable orifice opening, x,, is smaler than x,. determined by
Inequality (12.6), the LSPC system operatesin Case 1. The load condition can be further
used to determine which of Conditions N, O, P and Q the LSPC system is operating in.

For any adjustable orifice opening, the LSPC system is expected to operate in Case 1,
because the normal operating Condition N isin Case 1. In other word, Inequality (12.8)
isrequired to betrue.

It is very important that the system be designed to avoid Inequality (12.10), a
condition in which the PC system could not normally operate.

Based on the results of Chapters 3 and 9, this chapter has developed the models of the
SSOP's of the LSPC system for al six operating conditions and presented a flow chart
which can be used to validate the operating condition and to solve for the SSOP. These
results are essential for the dynamic analysis of the LSPC system presented in the

following chapter.
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Chapter 13 Dynamic Model of the Load Sensing and Pressure

Compensated System

13.1 Introduction

The objective of this chapter isto develop the TF of the LSPC system for each
operating condition (N, O, P, Q, R and S) and to present the procedure of calculating the
stability of the LSPC system. The TF of the LSPC system can be given by assembling
the TF of the LS system (Chapter 5) and the TF of the PC system (Chapter 9). The block
diagram of the LSPC system shown in Figure 13.1 is similar to that of the LS system
presented by Figure 5.10 but the blocks, Kq and K¢, in Figure 5.10 are replaced with the
transfer functions, Gy(S) and Gps.(S), of the PC system respectively. The comprehensive
TF can be developed and programmed based on the block diagram shown in Figure 13.1
via Mason flow formula[Ogata, 1970]. The actual development of the transfer functions
using Mason’s flow formulais not presented here. This Chapter considers only the
simplified TF s of the LSPC system which can be used to cal cul ate the frequency

response in order to compare the results to the LS system without the PC valve.
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Figure 13.1 Complete Block Diagram of the LSPC System

224



13.2 Transfer Function of the L oad Sensing and Pressure Compensated System

The objective of this section isto develop the simplified TF for Conditions N, O, P,

and Q. The simplified TF' s of the PC system, Equations (11.51) and (11.52), are used to

replace Ky and K. in Equations (5.81), (5.85) and (5.87) respectively.

* Condition N (normal operating condition)

Based on Equation (5.81), the ssimplified TF of the LSPC system at Condition N is

He)= K[+GGHG
G +KG +GGH, +KHGAIH, -G
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(13.2)

Equation (13.1) can be expressed as a 5™ order TF of the form

b,s® +b,s* +bs+b,

F(s)=

a;s’ +a,s* +a,s’ +a,s° +as+a,

(13.2)

The coefficients can be determined as presented in Appendix L.
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¢« Condition O

Based on Equation (5.85), the ssimplified TF of the LSPC system at Condition O is

Fl9)= K L+GH, )G,
1+KH +K G +GH, +K H GH,
« (13.3)
S ES s ) [ Fsy
_ P 3 T M
* S S * S * * S S
KK | —+1] ——+1| KK [——+1 X KIKK g K| — +1| —+1
1+ " “o [wpw ]_'_ pSL[wPOO ]_'_ Ksz + ’ " [a{o ][wpw ]
s 2%s s ¢ 25 Vs ¢ 2 Y& 2s. s
= 1 — +1 I e = IR = L =
af + @ + ] [ws + } [w; + P +1][ws +1] [w; + a, +1j[wf + @ +1J[wS +1]
Equation (13.3) can also be expressed asa 5" order TF as
b,s®+b,s* +bs+D
F(s)=K S +D;S *his+h, (13.4)

a;s® +a,s’ +a,s’ +a,s" +a,s+a,
The coefficients are presented in Appendix M.
* Condition P

Based on Equation (5.87), the simplified TF of the LSPC system at Condition Pis

KC”
| 2 A7
S—2+2ZLS+1
)
F(s)= . - (13.5)
K;SLKL(SHJ So+1] KKl +1
1+ W wpcO + wpcO
2
%+ZZLS+1 S
W w, Wy

Equation (13.5) can be expressed as a 3" order TF as

bs+b,

F(s)=K
S a,s’ +a,s’ +as+a,

(13.6)

The coefficients are presented in Appendix N.
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e ConditionQ,Rand S

Under Conditions Q, R or S, the hydrostat orifice of the PC system is fully opened.
The PC system, in effect, becomes two fixed orifices that are cascaded in series. The
LSPC system actually operatesin the LS mode. The TF of the system has the same
expressions as Equations (5.81), (5.85) and (5.87) but the coefficients, Ky and K, in these
equations have different meanings. Ky and K. become the “equivalent flow-gain” and

“equivalent flow-pressure coefficient” of two cascaded orifices which are independent of

the frequency. They were defined asK, and K in Chapter 11 and were determined by

Equations (11.40) and (11.41).
13.3 Procedureto Calculate the Stability for the Load Sensing and Pressure
Compensated System

The procedure for determining the LSPC system stability is similar to that presented in
Table 5.2 of Chapter 5, but the parameters associated with the PC system at each step
have to be evaluated. For purpose of comparison, Table 13.1 gives the counterpart of
Table 5.2 for the LSPC system. The parameters printed in bold font are different from
thosein Table 5.2. It must be acknowledged that A, in the LSPC system represents either
the fixed or adjustable orifice flow area.

Table 13.1 isvalid for only operating Conditions N, O and P. When the LSPC system

operates in Condition Q, R or S, the procedure to evaluate the stability is the same as

shown in Table 5.2 but K, and K are replaced with K and K which are determined

from Equations (11.40) and (11.41).
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Table 13.1 Procedure for Conducting a Stability Analysis for the LSPC System

Calculation steps

Parameters

Input parameters

I

Operating point

J

linearization
parameters

I

Coefficients of
subsystem TFs

U

Coefficients of
closed loop TF

Poles arg zeros of

loop TF

Pqd Vp Av Vim JIm Bm Tt

Po Py Pw X0 Xpo Pmo

(Figue12.2)

Ka1  Kgz  Ker Ke2 K XV K ps.
(Egs.5.25 through 5.28, Egs.12.52 and 12.53 ")

Kn K, Ks K @& wa wy

p

W Wy wo wo {4 & {p

ai bi
(Appendix K, L, and M)

Opitjapi (1=1,2,..9adgitjasi (i=1,2,..

(Matlab programming)

s

7)

** [0 0 Theflow rate, Q., through the adjustable orifice usually is turbulent.

Therefore, it is unnecessary to use the more accurate flow rate model shown in

Appendix D
13.4 Summary

This chapter has presented the block diagram of the LSPC system. In order to obtain

the transfer function for the LSPC system, G,(s) replaces Kqinthe TF sfor the LS

system and Gps () replaces K. The coefficients, bj, in the numerators of Equations

(13.1), (13.3) and (13.5) are the same as those in Equations (5.81), (5.85) and (5.87).

However, the coefficients, g and K, of the TF sfor the LSPC system are different from

those for the LS system. The different coefficients, &, in the denominator of their TF's

would result in different dynamic performance compared to the LS system (which will be

investigated in Chapter 14). This chapter also provides the procedure used to do the

dynamic analysis of the LSPC system at an operating point.
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Chapter 14 Stability Analysis of the Load Sensing and Pressure

Compensated System

14.1 Introduction

The purpose of this chapter isto illustrate the stability of the LSPC system by tracing
the root locus as the steady state operating points (SSOP) move along the special
trajectories. The requirements of the designed PC valve are established which will result
in the overall stabilization of the LSPC system. The approach to do thisis based on
carrying out a comparison of the root locus of the LSPC system with different parameters
for the PC valve.

The dynamic performance of the LSPC system is aso compared to that of the LS
system by itself. It must be noted that the comparison isvalid only if the same SSOP
trajectory exists for both systems. Therefore, it is necessary to first explain the SSOP
tragjectory of the LSPC system and the LS system.

14.2 Trajectory of Steady State Operating Points

Assume that all parameters associated with the SSOP of the LS system in Figure 5.1
are the same as those of the LSPC system in Figure 12.1. The SSOP trgjectories of the LS
system (Figure 7.1 Py vs Ps) asthe result of varying x of the adjustable orifice (1) in
Figure 5.1 should be same for the LSPC system as the result of varying x, of the
adjustable orifice (4) in Figure 12.1. However, for same opening, X = X,, the actual SSOP
“location” is adifferent point on the trajectory due to the different orifice width and the
different pressure drop across adjustable orifice. The actual values of the openings, x and
Xy, @re unimportant, but it isimportant that the operating points on the SSOP (Pyo Vs Pg)

trgjectory must be the same. This is because the load flow rates, Q g or Q_pco, and the load
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pressure, P o, would be the same at same operating point for the LS system and LSPC
system. Thus, the system’ s dynamics can be compared. It should be noted that the
trgjectory of the LSPC system, which is defined by the parameters, Py, Pyo and 80, of
the LS pump, is the same as that of the LS system and hence, is not illustrated here.

It is necessary to illustrate the “trajectory” of the SSOP, Xy and Py, of the PC valve
on Trajectory | (as presented in Figure 7.2). Figure 14.1 shows the plots of Xoco, (Pro - PLo)
and (Pg - PLo) as afunction of the opening of the adjustable orifice, x,. As the adjustable
orifice opening, X,, increases, the L SPC system operatesin Condition N (See Figure
14.1). In thisregion, the pressure drop, P, — P, , isnumerically equal to P4 (1.5 MPa);
the pressure drop, P,,, — P, , increases slightly and the hydrostat orifice opening, Xuco, iS
approximately proportional to adjustable orifice opening, x, (Figure 14.1). At point X3, in
Figure 7.2, the pump is fully stroked; the LSPC system enters the region of Condition P
where the pump is fully stroked but the PC valve has not fully opened. Because the
pressure drop across the PC valve can no longer be controlled to 1.5 MPa as point x;2

increases, P,, — P, rapidly decreases and hence, the hydrostat orifice increases to its

maximum value, Xscmax. At this point the pressure drop across the PC valve convergesto a
critical value, dPpc, (reference to Equation (12.2) and Figure 14.1). In this example, Ppcc
= 0.3 MPaat x,= 1.75. Beyond this point, the LS pump is fully stroked and the PC valve
isfully opened. Therefore, the region associated with Condition P in the LSPC system is

very limited.
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Figure 14.1 Hydrostat Orifice Opening and Pressure Drops Across the PC Valve and
the Hydrostat Orifice on Trgjectory | as a Function of the Control Orifice Opening

Figure 14.2 shows the hydrostat orifice opening, Xoco, the pressure drop across the

hydrostat orifice, P,, — P,,, and the pressure drop across the PC valve, P, - P,

(defined as Tragjectory Il in Figure 7.5) as afunction of x,. From Figure 7.5, it is noted
that a“runaway” load with a negative torque of 6.94 Nm is applied to the rotary shaft. As
the adjustable orifice opening is small, the LS pump operates in Condition Il where

0.3 mm), the PC valve operates in Condition A. Consequently, the LSPC system isin
Condition O. At point X3 in Figures 7.5 and 14.2, the LSPC system enters the region of
Condition N. Similar to Trajectory I, as the adjustable orifice opening, x,, increases, the

L SPC system passes from Condition N to Q viaa short region of x, in which Condition P

exists (see Figure 14.2).
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Figure 14.2 Hydrostat Orifice Opening and Pressure Drops Across the PC Valve and
the Hydrostat Orifice on Trgectory Il as a Function of the Control Orifice Opening

It isnoted that Tragjectory | defined in Chapter 7 consists of the SSOP at Condition | or
Conditions| and Il (see Figure 7.1). Therefore, for the LSPC system, Trajectory | can be
one of four combinations. Condition N, Conditions N and P, Conditions N, P and Q, and
Conditions R and Q (refer to Tables 12.1 and 12.2). In this study, only Conditions N for
Trajectory | is considered, because, for Condition Q, R and S, the LSPC system actually
operates in the LS mode and Condition P only existsin the limited transition region.

In asimilar fashion, Trajectory |11 defined in Chapter 7, consists of the SSOP at
Conditions|l, I, and 11, or 1l and Il (see Figure 7.1). Trajectory Il for the LSPC system
can be Conditions O, N, Pand Q, or Conditions O, P and Q. In this study, only
Conditions O and N for Trajectory Il are considered, because Condition P only existsin
the limited transition region and Condition Q reflects the LS mode.

It is noted that Case 1 defined in Chapter 12 is only considered in this chapter, that is;

232



the PC valve must satisfy Inequality (12.3), because the other case, Case 2, reflects the
saturation condition in which the hydrostat orifice of the PC valve is fully opened.
14.3 Stability Analysis of the L SPC System

The objective of this section isto compare the loci of the poles (especially the
dominant poles) of the LSPC system and the L S system when the SSOP moves along the
same trajectory (Trajectories| or I1). The effect of the dynamics of the PC valve on the
dynamic performance of the LSPC system is discussed.

14.3.1 Trajectory | (ConditionsN (LSPC) and | (LS))

In order to illustrate the root locus of the LSPC system and compare them to that of
the LS system, the parameters of the LS pump and the load are selected to be the same as
those used in Section 7.2.1 of Chapter 7 and the PC valve parameters are also selected to
be the same as those listed in Table 11.1 of Chapter 11. Using the procedure discussed in
Table 13.1, the locus of the poles and zeros for the LSPC system can be plotted. The
results of the zero-pole analysis for the LSPC system are worth repeating here: in the
region of Condition N, the dominant conjugate poles, whose frequency components
werelessthan a (theundamped natural frequency of the motor load), and a second
pair of “non dominant” poles, with frequency componentscloseto i (the
undamped natural frequency of the L S spool), mainly influence the stability of the
L S system.

For the non-dominant poles, the results of the calculation are similar to that illustrated
in Figure 7.3; that is, the non-dominant poles are in theright half side of the splane. Itis
noted that if the LS circuit is connected together with soft hoses (instead of pipe), the

non-dominant poles shiftsto the left half side of the s plane. When the orifice opening is
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small, the poles and zeros of the LS system transfer function at these frequency points
cancel or approximately cancel. Because these non-dominant poles mainly relate to the
dynamics of the LS spool, any instability associated with these non-dominant polesis
caused by the positive feedback loopsin the LS pump (see Figure 13.1). There are three
positive feedback loops: 1) G, 2 Ky 2 Gy > Ky1 2> Gs, 2) Kys 26y 2> K > Gsand 3)
Kes = Gg 2 Cy > Gs. Therefore, replacing the simple orifice with the PC valve does not
solve the instability problem associated with the non-dominant poles.

For the dominant poles shown in Figure 14.3, it can be observed that the difference in
the dominant poles’ loci indeed exists between the LS and LSPC systems. For the LS
system, as the operating point moves along the trgjectory shown in Figure 7.2, the
dominant poles shown by Curve (1) in Figure 14.3 move directly towards the origin. In
other words, the undamped natural frequency, a, of the system decreases and the
damping ratio, ¢, is approximately constant *. However, the LSPC system can become
unstable due to the dominant poles shifting into the right half side of s plane (refer to
Curve (2)).

In order to investigate why using the PC valvein the LS system makes the LS system
performance worse, it is necessary to review the dynamic performance of the PC valve
used in the LSPC system. Equation (11.44) and Figure 11.1 indicate that the PC valve is
an over-compensated PC valve. At the steady state, there is a phase shift of 180°. This
phase shift might be a problem, because, at the steady state and the low frequency region,
the LS 1oop and the flow feedback loop (i.e. the load feedback loop: Gps (S) = Hi(S) and

the flow feedback (Gps(S) 2 Gs(9))) in Figure 13.1 become a positive feedback loop but

! The undamped natural frequency, a, of the LSPC system is equal to the distance between the poles and
the origin in s plane. The damping ratio, ¢, isequal to the sine of the angle with respect to imaginary axis.
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Figure 14.3 Comparison of the Dominant Poles' Loci between the LS and the
LSPC Systems on Trajectory |

the pump pressure feedback 100p (Gpsi(S) 2 HL(S) 2 GLs(s) 2 Gi(S) 2 Kyr 2 Gy(s) >
Ksoy 2 Ge(S) 2 Cp 2 G4(S)) becomes negative due to the phase shift (180°) of Gps. ()
itself. This scenario is opposite to the LS system.

According to Section 11.3.3 of Chapter 11, the PC valve can be one of three
compensation conditions; critically compensated, under compensated and over
compensated. Consider the under-compensated PC valve for the LSPC system. For aPC
valve, there are four methods which can be used to change compensation conditions from
over- to under-compensated (reference to Equations (11.47) and (11.49)): &) increasing
the hydrostat spring coefficient, ko, b) decreasing the steady state flow force coefficient
(i.e. decreasing ki), €) decreasing the equivalent width of the hydrostat orifice, wyc, and d)

decreasing the pressure drop across the hydrostat orifice, Pmp — Pro. The first method is
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physically feasible for the PC valve studied. It is noted that in order to make the
comparison valid, P4 cannot be changed. When the hydrostat spring coefficient, kyc,
increases, the pressure drop across the hydrostat orifice, P — PLo, correspondingly
decreases because increasing ky. resultsin an increase in the pressure drop across the
fixed orifice, Py — Prp, (Note: the pressure differential set, Py, is constant and equal to Py
—PLo).

When kpc increases from 9100 N/m to 37000 N/m, Inequality (11.47) is setisfied and
the PC valve becomes under-compensated. Curve (3) in Figure 14.3 shows the locus of
the dominant poles of the LSPC system with the under-compensated PC valve. It
indicates that, although the dominant poles move outwards at small openings of the
adjustable orifice, then change their direction and shift towards to the region of instability
(Curve (3)), the dominant poles’ locus of the LSPC system is always located in the | eft
half side of s plane; that is, the LSPC system is stable. Therefore, the LSPC system can
be stabilized by modifying the over-compensated condition into the under compensated
condition for the PC valve.

It should be noted that even though the aforementioned improvement is accomplished,
the dominant poles' locus (Curve 3) of the LSPC system for the large openings of the
adjustable orificeis still to the right of the dominant poles' locus (Curve 1) of the LS
system and is very close to imaginary axis. Thisimplies that the dynamic performance of
the LSPC system cannot be superior to that of the LS system.

14.3.2 Trajectory Il (ConditionsO & Il and ConditionsN & 1)
The objective of this section is to compare the dominant poles' locus of the LSPC

system when the LSPC system operates along trgjectory 11. Based on Figure 14.2, the
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L SPC system operates at Conditions O, N, P and Q as the opening of the PC valve's
adjustable orifice varies. Again, it is mentioned that Condition P only exists in the limited
transition region P and Condition Q reflects the LS mode because the hydrostat orificeis
fully open. Thus, Conditions P and Q are not discussed in this chapter. This section
compares the dominant poles’ loci of the LSPC systems at Conditions O (Ps = Pyo) and
N. Usually, Condition O would occur when the load becomes “runaway”. In fact, if Pyis
set to be less than Py, (see Figure 7.1), the LSPC system when the opening, X, is small,
can operate in Condition O even if theload is not arunaway load (reference to Equation
(7.2)).

Figure 14.4 illustrates the dominant poles’ loci for the LS system and the LSPC
systems with the over- and under-compensated PC valve on Trgjectory |1 (Figure 7.5 and
Figure 14.2). The symboals, ‘O’ (Condition 1) and **’ (Condition I) represent the root
locus of the LS system. The symbols, ‘+', ‘X’ (with under-compensated condition) and
‘e’ 0" (with over-compensated condition), identify the loci of the LSPC system. The loci
with ‘*+ and ‘e’, arein Condition O and ‘x’ and ‘¢’ in Condition N. It can be observed
that the loci of the LS system and the LSPC system with the under-compensated
condition are always located in the left half side of the s plane. The loci of the LSPC
system with the over-compensated condition are located in the right side of the s plane

except the part of the locus with very small opening of the adjustable orifice.
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Figure 14.4 Comparison of the Dominant Poles' Loci between the LS and the
LSPC Systems on Trajectory 11

It is noted that the above comparisons for Conditions N and O in Sections 14.3.1 and
14.3.2 are accomplished under the certain condition such as the pressure drop, Py, of 1.5
MPa, a specific load (Jm = 0.16 Nm/s%, B, = 0.056 Nmy/s) and the temperature, T, of
30°C. For different conditions, particularly the different load, the locus of the dominant
pole would be different. Figure 14.5 shows the root locus of the LS and LSPC system
under the condition in which only the load inertia, J, is the tenth of that for Figure 14.4
and all other parameters are the same as those for Figure 14.4. Compared to Figure 14.4,
it can be observed that theinitial dominant poles change from 1.3+18j to 2.5+58j and the

trend of the locusis aso different.

238



8- s RRRREEE ganannananc, ........... sasnnnasan e RRRRE R :

Foot locus of the LSPC system
(under- cumpensated cundltmnj

© Root logus of the LSPC system
: : : ! {over-compensated condition)
—I|T]] | . B ....... ........ e CIRLELLELE

Irmaginary axis (1/5)
=

A0 Bt IDi:'L:]S' o ........ '-,E!E

the LS system : , : : _

o : ' E : - ; :

BOF- R T R e B EPETTITIIT
: : : =~ %ery small opening i

: : : for the: flow orifice : :

a0 i 1 I i 1 i 1 i
-20 -15 -10 -5 1] 5 10 15 20

Real axis (1/5)

Note: ‘O’ O Condition Il, **’[0 Condition I, ‘+" and ‘s’ [J Condition B, and * X’
and ‘¢’ 0 Condition A, Arrows indicate directions of increasing flow.

Figure 14.5 Comparison of the Dominant Poles' Loci between the LS and the
LSPC Systems on Trgjectory 11

Although the root locus of the LS and LSPC systems changes as the parameter varies,
the root locus plots under different conditions can give rise to consistent conclusions such
as:

¢ The over-compensated PC condition always makes the LSPC system unstable.

¢ Theuse of aPC valve does not improve the dynamic performance of the LS

system. Therefore, the use of a PC valve in aLS system (LSPC system) has limited
application, unlessit is applied to the case of amultiple-load LS system where the
PC valves have to be used to isolate the interaction between loads (refer to Chapter

1).
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In addition to the above conclusions, the following observations can aso be forwarded

based on the result of the parameter sensitivity analysis about the particular trgectory.

¢

A decrease in the load resistance, T, can make both the dominant poles and
the non-dominant poles move towards the left half side of the s plane, thus the
L SPC system tends to be more stable.

A decrease in the pressure differential set, Py, stabilizes the system but reduces
the speed of response of the system.

Increasing the damping in the LS line, i.e. decreasing as, reduces the speed of
response of the LSPC system and tends to destabilize its operation.

An increase in the capacity of the pump and motor (viaincreasing the volumes,
V, and Vpy, or reducing the equivalent bulk module, S, using soft hoses, for
example) reduces the speed of response of the LSPC system. However, the
non-dominant poles (around 2000 rad/s) move into the left half side of the s
plane (stabilizes), and the high frequency oscillation which would occur in the
system pressures, Ps, Py and P, and the displacement of the LS spool, X, no
longer exist.

In addition to the spring coefficient, Ky, other parameters of the PC valve, such

as the size of the damping orifice, significantly affect the dominant poles’ loci.

14.4 Summary

When the PC valveis applied to the LS system (creating the L SPC system), the system

becomes very complex in its steady state and dynamic performance. The steady state

operating condition can be one of six different operating conditions as aresult of the

combination of Conditions |, Il and Il for the LS system and Conditions A and B for the
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PC valve. They are defined as Conditions N, O, ... S. Condition N isthe normal
operating condition. As the opening of the adjustable orifice of the PC valve increases,
the SSOP of the LSPC system moves along Tragjectory | (starting from Condition N
through Q via P) or Tragectory |1 (starting from Condition O through Q viaN and P).

The stability analysis of the LSPC system in this chapter resultsin two main
conclusions: 1) the LSPC system can be stabilized using the under-compensated PC valve
and 2) the dynamic performance of the LSPC system is not superior to that of the LS

system for the case of the single |oad.
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Chapter 15 Experimental Verification for the Results of Stability

Analysis of the Load Sensing and Pressure Compensated system

15.1 Introduction

The purpose of this Chapter isto experimentally verify the main conclusions and
observations which were forwarded in Chapter 14. The most important conclusions for
the LSPC system is restated as. 1) the L SPC system can be stabilized using the under -
compensated PC valve and 2) the dynamic perfor mance of the L SPC system isnot
superior tothat of the LS system for the case of the singleload. In order to
experimentally verify the above statements, it is necessary to establish three dynamic
experiments and compare the results to that predicted theoretically. The first experiment
is associated with the LS system, the second the L SPC system (with over-compensated
PC valve), and the third the LSPC system (with the under-compensated PC valve). The
comparison of the behaviors of these three systems is done using step responses.
Experimental verification islimited to the stability associated with the dominant poles of
the LS system and the L SPC system and is undertaken only in the normal operating
conditions (Conditions | and N). The experimental studies of the dynamic performance
under “non-normal” operating conditions (Conditions I and 111 for the LS system and
Conditions O, P, Q, R for the LSPC system) and the stability associated with the non-
dominant poles of the LS and LSPC systems are deferred for future work.

It is noted that for the purpose of comparison the experimental operating conditions
for the three experiments must be the same. In other words, the system parameters (e.g.
the LS pump parameters, the load conditions -- Jm, Bm, Tnf, Cmi, the pressure drops across

the PC valve and the needle valve, P4) and the SSOP (e.g. the load flow rate at the steady
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state, Qo) are required to be the same.

In order to conduct two of the experiments on the LSPC system, it was necessary to
determine some method for modifying one or more parameters of the PC valve in order to
create the under- and over-compensated conditions on the same PC valve.

15.2 Modification and Verification of the “ Compensation Condition” for the
Pressure Compensated Flow Control valve

The “ Compensation Condition” denotes the three conditions. “under”, “critical” or
“over” compensation introduced in the earlier chapters. This section first introduces the
approach for modifying the compensation condition for the existing PC valve. The
particular experiments are then conducted to verify the modification.

In order for the PC valve shown in Figure 8.2 to operate under the desired
compensation condition, the PC valve must be modified so asto satisfy Inequality (11.47)
for the under-compensated condition, Equality (11.48) for the critically compensated
condition, or Inequality (11.49) for the over-compensated condition. In order to further
understand these criteria, Equality (11.48) is modified slightly as follows. Because the
pressure drop across the fixed orifice, Ps — Pryp, is approximately equal to Py (refer to

Section 10.1.1 in Chapter 10), the pressure drop, Pmo — Py, can be approximated by (Ps—

K Xgyi
PL) - Py = (Ps— P) - —2—M9-% refer to Equation (10.4)). Consequently, Equation
P A

pcs

(11.48) can be approximated by

Kew (P, — PR,
Kpe =— \;F\C/(x ) (15.1)
1+ ff ¥ pcspring _ def
A

pcs
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Equation (15.1) indicates that the compensation condition can be related to the value
of spring coefficient, kyc, the equivalent width of the hydrostat orifice, wy, the coefficient

kit (Where k; =0.7C. . See Equation (10.6)), the cross-sectional area of the hydrostat

spool at the ends, Ay, the spring deformation, Xsyring der, @ Xoc = 0, and the pressure drop
across the PC valve, Ps— P.. For the existing PC valve, it is difficult to modify Wy, ki
and Ages. The pressure drop, Ps— Py, is equal to the system parameter, Pg, in the LSPC
system and is required to be constant for comparison purposes. Therefore, afeasible
approach for modifying the compensated condition is to change the spring size, that is,
selecting different knc and Xspring aer. Practicaly, it is more restrictive physically to choose
different values of the spring deformation, Xsyring der, than it would be for changing the
spring coefficient, kyc. Thus the spring coefficient, kne, was changed to reflect avalue
which would be larger or smaller than the value of the term on the right hand side of
Equation (15.1) for the corresponding compensation conditions (under or over-
compensated conditions).

For the critically compensated condition, Ky is calculated to be 10140 N/m for Py =
1.5MPa. Thus two springs were selected to which had spring coefficients of 37000 N/m
for the under-compensated condition (Century Spring Co., #3057) and 5000 N/m for the
over-compensated PC valve(Century Spring Co., #11511).

In order to verify the under-compensated condition and the over-compensated

condition, the measured value of the steady state flow-pressure coefficient, K;i (refer to

Equation (11.52)), must be a positive number for the rigid spring and a negative number

for the soft spring (refer to Equation (11.53)).
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Figure 15.1 shows a comparison of the measured steady state flow-pressure
coefficients of the PC valve using arigid hydrostat spring and a soft spring. When the

pressure drop across the PC valve, Ps— Py, is constant (Py = 1.5MPa), the slope of the
experimental curveisa positive number ( K*psL > Q) for therigid spring and a negative
number ( K*psL < 0) for the soft spring as predicted by theory. Therefore, the use of these

hydrostat springs does indeed create the desired compensation conditions for the same PC

valve.
c 25 ~
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Pressure drop across the PC valve, MPa

Figure 15.1 Comparison of the Experimental Flow-Pressure Coefficients of the
PC Vave between aRigid Hydrostat Spring and a Soft Hydrostat Spring

15.3 Procedur e of the Experiment and Signal Processing

The purpose of this section isto explain the procedure used to create the step response
experiments for the LS and LSPC system with under-compensated and over-compensated
PC valves. Theinput signal is the opening, x(t), of the needle valve or the opening, x(t),

of the adjustable orifice of the PC valve. The output is the motor rotary speed, ¢t). The
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parameters of the LS pump and the load (developed in Appendix H) are P4 = 1.5 MPa, ws
= 450 rad/s (the LS damping orifice is fully opened), and T = 0.2 Nm. The fluid
temperature was in the region of 25 ~ 35 °C. With these defined parameters, Trajectory |
can be created experimentally. The procedure was to select several SSOP' s on this
trajectory and to carry out step responses with a small step input signal, (Xsinal(t) - Xinitial (t))-
The procedure can be summarized as

Step 1: Construct the LS circuit with aneedle valve as the control orifice. Initialize
the data acquisition system.

Step 2: Power on the LS system; continuously adjust the opening of the adjustable
orifice until the load flow rateis equal to 5 I/min.

Step 3: When steady state conditions are reached, the adjustable orifice is opened as a
small step about SSOP. The magnitude of the step is such that the output flow rate
variation is 3 I/min. Thisis accomplished using trial-and-error process.

Step 4: Measure and collect the output signal, ¢t), using the data acquisition system.

Step 5: Repeat Steps 2, 3 and 4 with the several SSOP's (load flow rates of 10, 15, 20
[/min).

Step 6: Replace the needle valve with the PC valve (containing the soft hydrostat
spring) and repeat Steps 2, 3 and 4.

Step 7: Replace the soft hydrostat spring in the PC valve with the rigid hydrostat
spring and repeat Steps 2, 3 and 4.

It is noted that the load flow rate of 20 I/min can result in amotor speed of 1337 rpm
for the piston motor used. For safety reasons, experiments for flow rates greater than 20

I/min were not conducted. However, the flow range used was considered sufficient to
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verify the stated conclusions of Chapter 14.

The data collected during the experiments must be properly processed in order to
facilitate comparison. As stated in Section 15.1, the stability associated with the dominant
polesis only considered; therefore, it is necessary to filter out any high frequency signal
from the collected data. Because the undamped natural frequency, a, of the LS system
and the LSPC system associated with the dominant polesis usually less than the
undamped natural frequency, a (3 Hz in this study), a5™ order Chebyshev |1 filter with
the cutoff frequency of 4.5 Hz was applied.

15.4 Experimental Resultsand Analysis

In order to understand the relationship between the experimental result and the
location of the dominant poles, Figure 14.3 is re-plotted as Figure 15.2 in which only the
experimental operating points (Q_ =5, 10, 15 and 20 I/min.) areillustrated. Thisisthe

stability prediction based on the experiment condition.
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Figure 15.2 Dominant poles Loci of the LS System and the LSPC System for
the Experimental Condition
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Figures 15.3 through 15.6 illustrate the step responses about the operating points, Q. 1,
QL2, Quz and Q4. It can be observed in Figure 15.3 that the step response of the LSPC
system demonstrates more oscillation than the LS system. This reflects the fact that the
dominant poles of the LSPC system are very close to the imaginary axis (see Figure 15.2).
For two situations of the L SPC system, the case of the under-compensated condition
demonstrates a significant oscillation which isidentical to that predicted by the dominant
poles of the LS system as they move close to the imaginary axis (see Figure 15.2).

Figure 15.4 indicates that the step response of the LSPC system tends to be more
oscillatory. The LS system and the LSPC system are stable for the flow rate of 5 and 10

I/min which was shown in Figures 15.3 and 15.4.

42

LSPC system with under- |Comparison of step responses
compensated condition at the flow rate of about 5 litre/min.

LS system

/

D
o
I

Motor speed ¢, rad/s
w
0]

w
»
I

34 T T T T 1

Time, sec.

Figure 15.3 Comparison of the Measured Motor Rotary Speed, ¢ at the Load
Flow Rate of 5 I/min
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Flow Rate of 15 I/min

249



146 -

LSPC system with ’ 1
over-compensated \\ Comparison of step responses at
an | condition ’ the flow rate of about 20 litre/min.
o \l
©
@ I
S. 142 -
o
[<H)
(<))
Q.
9 140 -
2
§ LSPC system with under-
138 | compensated condition
LS system
136 T T T T 1
0 1 2 3 4 5
Time, sec.

Figure 15.6 Comparison of the Measured Motor Rotary Speed, ¢ at the Load
Flow Rate of 20 [/min.

The step response with the over-compensated condition in Figure 15.5 indicates that
the LSPC system isin alimit cycle oscillation. This kind of the oscillation represents the
“marginally stable status’ on the basis of the linear theory. This experimental result is
inconsistent with the “unstable state” predicted theoretically as the dominant poles have
moved into the right half side of the s plane (see Figure 15.2). The inconsistence was
caused by the application of the linear theory to the non-linear system. The “instability”
predicted by the linearization approach for a practical nonlinear system aways
demonstrates alimit cycle oscillation. If the pole located in the right half side of the s
planeisvery close to the imaginary axis, the magnitude of the limit cycle oscillation is
small. If the poles are far away the imaginary axis, the magnitude of the limit cycle
oscillation becomes large. The step response with the over-compensated condition in
Figure 15.5 demonstrates a low frequency fluctuation with small magnitude. Thisis

consistent with the prediction that the dominant pole of the LSPC system isvery closeto
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the imaginary axis.

Figure 15.6 shows the existence of the significant oscillations in the LSPC system with
the over-compensated condition compared to its partner in Figure 15.5. Thisis consistent
with the prediction that Q3 is closer to imaginary axis than Q4. But the difference of the
step responses of the LSPC system with the under-compensated condition in Figures 15.5
and 15.6 is not evident. Thisis also consistent with the prediction that the location of
dominant polesis amost invariable.

It can aso be observed through a comparison of the step responses of the LS systemin
Figures 15.3 through 15.6 that the percent overshoot is almost the same. Thisis also
consistent with the fact that the damping ratio associated with dominant pole location of
the LS system is the same.

15.5 Summary

This Chapter experimentally verifies the main conclusion obtained in Chapter 14. The
result of the dynamic response in time domain and the theoretical prediction in frequency
domain are basically consistent. Both methods indicate that the L SPC system can be
stabilized using the under-compensated PC valve but the dynamic performance of the
L SPC system seems to be inferior to that of the LS system for the operation of asingle

load.
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Chapter 16 Conclusions and Recommendations

This thesis presents a comprehensive study of aL S and LSPC system -- a highly
nonlinear system. To compromise between efficiency and fast dynamic response, aLS
system is sometimes equipped with a LS regulator with acritically lapped spool. This
brings about a situation where the system model not only is non-linear but also varies
depending on which operating region it isin. Therefore, the system analysisinitially
started by identifying the operating regions to establish the order of the system model,
and then secondly, solving for the operating points to define appropriate linearized
coefficients of the models. Finally, a standard stability analysis procedure was carried
out.

16.1 Main Achievements

The following sections summarize the main achievements of thisthesis.
16.1.1 Load Sensing System

In order to summarize the achievement of the research for the LS system, it is
necessary to recall the objectives for thisthesis. The objectives associated with the LS
system were (1) to investigate the steady state operating condition and the SSOP’s of a
LS system with a critically lapped LS regulator spool in the LS pump; (2) to develop the
stability models of the LS system under different steady state operating conditions using
the lineari zation method based on the knowledge about the SSOP of the LS system; and
(3) to determine the dependence of the system stability on the SSOP of the LS system.

The following section itemizes the achievements accomplished in meeting the

objectives.
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Steady state operating conditions and steady state models of the LS system
In this research, the LS system equipped with a LS regulator with a critically
lapped spool has been defined as operating in three different operating regions
Conditions|, I, & 111. Operating Condition | is the normal operating condition of the
LS system. The boundary conditions of the three conditions can be given as

Conditionl: X, =0; Py <P, <Py; Oy <Oy and Py =P, =R, (16.1)

Condition 11: X, > 0; Py <(P,, = Py) <Py, 040 <y @d P, =P >P; (16.2)

Condition l11: X, <0; Py =0; b5 =0 ad Py =P, <P, (16.3)
Under each operating condition, the model for solving for the SSOP was presented
and experimentally verified.
Empirical orifice flow model at small openings
In order to develop the transfer function of the LS system for stability analysis, it

was necessary to obtain the flow gain and flow-pressure coefficient of the orifice

flow rate for the LS regulator. The traditional form of the flow gain

(K, =C,w 2 AP ), and the flow-pressure coefficient (K = a WX ), for an orifice
q d c
P

J200P

are not sufficiently accurate to use in the modeling of a LS system because of the
following three factors:

1. C4may not be a constant but afunction of the orifice Reynolds number (i.e. a
function of the flow rate through orifice, orifice geometry and fluid
temperature) because of laminar flow, or the transient region from laminar to
turbulent flow status. Except for the generation of graphical representations

[Merritt, 1967; Borghi et a, 1998; Vescovo et al, 2002; Ellman et al, 1996;

253



Gromalaet a, 2002], an analytical expression of such afunction has not been
found.

2. Traditionally used flow gain and flow-pressure coefficient models are
discontinuous at the null position (x = 0) where the LS regulator operates at
most time.

3. Theflow cross sectional area (wx) is usually inaccurate about the null
position because of chamfers, clearances and other factors caused by
machining limitations.

These problems al so exists when modeling other hydraulic valves which have the
spool operating at the “null” point, such as, pilot valves of two stage valves or
compensators of pumps and motors.

This research provides a closed form empirical model for C4 as afunction of the
Reynolds number which can be applied to different types of orifices (see Equation
(4)* in Appendix C). Based on this model, a technique to evaluate flow without
having to use iteration (given an orifice area and pressure drop) is introduced. A
novel modification to the flow cross-sectional areais introduced (see Equation (10) in
Appendix D) and the resulting empirical closed form of the flow equation is
presented (see Equation (14) in Appendix D). This closed form equation greatly
facilitates the transient and steady state analysis of low flow regions at small or null
point operating regions of the spool valve. The derived flow gain (Equation (15) in
Appendix D) and the flow-pressure coefficient (Equation (16) in Appendix D) are

reasonably accurate and no longer influenced by the aforementioned three factors.

! The use of “(4)” rather than “(C.4)” for the equations in necessitated because the appendix is areprint of
the journal article.
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Journal papers based on this particular research have now been published [Wu, et a,
2002 and Wu, et al, 2003].

*  Frequency response models of the LS system
The transfer function of the flow control with the LS system is defined as (see Figure

6.2)

F(s)= s (16.4)

X(s)
where the input signal, X, is the opening of the adjustable orifice. The output signal, @
isthe motor’ s rotary speed. The transfer functions for operating Conditions |, Il and |11
are given by Equations (5.76), (5.80) and (5.82) respectively. These frequency response
models in the low frequency regions have been experimentally verified. These transfer
functions can be summarized as following:

Condition |: The transfer function Equation (5.76) is 5™ order and neglects the
effects of system characteristic frequencies higher than 1000 rad/s of the LS pump. It
can be used to investigate the stability of the LS system in the frequency range less than
1000 rad/s. A complete 9™ order transfer function can be used to determine the high
frequency dynamic behavior of the LS pump caused by the LS spool with ahigh
undamped natural frequency, «, (1954 rad/s). High frequency dynamic behavior cannot
be identified with respect to the motor rotary speed due to the filter effects of the load
inertia

Condition I1: The 5" order transfer function Equation (5.80) reflects the dynamic
behavior of the LS system in which the “charge orifice” is fully opened (see Figure
5.15). The LS pump dynamics are dominated by the pump pressure and are not affected

by the LS path via G_«(s) and G,(s) (compare Figures 5.16 and 5.10). This situation is
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similar to the operation of a compensated pump/valve system in which the cut-off
pressure of the compensated pump is Ps and the deadhead pressure is Py, (See Figure
3.2). Therefore, this model can be applicable to a compensated pump/valve system.

Condition I11: The 3@ order transfer function Equation (5.82) reflects the operating
behavior of the LS system in which the pump isfully stroked. The LS system is shown
to be stable (see Appendix G). This condition is similar to that of afixed displacement
pump/valve system in which swash plate angle, 6, isfixed. Therefore, thismodel is
applicable to asimple pump/valve system.
16.1.2 The Pressure Compensated System

In order to summarize the research achievements for the PC system, the objective
associated with the PC system is restated. The objective was to analyze the steady state
and dynamic performance of atypica PC system. The following section itemizes the
achievements accomplished in meeting the objective.
» Steady state operating conditions and steady state analysis of the PC system

The PC system has been defined as operating in two different operating regions
defined as operating Conditions A & B. Operating Condition A isanormal operating
condition of the PC system while Condition B represents the situation in which the
hydrostat orifice is fully opened. The boundary conditions of the two conditions can be
determined by Equation (9.8). Equation (9.9) can also be used to solve for the SSOP of
the PC system, Xpc0. The intermediate pressure, Pnp, can be calculated using Equation

(9.2).
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The operating point, X,co and Py, has been measured on atypical PC valve and the
measured X,co was compared to the theoretical prediction. The experimental result was
consistence with the theoretical prediction.

*  Frequency response model of the PC system

The PC system can be considered as an “equivaent orifice” in which the flow gain,
Gw/(S), and the flow-pressure coefficient, Gyy (S), are afunction of the operating point
and the input frequency of the adjustable orifice opening and the pressure drop across
the PC system. G,(s) and Gpg(S) have been defined as the flow gain TF and flow-
pressure coefficient TF respectively. Gy (s) isa“low pass’ filter and Gy (S) isa“high
pass’ filter.

» Criterions for optimized design of the PC system

Based on the study of the steady state and dynamic behavior of the PC system, aPC
system can be optimized. The objective of the optimization isto expand the bandwidth
of the flow control, G,(s), and to decrease the gain of the flow-pressure coefficient TF,
Gps.(9), at the low frequency region as much as possible. Equations (11.45) and (11.48)
are used to in optimizing performance as afunction of the damping orifice’ s size and
spring coefficient, etc.

16.1.3 Load Sensing and Pressure Compensated System

In order to summarize the research achievements for the L SPC system, the objective
associated with the LSPC system is restated. The objective was to investigate the
stability of the LSPC system which consists of both the LS and the PC system. The
following section itemizes the accomplishments in meeting the objective.

» Steady state operating conditions and steady state analysis of the LSPC system
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The LSPC system has six different operating conditions which are all combinations
of the LS system and PC system operating conditions. These operating conditions can be
classified into two groups: Case 1 and Case 2. Case 1 given in Table 12.1 reflects the
combinations at atypical design condition that Inequality (12.3) istrue. Case 2
represents combinations (B, E, F and D) of the LS system and PC system operating
conditions in which Inequality (12.3) isfalse. Case 1 is an expected design condition,
because the normal operating Condition A belongs to Case 1. When the adjustable
orifice opening, x,, is smaller than x,. determined by Inequality (12.6), the LSPC system
operatesin Case 1. The load condition can be further used to determine which of
Conditions A, B, C and D the LSPC system is operating in.

* Frequency response model of the LSPC system

The TF s of the LSPC system are the samein form asthe TF s of the LS system, but
with areplacement of the Ky and K by G,/(s) and Gy (S) of the PC system. When the
simplified models of G,(s) and Gps.(s) (Equations (11.51) and (11.52)) are applied to
the ssimplified TF s of the LS system (Equations (5.76), (5.80) and (5.82)), the order and
zero point locations of the frequency response models of the LSPC system and the LS
system are the same, that is, 5", 5™ and 3" order respectively. Only their poles are
different.

A dynamic analysis for the LSPC system using the above models was undertaken. A
set of experiments were conducted in order to verify the main conclusions drawn from

the dynamic analysis for the LSPC system.
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16.2 Contributions (Summary)

This Ph. D. research makes seven original contributions in the field of fluid power.

They are:

An empirical model of an orifice discharge coefficient as a function of Reynolds
number has been developed which is suitable for different types of orifices (sharp-
edged type, needle valve and long tube orifice) and for different flow conditions
(laminar flow, turbulent flow and the transition region between them).

An analytical expression of the orifice flow model has also been developed which
can facilitate the modeling and simulation of a complete hydraulic system with pilot
stage valves or pump/motor compensators.

Three pressure compensated conditions (under-compensated, critically compensated
and over-compensated conditions) of a PC flow control valve have been defined
which provide adesign criterion for valve designers.

Three steady state operating conditions (Condition I, Condition 11 and Condition 111)
for atypical LS system have been identified which can aid in the design of LS
pumps.

A practical method of analyzing LS & LSPC systems has been provided which
includes identifying all possible steady state operating conditions, solving for steady
state operating point for each operating condition, justifying linearized models and
illustrating the relative stability. This method can be used to design stable LS &

L SPC system and to minimize the energy |osses.
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16.3 Main Conclusions

Based on the extensive modeling and experimental verification of the describing

equations for the LS and PC systems, the following conclusions are drawn:

16.3.1 Load Sensing System

For the load sensing system, it is concluded that:

¢

¢

The LS system usually operatesin Condition I.

When the orifice opening is large, the LS system tends to operate in the region of
Condition I11.

When arunaway load occurs, the LS system tends to operate in the region of
Condition I1.

In the region of Condition I, as the adjustable orifice opening increases, the LS
system tends to be unstable because a pair of poles near the undamped natural
frequency of the LS spool (1954 rad/s) isin theright half side of s plane. The limit
cycle oscillation caused by this instability cannot be observed in the motor rotary
speed due to the “low pass’ filtering function of the motor and load.

The LS system tends to be the low frequency oscillation as the adjustable orifice
opening increases.

The damping orifice in the LS line can be used to stabilize the system but the
bandwidth of the LS system is compromised.

The LS system is always unstable in the region of Condition I1.

The LS system is always stable in the region of Condition I11.
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16.3.2 Pressure Compensated System

For the pressure compensated system, it is concluded that:

¢+ When the PC system operates in the steady state operating Condition A, the
hydrostat orifice is automatically adjusted.

¢ Depending on the parameters of the PC system and the SSOP, the dynamic
behavior of the PC system can be one of three dynamic operating conditions which
are defined as the under-compensated, critically compensated and over-
compensated conditions. The criterion devel oped was expressed by Equation
(11.48)

¢ For the critically compensated condition (k. = kg W, (PmO -P )), the flow rate

through the PC system is compl etely independent of the pressure drop across the
PC system.

+ For the under-compensated condition (k.. >k WpC(PmO -P )), the flow rate

through the PC system increases as the pressure drop across the PC system

increases.

¢ For the over-compensated condition (k. <k WpC(PmO -P )), the flow rate

through the PC system decreases as the pressure drop across the PC system
INncreases.

¢ Usualy, these three dynamic operating conditions are not of concern. However,
when the PC system plays the role of both “flow control” and a*“pressure sensing”
in complex circuits such as the LSPC system, the three compensated conditions
produce distinctly different consequences (for example, positive feedback or

negative feedback).
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16.3.3 Load Sensing and Pressure Compensated System

For load sensing and pressure compensated system, it is concluded that:

¢ The over-compensated PC condition always makes the LSPC system unstable. The
L SPC system can be stable in the low frequency region provided a PC valve with
the under-compensated condition is used.

¢ There was no evident that the dynamic performance of the LS system was
improved using a PC valve. Therefore, it is questionable that a PC valve can be
applied to a LS system (creating the LSPC system) in order to improve the
dynamic performance of the LS system. The exception is the case of a multiple-
load LS system where the PC valves are used to isolate the interaction between
loads (refer to Chapter 1).

16.4 Future Work and Recommendations
In general, aL S system seems to be good compromise between energy saving,

controllability, reliability, price and maintenance. It is necessary to further investigate

and optimize the system performance of the LS system. There is a substantial amount of
future work that could be conducted regarding this research.

» It has been mentioned above that the actual LS system always uses a pressure
regulator assembly which consists of aL S regulator and a pressure limiter. Thereisa
region in which the pressure limiter and the regulator could operate together. This
operating condition could be defined as the “fourth” operating condition of a
practical LS system. Therefore, it is necessary to model and analyze this condition.

* Thecontributionsin this thesis has provided a practical and reliable method to

determine the stability of a LS system and a LSPC system at any operating point. It
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is possible to optimize the design of the LS system using these models in the future.
The models devel oped in this thesis could be extended to the case with an
underlapped spool LS regulator.

Chapters 12 through 15 investigate the LSPC system from the point view of the flow

¢(s)

control because only the transfer function, —7% , was developed and analyzed. In

X(s

fact, the main purpose for using the PC system in the LSPC system is to decrease the

S—|

interaction between loads in a multi-load LSPC system. Therefore, more theoretical

study isrequired.
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Appendix A Linearization of Non-Linear Hydraulic Systems

In this appendix, the linearization process for a non-linear function and non-linear
dynamic system are considered. The approach isto present the general form and then

illustrate the procedure with common examples found in hydraulic applications.
A.lLinearization of a Non-Linear Function

Consider the relationship where y is anon-linear function of x, y = f(x). Thisnon-

linear function can be expressed by the Taylor seriesfor f(x) as

d*f

2

df

y=f(X)=f(x,)+— Ax+
dx

X

AX? + - (A.1)
Xo

Usually, the high order terms are negligible about the steady state operating points as

long as the higher order derivatives are not infinite. Thus Equation (A.1) simplifiesto

AX

Xo

df

=f +

y=10)+

or Ay = K(x, )Ax (A.2)

where Ay = y - (x,) andK(x,) _d

ol The linearization can be generally represented
X

Xo

asillustrated in Figure A.1. Equation (A.2) isthe straight linein Figure A.1 and is
tangent to curve f(X) at (Xo,Yo0). Within asmall range about (xo,Yo), thereislittle error
between the straight line and the curve. It may also be that the output, y, of a component
isanon-linear function of two inputs or two independent variables. Similarly, for the

case wherey is anon-linear function of two variables, this can be expressed as
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y=f(x,z):f(xo,zo)+i Ax+ﬂ Az
0X Yo7 0z Xo.7
0% f 0% f 0% f (A-3)
+—— AX? + MAZ +— AZ? +
0Xx 0x0z 0z
%0,20 %0,20 Xg,20

Figure A.1 Linearization of a Non-Linear Function
For small excursions about a steady state operating point [(Xo, 20), Yo], the items with

higher order derivatives are negligible and Equation (A.3) can be simplified to

Ay = K, (%o, 29 )X+ K, (%5, 2))Az (A.4)
of of
where Ay:y_f(Xo’Zo)’Kl(Xo’Zo):_ » Ko (%0,20) = —
Ol 2, 02|, 2,

Consider an example involving a hydraulic system in which valve flow, Q, isa
function of valve opening, X, and the pressure drop, P, across the valve orifice.

Mathematically, thisis given by

Q=f(x,P)= dex\/? (A.5)

where w is the width of rectangular-shaped orifice, Cq the discharge coefficient of the
valve orifice and p the density of fluid oil. The linearization model for small variations

Ax and AP about a steady state operating point (Xo, Po) is

AQ = K, (%, Py)Ax + K (%, P,) AP (A.6)
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C, wx,

20,

is

where K, (%, Py) = K (P,) = Cyw /% P, istheflow gainand K_(x,,P,) =
the flow-pressure coefficient of the valve orifice.

A.2 Linearization of a Simple Non-Linear Dynamic System

A non-linear dynamic system may consist of one or more non-linear components
with dynamic parameters. The generic form of the model of a simple non-linear system

can be expressed as
f(%xu)=0 (A7)

where X isthe state variable, x the time derivative of state variable and u is the input

variable. Linearization of Equation (A.7) (retaining only first order terms) gives

a—f_ A>'<+ﬂ Ax+i Au=0 (A.8)
aX X9,%0,Ug aX X0, %9 Up au X0, %9 Up
or
Ax = K, Ax+ K Au (A.9)
of of
o . Xy « u ou, . .
where the linearization coefficients are K, = —% and K, = —%, if
6X Xg,%g,Ug aX X9, Xg Uy
of of : . .
— #0. When — =0, the system is no longer adynamic system and this
0X Xg:%0:Up 0X X0+X%g:Ug

linearization has no physical meaning.

Consider the simple hydraulic system shown in Figure A.2. Assume that the

upstream pressure, Ps, of the flow control orificeis constant. The damping coefficient,
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B, Of theload is aso assumed constant. The inertia of the motor and load and the

leakage are considered to be negligible. The dynamic equations of the system can thus

be expressed by
2
Q =C, wx ;(PS—PL) (A.10)
P =L(0-p,9) (A1)
B.&=D P, (A.12)

wherew, Cy and p are explained previoudly in Equation (A.5). Sisthe bulk modulus of
hydraulic oil, Dry, the volumetric displacement of the motor and V the volume of the inlet

chamber of the motor.

Vave X i

N\

Ps Motor

_“_—»PL ﬁ

Figure A.2 A Valve- Motor Control System

Substituting Equations (A.10) and (A.12) into Equation (A.11), anon-linear

dynamic eguation is obtained given by

: : 2 D2
f(PL,PL,x)zPL—g[CdWX ;(PS—PL)—B—PLJ:O (A.13)

m
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where load pressure, P, isthe state variable, P_isthe time derivative of the state

variable and x is the control input to the system. The linearization model of the non-

linear dynamic system can be described as

AR, =K AP, +K,Ax (A.14)
where
2
K, =-B| G, Dn (A.15)
V 210 Ps I:>L0 Bm

_pCw (2,
K=" ,/;(Ps P,) (A.16)

A.3 Generic Formulation of the Linearization of a Non-Linear Dynamic System

Most control systemsin industry are non-linear and complex, such as LSPC
hydraulic systems, robot control systems, etc. The system variables and inputs are
sometimes coupled. The motion of a system may be described by more than one non-

linear equation. For example, it could be described as

fl(xl’XZ’”'Xn;Xl’XZ""Xn;ul’UZ"”um) =0
fz(xiiXzi"‘xn;X1’X2""Xn;u1’u2""um) =0 (A.17)
fn()‘(li)'(2’”')'(n;Xl’X2"”Xn;uliuzi'”um) =0

Yo = Oy (Ko Xo e X0 Xy Xo e XUy, Uy U )

Y, = gz()'(l,)'(z,---)'(n;Xl.,Xz,---Xn;Ul,Uz,---Um) (A.18)

yp = gp(xl’xz’...xn;Xl’XZ’“.Xn;u]_!uzy"'um)
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In Equations (A.17) and (A.18), n isthe number of system dynamic equations or

state variables, x; (i=1 ..n), misthe number of input variables, u; (i=1 ..m), and pisthe

number of the output variabley; (i=1 ..p). The system represented by Equations (A.17)

and (A.18) is defined as multi-input, multi-output (MIMO) system. The system control

Equations (A.17) and (A.18) can be re-written in a matrix format as

F(X,X,U)=0
Y =g(X,Xx,U)

Equation (A.19) and (A.20) can be linearized as

I A +F ax+9F Au=o0
X |, 0X|,, oU |,
Ay =99 A% +99] Ax+99] Ay
o X |, ouU |,
where a—F and a—F are nxn matrices, a—F isanxm matrix.
X {4 X1, oU |,
1xn matrices, a_g isalxm matrix as shown in detail below.
op
A LA
ox, 0X, oX, ox, 0x,
ol | O O O oo |of of
G_Xop = 6?<1 6>:(2 ox, | 5_Xop = 6?<1 6>:<2
of, of, of, of, of,
| 0%, 0%, ox, | o | 0%, 0%,
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99
oX

op

of, ]

0X
of,

0x

of
0x

(A.19)

(A.20)

(A.21)

(A.22)

99

—| ae
oX

op




[ of, of, of, |

a_ul @ o
oF o o . o g {ag ag dg}
= =|0u, oadu, ou, | » o1 “lx = 7 =
oU |, : 2 0Xlop [ O%  O0X, 0X,

of, of, of,

| 0u, 0u, ou,, | o
99 :[0_9 9 6_9} 99 :{6_9 9 09}
Xl | 0% 0X, ox, | oUl, |0u, du, ou_

exists, the linearized Equations (A.21) and
op

Aslong as the inverse matrix of a—F

(A.22) can be expressed in a generic form as

AX = AAX + BAU (A.23)
AY = CAX + DAU (A.24)
where
oF| ) oF
A=| — — nxn A.25
(ax OPJ ox ., (nxn) (A.25)
oF| ) oF
B=|— — nxm A.26
[a Op] 2|, (nxm) (A.26)
c=(%9] +99 | axn) (A.27)
Xoy  0Xlop
p=[99 +99 B| @axm) (A.28)
Uy X
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For convenience, the “A” is often dropped from Equations (A.22) and (A.23)
yielding
X = AX + BU (A.29)
Y=CX+DU (A.30)

Equations (A.29) and (A.30) are acommon generalized form of the state space
model of dynamic systems. In this case, the matrixes A, B, C, and D are dependent on
the steady state operating point. Within small variations about a particular steady state
operating point, these parameter matrixes can be regarded as being invariant. Thus, a
complex non-linear system can be subjected to linear system theory, including frequency
domain analysis.

Equations (A.29) and (A.30) can usually be used to analyze the dynamic behavior in
the frequency domain. Matlab” software has provided many functions which can be
directly used for Equations (A.29) and (A.30) to illustrate the result of the frequency
response in the way of a Bode diagram or aroot locus. Thisis adirect method. Another
method is the traditional frequency analysis method O transfer function (TF) analysis.
The second method requires (1) to do the Laplace transform to Equations (A.29) and
(A.30); (2) to present all Laplace transform equations in block diagrams; (3) to ssmplify
these block diagrams, if necessary; (4) to develop the TF of the system; and (5) to
illustrate the TF in a Bode diagram or the root locus. It seems that, comparing to the first
method, the second method has some extra steps ((1), (2), (3) and (4)). In fact, the
second method can help to provide a thorough understanding and subsequent
simplification for the physical system, especially for systems with high non-linearities.

Therefore, this thesis will use the second method.
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Appendix B Calibration of Measurement System of the L oad Sensing

System

B.1 Pressure sensing calibrationd measur ement of pump, control and load
pressures

Three pressures (Ps, Py, and P.) are measured using three sets of variable inductance
type of pressure transducers (Model: DP15 differential pressure transducer) and
specialized signal conditioning amplifiers by Validyne Engineering Corporation (Model:
CD15 sine wave carrier demodulator). The signal conditioner applies a 5kHz sinusoidal
wave excitation to two inductance ratio arms of the pressure transducer. The resulting
output of the transducer is demodulated and amplified using the integrated circuit. The
DC output is obtained from an active filter circuit and gives a uniform response from
steady state to 1000 Hz. The DC output is read by the DAQ system directly connected to

computer.

The system is calibrated using a deadweight tester [model 5525]. Selected weights
(representing pressure) are applied to the tester and the output voltage recorded. The
results of this procedure are shown for one transducer in Figure B.1. The calibration
curve shown is, in fact, four calibration curvesin which two are obtained before the
experiment was started and the other two after the tests was completed. The calibration
curve shown in Figure B.1 indicates that the measurement gainis 1V per 300 psi. The
scatter associated with the four measurements is shown on an expended scale on Figure

B.1. The scatter lies within arange of £0.01V which corresponds to an error band of
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+0.02M Pa. The calibration also indicates that no difference existsin the calibration

before and after the experiments were conducted.

6 -+ 0.05
> o @& Bl—Cdibration before an experiment 1 004
-5 Calibration error @ A Calibration after the experiment
o +0.03
§ - 0.02 =
g4 - RS
Py o
= +001 &
()
< s o ! ¢ e ¢ o s ./; 7S : g
-5 3 A/. | | [ ] : [ ] 40 o
A [ | =
© n - = A = A . o
; C bt SRR
© 2 i <
Z e 0.02 O
a o v
= 0.03
o1 /
P +-0.04
0 i ‘ ‘ ; ‘ ; -0.05
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Pressure, psi

Figure B.1 Calibration of one of the pressure transducers

B.2 Angular position transducer calibration] measurements of the pump swash plate

angle

The swash plate angleis measured by aRVDT (Rotary Variable Differential
Transformer, R30D). The output of the transducer produces a voltage whose magnitude
varies linearly with the angular position of the shaft. The DC-operated RVDT accepts a
DC input voltage that isinternally converted to an AC carrier signal to excite the
primary coil. An integral demodulator and filter converts the signal whichis

subsequently amplified.

The calibration of the transducer is based on data provided by the manufacturer.

Cdlibration in the laboratory was not possible due to the precision of the calibration
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equipment which would be required to do this. Such equipment was not available in our
laboratory. The RVDT operates within arange of £ 40° with alinearity (the maximum
deviation from a straight line fit over the full range) less than £0.5 percent. However,
over smaller angular displacements, linearity improves substantially. For this
application, the maximum of the swash plate angle is 18° (0.314 radian) when the pump
isfully stroked. The calibration of this transducer over the full range is shown in Figure
B.2. The calibration error which is expressed as a function of deviation of the
experimental points from aleast square best fit of these pointsis also shown in this
figure. The maximum deviation at any point is within £0.04V and the maximum

deviation in the range of operation islessthan £0.01V.

6 0.04

Calibration error + 0.03

-+ 0.02

-+ 0.01

+-0.01 -

operating region of
T~ swash plate angle
Y~ -

-4 Transducer
; output voltage 1003

'6 T T T T T T T T T '0.04
-50 -40 -30 -20 -10 0 10 20 30 40 50

- -0.02

Voltage output of the transducer, V
o
o
Calibration error, V

Angle input of the transducer, degree

Figure B.2 Calibration curve of the RVDT (R30D)--angular position
transducer
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B.3 Proximitor sensor calibration [0 measurement of the LS spool displacement

The spool displacement of the LS pressure regulator is measured by a proximitor
which consists of asignal conditioning circuit (model: Bently Proximitor 3106) and an
eddy current probe (model: Bently Probe 306J). The Bently Probe is mounted at the end
of the LS spool sleeve and is driven by the signal from the Proximitor (see Figure B.3).
The displacement measurement is derived directly from the end of the transducer to the
nearest conductive body (spool) facing the probe. The output voltage is highest at high
gap distances, decreasing toward a zero level as the gap decreases. The output voltage
readings are not affected by the gap medium, in this case — hydraulic oil. Installation of
the probe and the amount of the gap spacing for the null position of the spool is based on
atrade-off between the resolution of the transducer and probe safety. If the gap between
the probe and spool end is too large (to protect the probe from contacting the spool
under any circumstances), the probe would operate in a non-linear (saturation) region
where the signal produced by the spool motion is amost independent of the spool
displacement. To obtain the best probe sensitivity, the gap should be small. But the spool
would contact the probe during expected oscillations. Based on an assumed maximum
displacement of the spool and the actual null position of the spool, the gap was set to be
1.6 mm.

Before calibrating the probe (Figure B.3), the probe must be seated into the casing by
pressurizing the probe at port Ps. When the system was pressurized for the first time,
some plastic and elastic deformation in the seat between the probe and the casing may be
expected. Since plastic deformation occurs only once, any subsequent deformation upon

pressurization would be elastic in behavior. The comparison of experiments before
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seating and after (fist time pressurization) indicated that the plastic deformation wasin
the order of 0.29 mm.

Two possible factors might affect the elastic deformation of the probe; the pressure,
Ps, and temperature, T, of the hydraulic oil. Increasing Ps could result in asmall
longitudinal elastic deformation of the probe head and spool metal. To determine this,
another experiment using afixed spool was conducted to check the effect of Ps. The
results of this experiment indicated that a small elastic deformation did exist with a
pressure sensitivity of 0.002 mm/MPa. Thus, the maximum elastic deformation at
10MPawas 0.02mm which isonly a 1% error over the expected measurement range of
+1mm.

Temperature can affect the measurement of the spool displacement via the thermal
expansion of the spool metal. A calculation indicated that the maximum expansion of
the spool (for the length of 50mm) with 25 [145°C is 0.01 mm which is only about 0.5%
of the measurement range of x1mm. Therefore, the effects of the pressure and

temperature on the measurement of the spool position were considered negligible.

Figure B.3 Measurement of the LS spool displacement

Figure B.4 shows the calibration of the measurement system for LS spool
displacement. The null position was considered as the origin point of coordinate x;. It

was identified visually. The calibration curve of Figure B.4 presents a significant
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nonlinearity. Normally, the spool operates at the null position where the output voltage
of the proximitor is about —3.64 V and the sensitivity is0.577 V/mm. Thefitting error
of the polynomial function of the spool displacement is also shown in the secondary
axis. The deviation iswithin £0.5mV.

Because the null point was done visually, it is quite possible that a“bias’ could exist

in the actual calculation curve.
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Abstract

In fluid power systems, flow control is mainly achieved by throttling the flow across valve orifices. Lumped
parameter models are generally used to model the flow in these systems. The basic orifice flow equation, derived
from Bernoulli’ s equation of flow, is proportional to the orifice sectional area and the square root of the pressure drop
and is used to model the orifice coefficient of proportionality. The discharge coefficient, Cg, is often modeled as
being constant in value, independent of Reynolds number.

However, for very small orifice openings, Cy varies significantly and can result in substantial error if assumed
constant. In this situation, modelers usually revert to graphs or look—up tables to determine Cq4. This paper provides a
closed form model for Cy as a function of the Reynolds number which can be applied to different types of orifices.
Based on this model, a technique to evaluate flow given an orifice area and pressure drop without having to use

iteration isintroduced.

Keywords: fluid power, hydraulic, flow control, orifice equation, discharge coefficient, Reynolds number
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1 Introduction

The well known equation of the volumetric flow
rate through an orifice (Fig. 1) is derived from
Bernoulli’'s equation by assuming (1) an
incompressible fluid and (2) turbulent flow as

2
Q=CA SRR @)
where
_ C.C. 2

©i-ciaa)

C.: flow velocity coefficient (approximately 0.98).
Cc: area contraction coefficient (equal to A /A).

For sharp-edged orifices, it is 0.611.
Ay, the cross-sectional area at vena contracta.
A, the cross-sectional area at upstream.
P,, the pressure at upstream.
P.., the pressure at vena contracta.
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Fig. 1: Flow through a sharp-edged orifice

Because A, is much larger than A, the discharge
coefficient, c,, isalmost equal toc C_

Because in many situations, the flow through an
orifice is turbulent, the discharge coefficient, Cq, is
commonly considered as a constant. Application of Eq.
1 can aso be extended to the case of laminar flow. In
this case, the discharge coefficient is a function of the
Reynolds number as well as the orifice geometry and is



usualy determined by experimenta methods and
presented graphically [Merritt, 1967]. Vial et al [2000]
experimentally determined the discharge coefficient of
atypical spool valve. Borghi et a [1998] and Vescovo
et a [2002] employed computational fluid dynamics
(CFD) models to numericaly compute the discharge
coefficient and compared the computational and
experimental results. None of these studies or other
CFD studies [Ellman et al, 1996; Gromala et al, 2002],
etc. developed a functional relationship between the
discharge coefficient and Reynolds number. A main
reason is that the Reynolds number also depends on the
flow rate requiring an iterative numerical solution
[Miller, 1996].

This paper provides an empirical model of the
discharge coefficient with respect to sguare root of
Reynolds number. This empirical model can be directly
applied to traditional graphically-expressed functions,
Cd=f(@), for sharp-edged orifices (such as that
provided by Merritt [1967]), or to experimentally
derived discharge coefficients (such as that provided in
this paper). The paper will aso consider the
determination of parameters in the generalized
empiricdl model for an orifice. Finaly, a new
calculation method for the flow rate, which does not
need iteration, with the empirical model is developed.

2 Empirical modelling of
coefficient for orifices

discharge

From the literature, it is well known that thereis a
transition in a plot of discharge coefficient vs. \/Re
from being proportional to the square root of the
Reynolds number, Re, a low Reynolds number, to
being constant at high Re. Although the curve shapes
vary as the orifice geometry varies, they can be
approximated by an empirical model as an exponential
function, i.e:

-9 /re
C,=C,|1-e &

where c_ is the turbulent discharge coefficient for a

©)

specific orifice. J is a laminar discharge coefficient,
and is similar to the coefficient introduced graphically
by Merritt [1967].

Eqg. 3 is simple and the two parameters have a
clear physical interpretation. ¢, is the turbulent

discharge coefficient because Cy4 converges to ¢ for

high Reynolds numbers. o0 is cadled as “laminar
discharge coefficient” because Eg. 3 can be
approximated by ¢ =s/re @ very smal Reynolds

aC,
JVRe JRe=0

numbers ( = o). However, Eq. 3 cannot
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aways be satisfied for a variety of orifices with
different geometries, especialy when fitting the
transition from the laminar flow to turbulent flow.
Therefore, another form of the discharge coefficient is
proposed as

-2 JRe

-2 Jre
+be

Cd = Cdoo (1"‘ ae Can (4)

where the parameters, a, b,, and 5, are specific flow

dependent coefficients to be determined. Eq. 4 can be
applied to most types of orifice.

Three types of orifices with the different geometries
shown in Fig. 2 are modeled using the generalized
empirical model (Eg. 4). The sharp-edged orifice (Fig.
2(a)) has zero length and near 180° trumpet mouth
downstream. The spool orifice (Fig. 2(b)) has a 90°
downstream mouth. The needle orifice (Fig. 2(c)) hasa
downstream mouth less than 90°. The shape of
discharge coefficient curves for each would be
different and it is now necessary to consider the
application of the empirical model (Eq. 4) to these

typical orifices.
+

EZ
: >0

(b) Sharp-edged  (c) Needle valve

spool orifice orifice

(a) Sharp-edged
Orifice
Fig. 2: Three types of orifice

2.1 Application of the empirical model to typical
curve of discharge coefficient

Merritt [1967] has presented a “smooth” discharge
coefficient curve with respect to square root of
Reynolds number for a typical sharp-edged orifice
(Fig. 2(a)). This smooth curve has been generated from
experimental data. For this curve, the parameters, a,
b,s, and o, in Eq. 4 can be determined using the
following mathematical manipulation. The laminar
discharge coefficient, J, the turbulent discharge
coefficient, ¢, , and the maximum discharge
coefficient, Cy,, at a specific Reynolds number, Re.,
can be found by applying an appropriate measurement
on agiven curve. The four parameters, a, b, 4, and g,
can be solved by applying the following four
conditions common to most types of orifices,

1. Initial condition.

Cyl g =1+a+b=0 ®)
2. Laminar discharge coefficient condition:
aC,
=-ad,-bd, =J (6)
a\/% . 1 2



For a sharp edged orifice, d=0.2.
3. Maximum value conditions

S fRe, - Re,
Cyn = de(1+ ae “  +be % )
and
[ 9,
S o
9C, =-ade -boe )
oRe| e

Egs. 5 through 8 can be solved to determine a, b,
4, and ¢,. These equations can be simplified into a
non-linear algebraic equation of J, as

0,
o

_% [Re"
Cdm -1+e Coeo Rem

51:

9

where

(10)
Egs.9 and 10 can be solved numerically. Parameters, a
and b, can be determined by

= (11)
52 - 51

b=27% (12)
51 - 52

Note that a maximum value of discharge coefficient
does not always exist in the transition region from the
laminar to the turbulent flow. In this case, Re,, can be
considered to be an intersecting point of two asymptote
lines for the laminar and turbulent flow regions. Thus,
the right hand side of Eg. 8 would not be zero, but
some finite value, ¢, . Egs. 9 and 10 then become

%
s BTG, a3
S5 —
Cim -1+ eﬁéwﬁ
oo
and
—i Re,
0, = d ~Cam (14)
, = —  -om
Com -1+ eféﬁ

oo
The method is applied to the typical discharge
coefficient curve given by Merritt [1967] (pp44). The
input and output parameters for the model calculations
arelisted in Table 1.
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Table 1 Empiricdl model parameters for a typical
coefficient curve

Input Co | 0 Cim Re,
Parameters [ 061 | 0.23 | 0.69 | 11
Output A b O [}
Parameters | 1.07 | -2.07 | 0.077 | 0.15

Using these parameters, the empirical model of the
discharge coefficient for Merritt’s curve becomes

C, = 0.61(1+1.07e 02/ _ 2 g7 0z | (15

and is shown in Fig. 3. Excellent agreement between
the original curve and the empirical model predictions
is obtained.

2.2 Application of the empirical mode to
experimental data plot of discharge coefficient

Although Fig. 3 is a commonly used plot of
discharge coefficient for a sharp-edged orifice, in
practice, the clearance, chamfer, and other factors of
valves (due to machining accuracy limitation) generate
a different shaped curve. Thus, it is necessary to
measure the discharge coefficient for the orifice of
specific valves. The method of the experimental
determination of the discharge coefficient, Cy, and the
corresponding Reynolds number, Re, for an orifice are
also based on the general flow equations:

C,= Q (16)
P EIN
P
Q
Re:p({AjDh (17)

where Q is the flow rate through the orifice, A is the
cross-sectional area of the orifice, AP is the pressure
drop cross the orifice, Dy, is the hydraulic diameter, pis
the fluid density and wis the fluid absolute viscosity.

0.8 1

0.7 1

© 0.6

0.5
= data (from Merrit [1967])
0.4 1

J— - -0.1261Re -0.246/Re
034 (o —OA61(1+1AO78 © -2.07e E)

edged orifice, C

0.2 1

0.11

Discharge coefficient of sharp

0

0 10 20 30 40 50
Square root of Reynolds numbersyRe

Fig. 3: Comparison between typical discharge
coefficient and the empirical model predictions

The experimental hydraulic circuit was so designed
such that the pressure differential, AP, of the tested



orifice could be adjusted. In order to create a variety of
flow conditions, each of the orifice opening, x, the fluid
temperature, T, and the pressure differential, AP, was
set at different levels to carry out the experiment. The
purpose of varying the fluid temperature, T, was to
change in a controlled form, the fluid absolute
viscosity, 4. The three variables were selected so that
the orifice flow condition could span the laminar, the
transient and turbulent regions. For these different flow
conditions through the orifice, Q, AP, x, and T, are
measurable. A and Dy, can be calculated from x, based
on the orifice geometry. Consequently, the discharge
coefficient, Cg4, and the Reynolds number, Re, can be
determined from Egs. 16 and 17.

Experimental results for the discharge coefficient
for a gpecific sharp-edged spool orifice used in the
study are given in Fig. 4. The data was obtained for the
fixed orifice of a PC valve manufactured by Brand
Hydraulics Inc (model: EFC12-10-12).

0.8
o3

o
=
.
-
o
-~
03"
Yo

Discharge coefficient of the
needle valve, Cd
o o
N} ES
* > -

0 0 20 %0 w0 0
Square root of Reynold number, /Re

Fig. 5: Comparison between the measured results and

empirical model of the discharge coefficient for a

typical needle valve orifice

The discharge coefficient of atypica needle valve
orifice was also experimentally determined (Fig.5) for
a 34" needle valve manufactured by Deltrol Fluid Prod
(Model: EN-35).

0.8

o
o
L

rectangular orifice, Cd
o
»
s

Discharge coefficient of the
o
N

0.0

0 5 10 15 20 25 30
Square root of Reynolds number, Re
Fig. 4: Comparison between the measured results and

empirical model of the discharge coefficient for
a typical sharp-edged spool orifice

Consider the application of the empirica model to
these two experimental results. It is noted that the
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mathematical method introduced in Section 2.1 cannot
be applied to these experimental data because the input
parameters, ¢, O, Re,, Cam ad C__, cannot be

accurately measured from the plot of the experimental
data. Therefore, an alternate technical method is
introduced to evaluate the various coefficients from
experimental data with normal scatter.

This dternative method of obtaining model
coefficients, ¢, a, b, ¢,, and §,, is nothing more than

the direct application of curve fitting. In this case, the
typical parameters, c,., C,,. O, Ren, and ¢, do not
need to be known. The solution of c_, & b, ¢, and
0, should make the following objective function a

minimum.
2

N _a
J= Z[\Ni[cdi —de[1+ ae &
i=1
where w; is the weight coefficient at Re. Cg is the
experimental discharge coefficient at the point Re. The
optimal method of searching multi-parameters is
suitable for solvingc, , a, b, g,, and g, from the direct

experimental results. It must be recognized, however,
that a significant amount of computation is necessary
because the curve fit using Eq.18 includes five
unknown parameters. Models generated using the
curve fitting method (as well as the predicted values)
were asoillustrated in Figs. 4 and 5.

3 Application in fluid power simulations

In section 2 of this paper, a method has been
presented for developing equations for directly
calculating Cqy as a function of Re from experimental
data which has been smoothed or with experimental
scatter. However, to make use of the curve for
modelling purposes, iterative procedures must be used
because the Reynolds number is a function of flow
rate. This can be observed from the equation relating
flow to pressure drop across an orifice obtained by
subgtituting Eqg. 4 into the genera flow Eq. 1 which
gives
4 Re i R

JRe
+be & |A 2P
0

0 =cdm[1+ae (19)
and the equation for Reynolds number expressed as a

function of flow rate by
ATaP:
Re=——+<+—

7
Consider a rectangular orifice of width, w, and
opening of a small distance, x, where w>> x. Re can
be expressed as

(20)



Re = 2QP (21)
W
Substituting Eq. 21 into EQ.19 gives

o[ 5 [
Q:de{h ae C*“‘/WT’ +be Cf‘“"/"T”wa (22)

where y _y |2 pp (23)
P

An iterative solution to this equation is required for
al combinations of the variable, X. This meansthat, for
each time step in a simulation, a series of interactions
must be implemented as follows. Given a specific
value for X, theinitial flow rate, Q, is calculated using
the discharge coefficient for large Reynolds numbers,
C,.- This would be used to calculate an initia

Reynolds number, Re, which would be used to
calculate a new Cg, and subsequently, a new Q. The
process is repeated until the difference in calculated
flow rate between iterations reaches some accepted
value.

Alternatively, for a specific value of X, it is possible
to solvefor Cq4 “off line” before the ssimulation isin fact
started. This requires that the converged value of Cy4 be
plotted as a function of some convenient variable. In
this work, the initial Reynolds number Rey isused. This
essentially eliminates the need for time consuming
iterative solutions during dynamic simulation. The
process requires calculating Rey off line (from X), using
iterations to find the converged value for Cq4 and then
plotting Cy4 Vvs. JRe, - To use this new plot, either a
look-up table or afunctional empirical relationship can
be used.

To demongtrate this, the off line process was
applied to the sharp-edged orifice of Merritt [1967].
This is shown in Fig. 6. It is noted worthy that the
shape of the curve is similar to the original Cy vs. +/Re
curve. Thus Eq. 4 could be used to approximate the
curve with reasonable accuracy.
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0.0

0 5 10 15 20 25 30
Square root of the Reynolds number/Re,

Fig. 6: The modified discharge coefficient of the
sharp-edged orifice

4 Conclusions

This paper provides an empirica discharge
coefficient model of flow rate through orifices. It can
be applied to a variety of orifices with different
geometries. Two approaches for solving the parameters
in the empirical model are also developed. They can be
applied to the “smooth” representations of the
discharge coefficient and to experimentally determined
Cq (with scatter) as a function of the Reynolds number.
A simple method of using an off line value of Cy vs.
the initial Reynolds numbers is introduced for use in
modelling applications. This reduces the need for on
line iterations. As a fina note, the closed form of
discharge coefficient as a function of Reynolds number
makes it possible to mathematically manipulate the
orifice flow rate eguation, such as differentiating the
flow rate to obtain the analytical expression of the flow
gain, Kq and flow-pressure coefficient, K. This is
extremely important in determining stability criterion
using small signa analysis of hydraulic systems at
small orifice openings.

Nomenclature

A orifice cross-sectional area [m?]
a, b coefficientsin the empirical model
Ay flow cross-sectional area at upstream [m?]

A, flow cross-sectional area at vena contracta [mz]
Ce area contraction coefficient

Cq discharge coefficient

C,  turbulent discharge coefficient

Cam maximum of discharge coefficient
tangent of discharge coefficient at /Re

C, velocity coefficient

Dy hydraulic diameter [m]
AP pressure drop cross orifice [Pa]
Py downstream pressure [Pa]
Py upstream pressure [Pa]
P,  pressure at vena contracta [Pa]
Q  volumetric flow rate [m/q]
Qo  initia volumetric flow rate calculated from the
turbulent discharge coefficient, c__ . [m?/s]

Re  Reynolds number

Re, Reynolds number a maximum value or a
specific point

Re initid Reynolds number calculated from Qg
associated with the turbulent discharge
coefficient, ¢, -

S orifice perimeter [m]
w rectangular orifice width [m]
W weight

X variable associated with x, AP and p.
X orifice opening [m]



0 laminar discharge coefficient
Jd,,0, atenuation coefficients of the empirical model

7 absolute viscosity [Pas]
P fluid density [kg/m3]
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Abstract

Modelling hydraulic control systems that contain flow modulation valvesis highly influenced by the accuracy of the
equation describing flow through an orifice. Classically, the basic orifice flow equation is expressed as the product of
cross-sectional area, the sguare root of the pressure drop across the orifice and a “flow discharge coefficient”, which is
often assumed constant. However, at small Reynolds numbers (such the case of valve pilot stage orifices), the discharge
coefficient of the flow equation is not constant. Further, the relationship between the flow cross-sectional area and the
orifice opening are extremely complex due to clearances, chamfers, and other factors as a result of machining
limitations. In this work, a novel modification to the flow cross-sectiona area is introduced and the resulting closed
form of the flow equation is presented. As a secondary benefit, an analytical form of the orifice flow gain and flow-
pressure coefficient can be obtained. This closed form equation greatly facilitates the transient and steady state analysis
of low flow regions at small or null point operating regions of spool valve.

Keywords: pilot valve, flow control, orifice, flow rate equation, discharge coefficient, Reynolds number

gobobbgoooooobuogoooobobbouoooobbbuoooooo

1 Introduction expression of flow as a function of orifice geometry
and pressure drop is absolutely essential in order to
In many fluid power applications, spool valves are develop a complete dynamic model of any hydraulic
used to modulate flow to aload. This flow can be quite control system.
large and demonstrate turbulent behavior. Under these Consider the classical square-type orifice flow
conditions, the discharge coefficient is known to be equation. As derived from Bernoulli’ s equation, flow is
constant and independent of the Reynolds number. proportional to the product of the orifice width, the
However in other applications, the flow through the orifice opening, the square root of the pressure drop
valve can be very small and show a strong dependency and a flow coefficient which is defined as the discharge
on the Reynolds number. Such applications of low coefficient. The equation is derived by assuming the
flow rate are often found in pilot valves of two stage fluid is inviscid, incompressible, one dimensiona and
valves or in compensators of pumps and motors. For turbulent. Thus,
these kinds of applications, it is very difficult to model 2 1)

the flow rate because the flow cross-sectional area
around the null position often cannot be exactly
defined or because the flow may not be turbulent. Due
to these difficulties, other means such as experimental
techniques are often used to model the flow (Bitner
(1986)). Chaimowitsch (1967) developed a flow
model for arectangular orifice as a function of pressure
drop and geomelry parameters (clearance, chamfer orifice geometry. Cyq is usualy determined

angle, openings, the maximum lap, etc.). The modd is experimentally and presented graphically. However, in

difficult to use due to its extremely complex form. :
Therefore, an accurate and relatively simple analytical Wu (2002), a closed form model of the discharge

Q=C,wx [—AP
P

In most applications, for large Reynolds numbers, Cy,
is modeled as being constant. Merritt (1967) suggests
that the application of the genera turbulent flow
equation (Eqg.1) can also be extended to the case of
laminar flow. However, the discharge coefficient, Cg, is
now a function of the Reynolds number, as well as the
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coefficient was developed for different types of orifice
geometries. This closed form expression for a square-
type orificeis

)

_ % Jre -9 Ire
Q=C,|1+ae * " ipe o ]wx %AP
The advantage of EQ.2 is that it is possible to
differentiate the flow rate to obtain flow gain, - 99,
4 ox

and flow-pressure coefficient, _9Q for use in
¢ 0P

transient and stability studies. Palmberg (1985) and
Wu (2002) showed that stability in a load sensing
system is influenced by the parameters K, and K,
which are important factors in determining the overall
pump gain and dynamic behavior of the pump. Others
(Krus (1988), Lantto (1990, 1991) and Peterson
(1996)) have aso shown that stability is influenced by
overall pump gain.

At small orifice openings around the null point,
Egs.1 and 2 are often invalid. Thisis because the actual
flow cross-sectiona area, A, is not defined due to
clearances, chamfers and other factors which result
from machining limitations. Fig.1 shows a comparative
plot of an ideal flow rate based on Egs.1 or 2 and a
measured flow rate about the null point. It is evident
that a significant error between the measured and ideal
flow does occur at the null position. Further, for the
curve illustrated in this figure, the flow gain, which
from Egs.1 or 2 should be constant for x > 0, is not
constant in actual practice. For x < 0, the theoretical
flow gain is zero, but in actua practice is ill a
positive, finite value. Thus, it is necessary to develop
an empirical expression that will approximate the
typica flow rate for — a < x < a. To do this, it is
necessary to accurately model the orifice area in some
empirical function.

=« Actual flow rate

_ Predicted flow
rate (Eq.1)

[
|

Fig.1: Comparison of measured and ideal flow rates
for a typical pilot valve

The objective of this paper is to present an
empirically modified closed form of the flow cross-
sectional area, A, which would replace wx in EQ.2 and
which could be used to accurately model the flow
eguation in the null region. This empirical form will
adlow the flow orifice equation to be valid at small

openings (positive and negative), as well as large spool
displacements, x.

2 Modelling of the cross-sectional area of an
orifice

The model of flow cross-sectional area of an
orifice, A(X), is highly dependent on the geometry of
the orifice (often defined as “square’, “crescent”,
“short slot tube” etc). This study assumes that the
orificeis rectangular, which is the most common types.
Other types can be modeled in a similar fashion. Fig.2
illustrates a typical rectangular orifice in a spool valve.
At the null position, the existence of clearances result
in null position flow; thus at x = 0, an equivalent flow
cross-sectional area must be defined. In the absence of
any chamfers on the land, the cross-sectiona areais

A o) —4Df)ﬂ 3
where D, and D, are the diameters of the spool and
seeve respectively. For convenience, the cross-
sectional area, A, can be aternatively expressed in
terms of the clearance between the spool and deeve, c,
and the average diameter, D. In order to do this,
consider the relationships as follows (see Fig.2)

D,=D-c 4)

D,=D+c )
Substituting Eqs.4 and 5 into Eq.3 gives

A=7Dc=wc (6)

where w is defined as the width of the square orifice at
the null position and is equal to the average of the
perimeters of the spool and sleeve. c is defined as the
height of the square orifice. It is noted that Eq.6 has the
same form as the cross-sectional areaterm, wx, in Eq.2.
However, at the null position, A would be zero but in
practical applications, the existence of spool clearances
means thisis not valid.

/ //\
\ZY /

2,03
,//////

7

///

(D

Exaggerated section

Fig. 2: Flow cross sectional areas of a rectangular
orifice
The flow cross-sectional area due to clearances is
even larger than wc at the null position due to
chamfers. The height of the rectangular orifice is, in
fact, dy, instead of ¢ (see Fig.3(b)). Assuming that the
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5 -
(@) x< -2r (b)x=0 (x>0

Fig. 3: The enlarged scenario of the spool and sleeve
chamfers

chamfer angle radius isr. The height of the orifice, do,
can now be expressed as
d, =/(2r +c)* +4r2 - 2r )
When the spool is hot at null position (see Figs.3(a)
and 3(c)), the height, d,, becomes

d(x) = {\/(Zr +cf +(2r+x)° -2r x>-2r 8
c X< =2r
Therefore, the cross-sectional area becomes
A(x) = wd (x)
W( (2r +c) +(2r +x)* - 2r) x>-2r (9)
=Jwd, x=0
wc X< =2r

However, it is not convenient to use Eq.9 in Eq.2,
because:

* Eq.9 isvadid only for a known quarter circular
chamfer. Whereas the actual land chamfer
geometry would not be known,

¢ EQq.9 includes two parameters, r and ¢ which
would be very difficult to measure and

* Eqg.9iscomplex and piecewise.

When the spool displacement, X, is less than —2r,
the orifice cross-sectional area in EQ.9 becomes
constant and subsequently for a constant pressure drop,
the flow rate would become a constant (EQ.2).
However in redlity, the flow rate is not constant but
decreases as the lap increases (Fig.3(a)). This is
because the orifice now becomes a short slot tube and
hence the coefficients (i.e. ¢, a b, 4, and &) in the

discharge coefficient model for atypical square orifice
become invalid. For the above reasons, it is necessary
to consider developing an empirical flow area model
that reflects the behaviors of Eq.9 for x>-2rand
approximates the flow of short slot tube orifice for
x < =2r in the same flow rate model.

Any empirical model requires experimentally
generated data. Consider Fig.2. If the spool isfixed at a
certain position, the pressure drop across the orifice,
AP, and the flow rate through the orifice, Q, are readily
measured. The flow cross-sectional area, A, can be
estimated by Eq.1 (accounting for the changing Cy4 as
in Wu (2002)). As in any experimental procedure,
measurement error will have an effect on the estimated

291

value of A. Thisresultsin the vertical scatter in the data
in Fig.4. Any error in estimating Cq will also contribute
to the scatter.

5.0 4

— Flow area from empirical model
a Indirectly measured flow area

N w »
<) o <)
| |

Flow sectional area A (mm?)

[
o
.

o
o

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 12
Displacement of the spool x (mm)

Fig. 4: The measurement and modelling of the
orifice flow cross sectional area

The objective is to find an empirical relationship
between the flow cross-sectiona area, A, and the spool
displacement, x, which will best fit the experimental
results. There are many functions that can be used to fit
the data, including an n™ order polynomial. However,
the function that would be most desirable is one that
would satisfy the following constraints;

e The functional form should be as simple as

possible.

e The function should not include more than two
parameters (one would be ideal) in addition to
the orifice width, w (w = D 7. These parameters
should have some physical significance.

e The fit should be acceptable at large spool
displacements as well as in the region about the
null position.

In this study, an empirical model which satisfies the

above criteriais proposed as
A =
1-e %
where w is the width of the square type orificeand dy is
a parameter which can be related to the equivalent
orifice height at the null position (refer to Fig.3(b)).
The clearances and chamfers influence the model

though the term, 1 . Because it is difficult to
1-e®
obtain dy anaytically from Eq.7, dy is experimentally
determined from
do —_ NX:O

(10)

(11)

=

where
(12)

2
n
Z|-
M-
NS



In Eq.12, N is the number of measurements at different
pressure drops, AP;. Cy is determined by Wu (2002)'s
model. For non-rectangular orifice, w varies with
position. In this case, Eq.10 is used with a small non-
zero valve displacement to generate another equation
in w and d, from which an effective valve width can be
calculated. In Fig.4, EQ.10 is plotted as the solid line
for the valve used in this study. Fig.5 shows more
closely the information in Fig.4 about the null position.
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=
N
L

—— Flow area from empirical model
A Indirectly measured flow area

o
©

Flow sectional area A (mmz)
o
o
A

°
w
.

0.0
-0.10

0.00 0.10 0.20 0.30

Displacement of the spool x (mm)
Fig. 5: The measurement and modeling of the orifice
flow cross sectional area about the null
position

The model must satisfy the following boundary
conditions:

e When x is a large negative number (large

lapped amounts), A~> 0 and 9A _ 0-
0x

*  Whenx=0, A=wd,.

¢ When x is a large positive number (large

openings), A 2> Wx.

From Figs.4 and 5, it is apparent that the first and
third boundary conditions are satisfied. When x = 0,
Eq.2 tends to 0. Applying L'Hopital rule to Eq.10

0

gives
d(wx)

_=limAlx)=——&— =wd
A, =timA)=— o =y,

dx
x=0

Thus, the second condition is satisfied.

Eg.13 and Fig.5 indicate that, although the null
position is a singular point, Eq.10 is continuous. As a
consequence, the flow rate equation (Eq.2) is aso
continuous.

(13

3 Analytical model of the flow gain and flow-
pressur e coefficient

Using the modified form of Eq.10 for the flow
cross-sectional area, the flow through the orifice
becomes
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-4 [Re -% [Re 14
Q=de[1+ae Ce  +be % JWXX, 2P (14)
1-e 0

where  _ X . Xisadimensionlessvariable.
d,

The flow gain and the flow-pressure coefficient can
be obtained by differentiating Eq.14 with respect to the
opening, X, and pressure drop, AP. As developed in
Appendix A, the closed forms for K and K. become

o :@:M(l_(]&x)eix) EAP (15)
x 1-¢ [-e*f \p
and
_0Q _ Cywx (16)
Kc TAAD _
P (1-¢)fl-e )J2mP
where
% re _% [Re
-ade % -bd,e o= }/ﬁa
(17)

E=

2C,

It is apparent that the “modification” quantity, ¢, is
also a function of the Reynolds number (Eq.17). It can
be shown that at Re=0, £ =0.5 (Note: asRe > 0, Cy4
- 0 as well). For a typica sharp-edged orifice, € is
plotted in Fig.6 and varies from 0.5 a very low
Reynolds numbers to zero at large Reynolds numbers.
It should be noted here that at x = 0, Egs.A12, A13 and
A14 should be used rather than Eqgs.15, 16 and 17. A
simple “IF" statement can be used to facilitate thisin a
dynamic simulation.

0.8
0.6 -
0.4

024

Modification coefficient ¢

0.0 L

-0.2

°o 1o 2 » o 0 @
Square root of Reynolds number Jﬁe
Fig. 6: The modification of the discharge coefficient
for orifice flow gain and flow-pressure
coefficient
Egs.14, 15 and 16 are the general forms of the
flow rate through a square orifice, the flow gain and
flow-pressure coefficient respectively, which can be
applied to cases of laminar flow, turbulent flow, as
well as the transition from laminar to turbulent flow.
For both laminar flow and turbulent flow, Eqgs.15 and
16 can be simplified as follows.
Asthe orifice opening, x, and/or the pressure drop,
AP, increase, the Reynolds number increases. Cyq and &

converges to C,, and O respectively. If x>>d,(i.e.



X >>1), the term, (1‘(1+ X)e™ ) also convergesto 1.
f-e)
As a result, the flow gain becomes the well-known

form of
2
K =CaW, [=AP
turbulent p

q
and the flow-pressure coefficient becomes the familiar
expression

(18)

C WX
200\P

It would appear from EQ.19 that K. could become
infinite when AP = 0. Thisis not true as K. is dways a
finite value. When AP approaches zero, the flow rateis
very small and the flow becomes laminar. Therefore,
Eq.19 is realy not applicable. In this situation, the
Reynolds number is very small and thus Eqg.16 should
be used under the limit, C4 approaches zero. Thus, as
shown in Appendix B, the closed forms of the flow
gain and the flow-pressure coefficient under laminar
flow conditions are

(19)

C‘turbulem -

_ 80°wxP 1-(1+ X Je™ (20)
Ka‘Iaminar - ,U (1 —X
_e )3
4VVX252 (21)
KC‘Iaminar -

x \2

where Ois the laminar discharge coefficient, as
defined in Wu (2002). Under these conditions, it can be
observed that the flow-pressure coefficient, K., is
independent of the pressure drop, AP, across the orifice
under the laminar flow conditions.

When x = 0, the flow rate (leakage) is through the
clearances and hence is small. The flow is usually
laminar. Therefore, Eqs.20 and 21 are applicable. The
flow gain and the flow-pressure coefficient at x = 0
thus become

_0Q _ 40°wd,AP (22)
° 6X x=0 ,u

_ Q| _ 40"wd; (23)
© aAP x=0 ,U

Egs.14, 15 and 16 can aso be extended to the case
of non-rectangular orifices. The general forms of the
flow rate, the flow gain and the flow-pressure
coefficient for any type orifice can be expressed by

Alx) [2 24

o) [ 2

2 Cawli-(r X)) (2, (25)
¢ 1-¢ (l—e‘x iz P

_ C,A(x) (26)

c

(L-e)i-e* 200P
where A(X) represents the ideal area as afunction of the
orifice opening (without considering clearances and
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chamfers). Cy employs Wu (2002)'s model. X and w
represent the area ratio of the ideal area function, A(X),
and the practical leakage area, A, at the null position,
and the equivalent orifice width respectively, i.e.

9 ke -2 [Re

C, =C,.| 1+ ae & +be (27)

x = A (28)
A

= JAK) (29)
dx

4 A comparison of the analytical and experimental
results

The orifice flow rate models expressed by Egs. 14,
15, and 16 can be verified experimentally. A pilot
valve was used in the experimental verification (Fig.
7). With the orifice opening, x, fixed, the flow rate, Q,
and the pressure drop, AP =P, - P,, Were measured.

Experimental results of flow through a pilot valve with
a crescent orifice were obtained and illustrated using
the function, Q(X) at a specific pressure drop, AP, and
the function, Q(AP) at a specific opening, x.

In order to caculate the flow rate using the
empirical model provided in this study, parameters for
the cross-sectional area model, w and d, and

parameters for the discharge coefficients model, C ,

a, b, 9, and O,, must be known. Although the cross-

sectional area is a crescent type (see Fig.7),
experimental results indicate that, within small orifice
openings, such as less than 1 mm (in this study), the
orifice could be approximated as a rectangular type.
For the pilot valve used in this study, the identified
model parameters, w and d,, are listed in Table 1. Wu
(2002)'s research indicated that model parameters of
the discharge coefficient, C, , a, b, 9;, and O,, were
highly dependent on the orifice geometry, such as
“sharp-edged”, “short dot tube’, or “needle valve’
types. In this study, the pilot valve used was a sharp-
edged type and the model parameters are also given in
Tablel.

PX

.| Fu | - ¢ $W

5 8 i Lo f
Q |:d| A A

Fig. 7: A simple spool orifice



Table 1 Model parameters
Cu a a b &

do(mm) | w(mm)

0.025 4 063 | -099 | 020 | -0.01 | 37

Fig.8 shows a comparison of the flow rate using
Eqg.14 and the experimental results for orifice flow
rates at small openings (x > 0) and small lapped
amounts (x < 0) for a pressure drop of 5 MPa. All the
experimental data is contained in the region between
the two dashed lines. Although the empirically
calculated flow is not a perfect fit to the experimental
results, it is far superior to that obtained using the more
common model, as illustrated in Fig.8. Fig. 9 shows a
comparison at large orifice openings. It is clear that the
representation of the empirical model at large orifice
openingsis excellent.

2.0 4

_. 167 —Predicted orifice flow rate (Eq.14)

£ 4 Measured results for flow rate

= 1.2

o

o K 2 9Q

© a7 5

Z 084 0X| =0, ap=5MPa

= )

o

[
0.4 7 Common flow

rate model (Eq.1)

0.0 A2

-0.05 0.00 0.05 0.10

Opening of orifice x (mm)

Fig. 8: Comparison of model-based and experimental
results of orifice flow rate at AP = 5MPa (for
small openings (x > 0) and small lapped
amounts (x < 0))

20

— Predicted orifice flow rate (Eq.14)
16 | A Measured results for flow rate

12 4

~

Flow rate Q (I/m)

K:67Q

4 q
4 oX x=0.5,AP=5MPa

0‘.4 016 018 110
Opening of orifice x (mm)
Fig. 9: Comparison of model-based and experimental

results of orifice flow rate at 4P = 5MPa (for
large openings)

0.0 0.2

Fig.10 shows a comparison of the empiricaly
predicted and measured flow rates as a function of
pressure drop across the orifice at the null position (x =
0). The tangent on the curve represents the flow-
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pressure coefficient at operating points, x = 0 and AP =
6 MPa. Fig.11 also shows a comparison of the flow
rate as a function of pressure drop across the orifice at
an opening of 0.5 mm.

1.0 ¢
— Predicted orifice flow rate (Eq.14)
08 A Measured results for flow rate a
-6 7 A
£
o 06
2
©
0.4 -
2
o c
L 0AP x=0,AP=6MPa
0.2
0.0+ ; ; ; ; \
0 2 4 6 8 10

Pressure drop AP (MPa)

Fig 10 Comparison of model-based and
experimental results of orifice flow rate at x

127 — Predicted orifice flow rate (Eq.14)

A Measured results for flow rate

10 A

Flow rate Q (I/m)
(2]

)
0AP|x=05

AP=4MPa

0 2 4 6 8 10
Pressure drop AP (MPa)

Fig 11 Comparison of model-based and experi-
mental results of orifice flow rate at x = 0.5 mm

Fig.12 shows a comparison of the orifice flow
gains, K; based on the empirica model and
experimental results. The two curves plotted with
“triangles’ represent experimental flow gains, i.e. the
slopes of the upper and lower dashed lines shown in
Figs.8 & 9. The experimental results show aflat region
at about x = 0.2 mm. This is attributed to the fact that
Kq (experimental) is obtained graphically and in this
region, small variations can lead to large errors in the
slope.

Fig.13 compares the orifice flow-pressure
coefficients, K., based on the empirical model and
slope values obtained from the experimental results.
The solid line represents the predicted results from the
empiricll model. The scatter evident in the
experimental results of Fig.13 is attributed to the
process of differentiation of the experimental data,
which aso has a significant amount of scatter.

There is a relatively good agreement between the
empirical model predictions and the experimenta
results. The determination of K, and K. using Egs.15
and 16 isavalid approach.
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— Flow gain calculated

by model (Eq.15)

A Flow gain obtained from
experimental curves (Fig.9)

Flow gain of the orifice K
(I/min/mm)
o 5

0.2 00 0.2 0.4 0.6 0.8 1.0 1.2
Opening of orifice x (mm)

Fig. 12 Comparison of modeled and experimental
flow gain with the pressure drop of 5 MPa

[e2]
)

A

A — Pressure sensitivity calculated
by model (Eq.16)

. Pressure sensitivity obtained
from experimental curves (Fig.11)

IS
.

N
L

Pressure sensitivity of the orifice
K¢ (I/min/MPa)

o

4 6 8 10

o
N

Pressure drop of orifice AP (MPa)

Fig. 13 Comparison of modeled and experimental
pressure sensitivity with the orifice opening
of 0.5 mm

5 Conclusions

The flow rate through a pilot valve usually is small
due to small orifice openings. A problem occurs in
using the classica orifice flow equation in this case.
The discharge coefficient is not a constant due to
laminar flow conditions. In addition, it is difficult to
determine the actual orifice cross-sectional area about
the null position due to clearances, chamfers, and
machining limitations. This paper provides an
empirical flow cross-sectional area model that includes
only one parameter, d,, or only two parameters, dy, and
w, for non-rectangular orifice. In practice, Cy must also
be measured (for example, Wu (2002), which requires
measurement of other parameters). It is thus possible to
differentiate the flow equations with respect to the
orifice opening and pressure drop in order to obtain the
flow gain and flow-pressure coefficient of the pilot
valve. Thus, the discontinuity problem of applying the
traditional flow rate model at x = 0 no longer exists. A
comparison between experimental and empirical
models show that this approach is valid.
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Nomenclature

A orifice cross-sectional area

A, orifice cross-sectiona area at the zeroed
orifice opening

a, b coefficients in the empiricdl model Cy, or
polynomials

Cy discharge coefficient

C,. turbulent discharge coefficient

d  height of square type orifice

do height of square type orifice at the null

position

flow gain

flow gain at the zeroed orifice opening

flow-pressure coefficient

flow-pressure coefficient at the zeroed orifice

opening

N  the number of experiments

Py downstream pressure

P, upstream pressure

pressure drop across orifice

volumetric flow rate

Reynolds number

rectangular orifice width

orifice opening

dimensionless orifice opening

asmall orifice opening

laminar flow discharge coefficient

0, attenuation coefficients of the empirical model
modification associated with discharge
coefficient

p©  fluid density
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Appendix A: Derivation of the general form of flow
gain and flow-pressur e coefficient through orifices

For simplicity, the orifice flow equation (Eq.2) can
be re-expressed as

Q=C,A|2aP (AL)
P
where
_% JRe _% [Re (A2)
C,=C,|1l+ae “* +be
A WX (A3)
1- eT“

For a rectangular orifice with width w, when the
orifice opening, X, is much less than width w (i.e.
x<<w), the Reynolds number can be expressed as
(Wu (2002))

Re:zQJ (A4)
wy
Differentiating Eq.A1 with respect to orifice
opening, X, gives
K, =99 - 5 |2 pp % +c, |[2ap %A (A5)
0x 0 0x L 0X

where
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&: dcd dJEeaB
ox dJRe dQ ox

“4% fre - % [re
:[— ade “ -bd,e ] PR

oA_ -+ x)e) (A7)

0x (1—e'x)2
X is a dimensionless number (x =_X)
do

Substituting Egs.A6 & A7 into Eq.A5 gives

_ % [Re % re
N _age " -bse " |g-—L_m[2ap R
0x 2wiQ P 0x

Wl X)) 12
R

(A8)

9
-2 /Re

-9 re
-ade “ -bde“ |JRe
9Q

2C, 0x
(1—(1+ X)ez'x) 2P
(1—e’x) P
The first term in the right hand side can be considered

+Cyw

as the product of a coefficient, & and a& Kq (e 0&)
ox ox
isthen solved to be

K :aincLW(l_(l"'x)e?x) EAP (A9)
Toox 1 fi-e*f \p
where
% re _% [Re
[—ad’le e " -bg,e " }/I?e
. (A10)

2C,
Similarly, Differentiating Eq.A1 with respect to
pressure drop, AP, gives

Q 2,.0C,  C,A
K,=—<=A[|SAP 4+ Z40
¢ onP p  OAP  [2poAP
_ e+ CoP
200P
or
_0Q _ Cywx (A11)

K, = =
P (1-g)i-e™ ) 200P
It is notable that when x = 0 (hence X = 0), Q, K,
and K. show the form of O Similarto Eq.13, the value

0
of Q, Ky and K. at the null position can be calculated

by
Q, =C,wd, /%AP (Al2)
_0Q_ Cw [2 (A13)
©ax 2-¢)\p
_0Q _  Cywd, (A14)

© 0P (1-£)2p0P



Appendix B: Derivation of the flow gain and the
flow-pressure coefficient for the laminar flow
through orifices

Eq. 2 is an empirical orifice flow equation that can
be applied to both laminar and turbulent flow. Egs.15
and 16 are the flow gain, Ky, and the flow-pressure
coefficient, K., developed from Eqg.2. When the flow
through orifices becomes laminar, the Reynolds
number of the orifice flow is very smal and the
discharge coefficient can be approximated by its
linearization model, i.e.

C, =oRe (B1)
where 0 =-ad, —bd,. Substituting Eq.A4 into

Eq.B1 gives
C,=0 /ZQ_'O (B2)
Wi

Replacing Eq.A2 by Eq.B2, Eq.A1 becomes

0= 2d<x [wQAP
U

1-e®
or
jo- 25 [wP (B3)
1-en VA

Squaring both sides of Eq.B3 results in the laminar
flow equation of an orifice as

Q= 40°x*WAP (B4)

X 2

Eq.B4 shows a linear relationship between the
orifice flow and pressure drop. Eq.B4 can be compared
to Eq.(3-39) of Merritt (1967) (note: the term of 4x°w is
same as 2DpA in Merritt). The only difference is that

X 2
the term of the exponential function, {1_ e_"“] , exists

in the denominator of Eq.B4.

Differentiating Eq.B4 with respect to x and AP
gives the flow gain and the flow-pressure coefficient at
the laminar flow condition as

_0Q _85°wxAP 1-(1+ X )e™ (B5)
toox H - )
K = aiQ = 74\,\,)(252 (B6)

° 0AP _x)?
1-e®
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Appendix E Transfer Function of the L oad Sensing System (Condition 1)

The appendix isto express the TF (see Equation (5.81)) of the LS system under the
operating Condition | in amore general form as Equation (5.82) so that it is possible to
use Matlab™ programming to plot the Bode diagram and/or the zeros & polesin phase
plane. Equations (5.81) and (5.82) are rewritten as

K,{L+G,GH
F(S)= q P P/~ . .
1+K.H, +K.G,+G,GH,+KH GG,H,-G,)

K KH, | > +1
Ko| 1+ “ho «

[
q 2
I [s2+245+1]
Wi, a, wr W

KK, | —-+1 K KH, | > +1] K KKK (H,-1) > +1 {S+1JS+
W o + Kch + Wy + Wipo W, w

(ot T T e
wL wL ws wysp CL)S wysp CL)f wL ws wLS

(E1)
2+b s’ +hs+
F(s) =K —. b3s4 bzs3 bls2 b, (E2)
a;s’ +a,s +a,s” +a,s° +a,5+4a,
For the convenience, it is necessary to define some variables as
1
th = Zf (EB)
t =2 (E4)
a)L
= (E5)
st
(= (E6)
wS
1
LO wLO
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to = (E8)
po pr
1
typ = —— (E9)
a)VSD
1 H
t = P (E10)
0 Wi o (H p )st
K.B
K. ZzK K, =—_¢™m Ell
cl c' ‘L c Bm + Dnz1 ( )
Ksc = Kch :L (E12)
cy +K
K =K KH
Kcrl(K +Kpr3PsO)
A H p CpprAY(qul ' ‘quz { pyAY (E13)
= +K ri
kr (Cpc + Kcrl) (Kcrl + Kch)(K + KprSPsO) ‘

Ko = KKK K (H, -1)

{ Kcrl(K +Kpr3PSO)J E14
R ), |

AK B (H _1) CpprAy(qul'*"quz
c—m p

) kr (Cpc + Kcrl)(cml Bm + Dri) (Kcrl Kcrz)(K + KpI’3PSO) i
— — Kq
K= KoKy =——2— (E15)
Dm + m —m

The coefficients in Equation (E2) can be calculated by TablesE.1 and E.2
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Table E.1 Determination of the coefficients, bj, of s polynomial in the numerator of LS

system’s TF in Condition |

s’ s s g
1 tetyeplis teypt tdisHtidyep | tst typ + tis 1
2 Kps(tpOth) Kps(tp0+ th) Kps
z bs b, by bo

Table E2 Determination of the coefficients, a;, of s polynomial in the denominator of LS

system’s TF in Condition |

5 4

S S s’ s s s
tthstyspth tthstysp"' tLZts"' 1:thLs"' tLZtysp+ tL2+ 1:Lts"' tLtysp"' tL+ ts+ 1:ysp"' 1
tL2tsth+tL2tysp tLtsty5p+ tLtsth+ tLth+ tyspts+ th
1 th+ tLtstyspth tLthtysp"' tsthtysp thts+ thtysp
Kettiotstysptis | Ko (tuotstyspt tiotistst | Ker (tLotst trotysp + | KeL(tiot ts+ | Koo
tLOthtysp ) tLOth + tstysp + tysp+ th)
2 tsth + tyspth)
KsctLZtyspth Ksc(tLZtysp‘l' tLZth‘l' Ksc(tL2+ tLtysp + Ksc(tL‘l' Ksc
3 tt sty ) titis + tysplis) typt tis)
KpstLthOth Kps(tLthO‘l' tLZth+ Kps(tL2+ tLtpO + Kps(tL‘l' tp0+ Kps
4 tit too ) titis + tpotis) tLs)
KpscItLOtpO tLpO Kpscl (tL tLpO+ tpO Kpscl (tL+ Kpscl
S tipo + 1L tpo) tpot tipo)
2 as a as a a Ay
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Appendix F The Transfer Function of the Load Sensing System (Condition 1)

The appendix isto express the TF (see Equation (5.85)) of the LS system under the
operating Condition Il in amore genera form as Equation (5.86) so that it is possible to
use Matlab™ programming to plot the Bode diagram and/or the zeros and polesin the

phase plane. Equations (5.85) and (5.86) are rewritten as

(S) — Kq(1+ GsH p)G¢
T 1+KH +KG,+GH, +KHGH,
(F1)
KK, K
Kil*ra 2(5p s 3 225
S B . T
e ) O
KCKL(S +1] . K;KSKCKL[S +1]
14— “o b KK , KpKs * ; “o
R L RN C I F e G
b,s® +b,s* +bs+b
F(s)=K ———2 b12° (F2)
a;s’ +a,s +a,s” +a,s" +as+a,
For the convenience, it is necessary to define some variables as
1
th = - (F‘?’)
a)L
1
teo = w—szp (F4)
2
=2 (F5)
a)L
ty, = ﬁ (F6)
Wy,
1
t=— (F7)
wS
1
tLO = (F8)
wLO

301



K,=KK, =——¢™m F9

cl c'ML CmBm+Dnzq ( )

K. =K.K, = (F10)
C

Cp(prAy “Kpo KprSHSpO)

KpSZKpKS: (KSp+Kpr3PSO)Cp|

(F11)

Cp(prAy B KprZ + KprBHSpO) B K:Bn

K., =KKKK, =
i et (Ksp+Kpr3PsO)cpl Cn‘le+Dr$1

(F12)

Consequently, the coefficients in Equation (F2) can be calculated by Equation (F13),

Tables F1 and F2.

— — Kq
K=K K, =2 (F13)
Dm+ m ~'m

m

Table F.1 Determination of the coefficients, by, of s polynomial in the numerator of LS
system’s TF in Condition 11

s’ s s g
2 K
2 b3 b, by bo

Table F.2 Determination of the coefficients, &, of s polynomial in the denominator of
LS system’s TF in Condition |1

s s’ s’ & s g
thtstspz t|_2tst3p+tL2tsp2 totst tL2t3p+ tLtstSp+ tot titst tLtSp+ L+ tst+ tsp 1
1 +t|_tst5p2 t|_t5p2+ tstspz t5pZ+ tstsp
Ketiotstspr | KeL(tiotspot tgotst | KoL (totst tiotp + | KeL(tot tst [ Koo
3 KsctLZtspZ Kgc(tLtspz"' thtsp) Kg:(tL2+ tspz"' tsptL) Kg:(tL+ tsp) Ks
4 Ko to Ko tL .
5 K*pscl tLO K:Jscl
2 as s az =% a1 o
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Appendix G The Transfer Function of the L oad Sensing System (Condition I11)

The appendix isto express the TF (see Equation (5.87)) of the LS system under the

operating Condition | in amore general form as Equation (5.88) so that it is possible to

use Matlab™ programming to plot the Bode diagram and/or the zeros and polesin the

phase plane. Equations (5.87) and (5.88) are rewritten as

K

[4
q 2

i+ZZLS+1
o o

KCKL[S +1J
a)LO + KSKC

2
S . ZZLS+1 S

W W (28

F(s)= K(o,s+b,)

a,s’ +a,s* +a,s+a,

For convenience, it is necessary to define variables as

1
t, :a)—f
2
(=%
wL
tS :i
a)S
1
t =
LO C()LO
KCBm
Kg = KK =~ B +DZ
m ~'m m
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a3 = tL2ts
a‘2 = tL2(1+ Ksc)+tLts + KthstLO

a, =t (14 Ko )+t + K (to +1,)

b, =t

(G8)

(G9)

(G10)
(G11)
(G12)
(G13)
(G14)

(G15)

In order to prove the LS system is always stable at Condition I11, apply the Routh-

stability criterion.

as a

a do
2,8, —a;d,

a'2

a2a1 = [tL2(1+ Ksc)+tLtS + KthStLO] [[tL(1+ Ksc)+ts + KCL (tLO +ts)]
> [tL2(1+ Ksc)] [ﬂ[L (1+ Ksc)+ts + KcL (tLO +ts)]

> [t (1 K I + K (1o )]

> [t (L K] e (L K I =t 1+ K L K )

>tL2ts(1+ KcL + Ksc)
= &8,
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It can be observed that the term, 2%~ %% js|arger than zero. Therefore, the LS
a‘2

system is stable at Condition I11.
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Appendix H Parametersfor the Stability Analysisof the LS System

Components Parameter definition Symbol| Value Unit
Bulk modulus 1.38x10° |Nm*
Fluid properties |Fluid density 898 kgm'3
Fluid absolute viscosity at 25°C n 1.74x10™" |m’s™
Pressure differential of the adjustable orifice Py " 0.3~25 |MPa
LS spool cross-sectional area A 3.2x10°  |m?
LS spool balance spring constant K, 6.1x10* |Nm™
LS regulator |LS spool mass m; 1.6x107 kg
LS spool damp B, 2.21 Nsm™
Equivalent opening of two orifices at null point  |d; 2.5x10° |m
Equivalent width of two orifices at null point W, 4x10° m
Moment arm of the control piston about the shaftjR,, 5.5x10° |m
Control piston |Cross-sectional area of the control piston Ay 3.36x10* |m?
Minimum volume of the control piston chamber |Vymn  [1.38x10° |m®
Moment arm of the pump pistons about the shaft|R, 3.48x10° |m
Cross-sectional area of pump pistons Ap 2.07x10™ |m?
Pump outlet volume including the hose volume |V, 2.0x10*  |m®
Pump leakage coefficient Col 2.0x10™ |m°s'N*
Pump shaft speed w 183.5 rad-s™
Pressure pump |Angle coefficient of swash plate spring Ko 1.42x10° |N-m“rad™
Angle precompression of swash plate spring [T, 1.11x10° |N-m™
Pressure torque constant Koz 2.84x10™
Pressure torque constant Kors 4.53x10" Jrad™
Damp coefficient of the swash plate Bsp 5.5x10"  |Nsm
Inertial of the swash plate Jep 1.32x10° |kgm?
Maximum swash plate angle Bpmax 3.14x10" |rad
Adjustable orifice|Discharge coefficient Cq 0.63
Cross area of the flow control orifice Ay * NVariable |m?
Damp coefficient of the motor and the load Bm 0.056 Nms
Motor inlet volume including the hose volume Vi, 1.4x10* |m?
Motor and load |Inertial of the motor and the load JIm 1.62x10" |kgm®
Resistant torque of the load on the motor axis [Ty  * 0.2 ~ Nm
Motor leakage coefficient Crnl 2.0x10"® |m®s*N?
Volumetric displacement of motor D 2.57x10° |m%ad™
LS line Damp frequency of the LS line Qs *|0~500 rad-s™
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Appendix | Deter mination of Parameters of the Motor with an Inertial

L oad

Based on the dynamic model developed in Chapter 7, the stability of the LS system
depends on the parameters of the LS pump, in addition to the parameters of the motor
load (Vim, Jm, Bm, Trf, Dm and cy). The volume of the motor inlet, Vi, can be estimated
by the size of the hose between the adjustable orifice and the motor. The inertia of the
motor and flywhedl load, J,,, can be calculated by the dimension of the flywheel. The
volumetric displacement, Dy, and the leakage coefficient of the motor, ¢y, can be found
from the motor’ s specification. The damping coefficient, By, and the Coulomb resistant
torque, Ty, Of the motor with the inertial load (flywheel) had to be experimentally
determined.

Consider Equation (2.22) of the motor load. When the motor operates at the steady
state, @ becomes zero. Therefore,

-B,p+D,P. -T, =0 (1.D
or

T=B @+T, (1.2)
where T = DP.. wand P, are measurable. D, is known. Equation (1.2) indicates that the
unknown parameters, B, and T+, could be identified by alinear regression of the steady
state experimental results at different operating points.

Figure 1.1 shows a simple experimental circuit of obtaining By, and Ty The orifice
opening was set to a series of values; the steady state values of the load pressure, P, and
the rotary speed of the motor, @, were subsequently measured. The experimental results

areshown infigure12. The slope of thefitted straight line is By, and the zero-intercept
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of thelineis Tyy. In the study, By, and T,y are determined to be 0.056 Nms and 0.16 Nm

respectively.

Pressure
Orifice f @ gauge
IDL

I I Techometer

Pump

Figurel.1 Parameters measurement circuit of the motor load

=
N
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=
N
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s Experimental data
— Linerfitby T=B ,,@+T

D P (Nm)

o
(o] =
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o
»
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o
N
I

Steady state Input torque of a motor

with the flywheel load T
o
N

o

5 10 15 20

o

Rotary speed of a motor ¢ (rad/s)

Figure|.2 Parameter estimation of the motor |oad
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Appendix J Deter mination of the Damping Characteristicsin the L oad
Sensing Line

The damping characteristics in the LS line has a significant effect on the stability of
the LS system under certain conditions, because the LS line, G (S), in Figure 7.2 liesin
the loop path with positive feedback (i.e. H. > Gs 2> Gy, > Gs 2> K path). A
preliminary dynamic analysisin the frequency domain indicated that the more damping
the LS line has, the more stable the LS system would be. However, the response would
become slower. In order to quantitatively analyze the effect of the damping of the LS
line on the stability, it was necessary to determine the damping time constant, t, s (or,
damping frequency a s = 1/t ), for different LS lines (along line without restriction
orifice or ashort line with arestriction).

Figure J.1 shows the experimental layout. The measured LS line was pressurized by a
deadweight loader. Two pressure gauges were installed at the two terminals of the LS
line. The instrumentation was comprised of asignal anayzer which could directly give
the frequency response in the way of a Bode plot. The procedure for the experiment was
(1) to select the proper deadweight load, (2) to pressurize (viaahand pump) thelinein

order to set the operating point pressure selected by the deadweight load, (3) to strike the

. 201gIG, |
Signal §
PL IDLs
W{‘r‘ analyzer o
Pl
-

| ~ [/ - |
- —(—————————_ |
Adjustable \ _
restrication LS line
Handpump

Deadhead
weight

Figure J.1 Measurement of the damping performance of the LS
line
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deadweight loader to generate a pressure pulse signal and (4) to start the frequency
response analyzer.

In this study, the LS line consisted of a soft hose of diameter 6.35 mm and length
700mm (model: H425 04), and a small needle valve (model: Parker N200S). Figures J.2
and J.3 show an experimental frequency response result at the operating point with
pressure of 500psi and restriction orifice opening of 0.5 turn on the valve knob. The

break frequency is measured to be about 8 rad/s.

o
T

'
[¢)]
T T

vl

Manitude response of the LS line
201g|G (s(iw)| (db)
=
Wi

AN

Aunl

1 10 100
Frequency w (rad/s)

Figure J.2 Magnitude response of the LS line

N
o

o
=

-45 { ..E‘

; N\

0.1 1 10 100
Frequency w (rad/s)

Figure J.3 Phase angle of the LS line

Phase Angle of the LS line
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Figure J.4 shows the experimental results of the break frequency, w s, as afunction of

the number of valve knob turns.

500 -
400 -
300 -
200 -

100 +

Break frequency, w, (sec™)

0 1 2 3 4
The number of valve nob's turns

Figure J.4 Break frequency of the LS line as afunction
of the number of turns on knob of the restriction valve
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Appendix K Derivation of the Transfer Function of the Pressure Compensated
System
The objective of this appendix isto derive the TF of the PC system based on the
L aplace transform of the linearized dynamic equations of the PC system. For

convenience, these equations (Equations (11.2), (11.6), and (11.10)) are repeated as

Au(S)X e (8)+ AP, (S) = = AL P (8) + Ky A (X0 )P () (K1)
Ay (8)X 1 (8) + AP (8) = K X, (8) + K Pu(8) + K g P (5) (K2)
Qupe(8) = Ko X e (8) + Ko (P (5) = P () (K3)

Solving Equations (K1) and (K2) for Xu(S) and Pr(s) gives

9o AR AL AR Ak Adbio)-AKR(
AR AR AlSA-AIA, AP~ A(IA,

p(g= KXl (ALK HAGARI (A~ Ak Aol RS
" A A-ASA ALA-ASA, AlIA,~A9A,

Substituting A2 and Ay, expressed by Equations (11.4) and (11.8) in Chapter 11 into

(K4)

(KS)

Equations (K4) and (K5) and then substituting Equations (K4) and (K5) into Equation

(K3) give

K

cpe

( ) AZl(S)(Abcs - kff ’Abc (cho))J
(Ko +Kepo)

ot o o e A )’]xv(s)

(K + chc)(pi

a9 %fl(s)]—qu(Km%*K ot gy

KK
+ cv cpc’ “cv (KG)
(i A+ N Al
' (Ko + Kege)
Equation (K6) can be expressed as
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Qi (5)= G (X, (8)+ Gy (S(P.(5) - P () «)
It is noted that Equation (K6) links with the frequency operator, “s’, through two
terms, Aq1(S) and Ay (s). Substituting Aq1(S) and Aq;(s) expressed by Equations (11.3) and

(11.7) in Chapter 11 into Equation (K6) can present Gy(s) and Gyg (S) by the normalized

TFform as
+b,_,s+b
Gy (8) =K, ~ g =" Pne (K8)
s’ +as+a,
s’+b_,s+b
G ()= Ky —5 =2 (K9)
s? +a,s+a,
K_ K
K. =_ @ e (K10)
Kcv + chv
SLLLL S (K11)
i Kcv + chv
a = B;c + ApCS(Apcs — Ky Anc (cho )) (K12)
MpC MPC(KCV +KCpC)
a, = kpc + K e (Apcs — Ky A (cho)) (K13)
M pc M pC(KCV + KCpC)
5"
b =P K14
xv1l M o ( )
Kk K_{A -k, A
bva — Mpc + QPC( pc's/l Kﬁ pc (cho )) (K15)
pc pc "N epe
B A2
b — pc + pcs K16
psL1 M o M pCKCV ( )
K K _kiA
bpg_o —_pc _ ““apetff 7 pe (cho) (Kl?)
M pc M pcchc
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Appendix L Transfer Function of the L oad Sensing and Pressure Compensated
System (Condition N)
The appendix isto express the TF (see Equation (13.1)) of the LSPC system under
the operating Condition N in amore general form as Equation (13.2) so that it is possible
to use Matlab™ programming to plot the Bode diagram and/or the zeros & polesin phase

plane. Equations (13.1) and (13.2) are rewritten as

F( S) —_ Iﬂ{(l-l-GPQHP)GW
+KH +KG+GGH, +KHGGH, G/

aalle
: Syl 9 s s o S Sl Sl S
K’m[% 11% 1]:% Yo 1J+Kp&Hp(% 1]+K’M1KL(H" J{% 1I 11% 11% 1J

@,
G el
d @ @ Wy A& Qo N @ @ @,

(L1)

1+

b,s® +b,s* +bs+b,

Fl)=K— = 5 =
a;s’ +a,s* +a,8° +a,5" +a,;5+a,

(L2)

In addition to Equations (E3) through (E10) and (E13) in Appendix E, other coefficients

associated to K¢ and Ky must be redefined. They are

t o= (L3)
P wpco
K B
— * — psL =m
KcI - KpsLKL - le Bm + Dri (L4)
K*
K.o=KK , 6 =— P L5
sc s’ N psL Cp|+KC,»1 ( )
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A K:JS'-Bm,(H P _])

C.RyA (qul + ‘quz

{1_ Kcrl(KSp + KprSPSO

CoRyA

K =
i kr (Cpc + Kcrl)(cml Bm + Dr?]) (Kcrl + Kch)(KSp + Kpr3pso)

The coefficients of s-polynomial in the numerator in Equation (L2), b, are same as

Kl
Dm + Cn1 Bm
D

m

)J
+Kgn (L6)

(L7)

those in Equation (E2) and hence can be calculated by Table E1. The coefficients of s-

polynomial in the denominator in Equation (L2), &, must be calculated by Table L1.

TableL.1 Determination of the coefficients, a;, of s-polynomial in the denominator of
LSPC system’s TF in Condition N
5 4

S S s’ § s g
totstyspt  [fotstyspt totst tot st totygpt |tiot titst flygpt T+ Tt tygpt 1
Ls tLZtsth"'tLZtyspth tLtstysp"' tLtsth"' tLth"' tyspts"' th
1 + tLtstyspth tLthty5p+ tsthtysp thts+ thtysp
Ketiotst [Ke(tiotstysptist | Ko (totstyspt trotistst | Ker(tiotst totysp + | Ker (fot tst | Ko
yspthtpCO tpcO(tLOtstysp‘l' tLOthtysp+tpCO(tL0ts+ tLOth + tstysp + ty5p+
tLotistst tLotysp + tLotis + tstis + tLsttpeo)
tLOthtysp)) tsty5p+ tsth‘l' tyspth)) tyspth'l'tpcO(tLO‘l'
2 tst typt 1))
KsctLZtyspt Ksc(tLZtyspth+ Ksc(tLZtysp+ tLZth+ Ksc(tL2+ tLtysp + Ksc(tL+ Ksc
Ls tpcO tpco(thtysp+ tL'[Lstysp"'tpco('[LZ"' tL'[Ls"' tyspth"'tpcO(tL tysp"'
tLZth+ tLtysp+ tLth + tyspth)) + ty5p+ th)) th"'tpcO)
3 tLtstyep))
KpstLthOth Kps(tLth0+ tLZth‘l' Kps(tL2+ tLtpO + Kps(tL+ tp0+ Kps
4 tLt sto) tLtis + toois) tLs)
KpSC|tL0tp0tpCO Kpst:l (tLOtpOtpCO + tLOtpO Kpst:l (tLOtp0+ Kpst:l (tL0+ Kpst:l
tLpo tLpot tLotpeo tLpot toco(tLot tpo)+ tipo oo + toco +
> tpotipeo tipo) (tocottiot to)) | tipo)
2 as A as & ay ao
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Appendix M Transfer Function of the L oad Sensing and Pressure Compensated
System (Condition O)
The appendix isto express the TF (see Equation (13.3)) of the LSPC system under
the operating Condition O in amore general form as Equation (13.4) so that it is possible
to use Matlab™ programming to plot the Bode diagram and/or the zeros and polesin the

phase plane. Equations (13.3) and (13.4) are rewritten as

F(S)= Kq(1+GsHp)G¢
1+KH +K.G+GH +K.H GH,

. KiK. K
Ko 1+

[4

Y 2 2 2 2
iz+7gs"s+1(i+1] (SZ+ZLS+1]

W, Wy W, Wy W

« S S * S « * S S
KpsLKL[+1J +1) KKy +1 . KpKSKpsLKL[+1] +1
wLO wpco + wpco + K Ks + wLO wpco

P
2 2 2 2 2 2 2
i2+£+1 (i+1] i+ Zs‘P"S.pl i+1 i+ ($S+1 i+@+1 i+1
W @ 28 Wi Wy w, W W W w,

(M1)

b,s® +b,s* +bs+b,

F(S):K 5 4 3 2
a;s’ +a,s" +a,8° +a,8* +a,s+4a,

(M2)

In addition to Equations (F3) through (F8) and (F11) in Appendix F, other coefficients

associated to K¢ and K, must be redefined. They are

1
oo = (M3)
a)pco
* K*SL Bm
Ko =K Ke :m (M4)
. K
Ke =KKpy =—— (MS)
Cpl + Kcrl
K = AK4B, NF%A&)“'(qul +|qu2 )prpv +K., | (M6)
i krcq_s(cpc + Kcrl)(cml Bm + Dri) 7TC0§ espO(Kcrl + Kcr2 )(Ksp + Kpr3pso) "
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(M7)

The coefficients of s-polynomial in the numerator in Equation (M2), b;, are same as

those in Equation (F2) and hence can be calculated by Table F1. The coefficients of s-

polynomial in the denominator in Equation (M2), &, must be calculated by Table M1.

Table M1 Determination of the coefficients, a, of s polynomia in the denominator of
LSPC system’s TF in Condition O

5

T

S S s 53 st s
thtstspz t|_2tst3p+tL2t3p2 totst tL2t3p+ tLtstSp+ tot titst tLtSp+ L+ tst tsp 1
1 +itstspo fLlgot tetspp tspot s
Kettiots |Ker (tLotstspot | Ko (tLotspot tspotst | Koo (totst trotsp + | Ko (tiot tst+ | Koo
tspolpco tpco(tLOtsp2+ tiotstsp + tpco(tLot5+ telsp + topot tept tpco)
tspolst tioty + tde + tg2))  |tooo(tiot tst tg))
2 tLotstsp))
Koty |Ks(tiotgot | Ks(titgpot totept Kee(tiot+ Kee(tit tpt+ |Ks
tsp2 tpoo |tpo(titspot | tpco(tiot tpottspll)) | tspatteptit toco(tit |toco)
3 tiots)) ts))
Ko, to Ko tL Ko
K e tL0 tpco Kl (ot | Kig
5 tpco)
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Appendix N Transfer Function of the L oad Sensing and Pressure Compensated
System (Condition P)
The appendix isto express the TF (see Equation (13.5)) of the LSPC system under
the operating Condition P in amore general form as Equation (13.6) so that it is possible
to use Matlab™ programming to plot the Bode diagram and/or the zeros and polesin the

phase plane. Equations (13.5) and (13.6) are rewritten as

; +1
w, )
F(s)= — (ND)
K;SLKL[S +1J[ S +1] KK | > +1
1+ W wpcO + wpcO
2
Sy 2.8 +1 S
W w, Wy
Kibs+b
Flg)=— Kbsrh) (N2)
8;S” +a,S" +aS+a,
In addition to Equations (G3) through (G6) in Appendix G, other coefficients
associated to K. and K, must be redefined. They are
1
oo = (N3)
a)pco
K,B
Ky =Ko K =—=—"— N4
cl psL® ML le Bm + Dri ( )
* K*
Ke =KKpy =—— (NS)
c, +K
pl crl
. K,
= =X N
K=K.K, B, (N6)
D,+
D
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The coefficients of s-polynomial in the numerator in Equation (N2), b;, are same as
those in Equation (G2) in Appendix G and hence b, and by are ts and 1 respectively
(Equations (G13) and (G15)). The coefficients of s-polynomial in the denominator in

Equation (N2), &, must be calculated by

8, =t,t + Kottt + Kotioto (N7)
8, =t + it + Kt )+ K (ttie + oot 1)) (N8)
a, =t +t K[t )+ Ko [t +ts +t o) (N9)
a, =1+K, +K_ (N11)
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