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SUMMARY

The concept of the independent metering valve (IMV) is compared to traditional valves,
modeled, and analyzed, and its digital control is discussed. Valve control is studied in terms of

sensitivity, physical limitations, work port pressure, and the cavitation condition.

The potential energy saving capabilities of the IMV system have been investigated by many
researchers. IMV performance in each one of its modes is compared to the corresponding performance

of the conventional load sensing pump control (LSPC).

This work introduced the sixth mode which is the High Side Regeneration Retraction that was
not addressed by previous work, besides introducing a more systematic way of calculating the

equivalent pressure and the pressure supply set point.

Mathematical models that represent the different components of the hydraulic system are
studied. The most important is the electro hydraulic poppet valve (EHPV), a second order dynamic
model of this valve is validated. The actuator dynamic model is then derived, and a state space
representation of the system is introduced, experimental validations of the models were reviewed from

other papers in literature.

Continuously variable modes, which is a more general approach, is then introduced and
analyzed. The idea behind it is using three valves instead of two to control the system, and this will
reduce the five distinct modes to three modes and solve many of the problems inherent by the
discontinuity of flow when only two valves are used. The three modes are: powered high side
regeneration extension (PHSRE), the powered low side regeneration retraction (PLSRR), and the
powered low side regeneration extension (PLSRE). The contribution of this paper to this field was
introducing a fourth CVM which is the powered high side regeneration retraction mode, and deriving all

the equation related to it.



1 INTRODUCTION

1.1 Introduction

Hydraulic energy has been used since the beginning of civilization, but the industrial application
started after the discovery of the Pascal Law in the 1650’s. At the present time hydraulic power is used
in most earth moving applications, mining, agricultural, naval vehicles among others. Hydraulic power's
main advantage is its high power to weight ratio, in addition to its reliability, durability, and ease of
control in many aspects [15, 29]. However, there are drawbacks to hydraulic power; the most important

of all its inherent non-linear behavior, in addition to sensitivity to contamination [29].

The main components of the hydraulic system are the tank that holds the liquid which is often
oil, the pump that is driven by an electric motor or internal combustion engine, the valves to control the
flow rate, pressure and direction of liquid in the system, the actuator which is the rotary motor, or linear
cylinder to convert the fluid energy to motion, and finally the piping system that transmits the energy

between the components of the system [15].

Classical control of hydraulic system is achieved manually; this requires the positioning of the
valve to be in the operator’s cabinet with long piping connecting the valve to the actuator, adding more
complexity to the non linear nature of hydraulic systems [31]. The electronic revolution of the 1970’s
and the emerging of the mechatronics field boosted the use of electronics in controlling hydraulic
systems. The use of microcontrollers allowed for more complex control algorithms that took into

consideration the complexity of hydraulic systems [7].

The hydraulic circuit starts by pressurizing the fluid by the pump, where it is transferred through
the pipes to the actuator, which requires the power to achieve a certain task. The fluid is controlled by
the valves that can meter the flow rate, the pressure, or guide the flow to the desired location. The
traditional control valve is the spool valve that is machined to allow the flow in and out from the
actuator and the tank by shifting the spool. This motion of the spool controls the openings of the valve

ports [29].

The inherent problem of the spool valve is the coupling of the inlet and outlet openings allowing
only one degree of freedom. In other words it can only control the speed of the actuator or the pressure

in one of the chambers but not both at the same time [1,7,45].



The spool design then gives a good control of position, speed or force, but it tends to use more
energy than required because of the dependence of the spool lands on one motion, and there is no way

of achieving good control along with energy saving [25,26].

In hydraulic systems the pump is used to pressurize the fluid which is then used to power the
actuator. The amount and direction of force is controlled using a traditional valve. The traditional valve
consists of a spool inside a housing that has inports and outports. The spool is specially designed and
fabricated for a certain task; the openings of the inports and outports are calculated and the shape of
the spool is designed accordingly. The spool is usually controlled using two solenoids that move linearly
in proportion to current commanded through its coils [29]. The principle behind the conventional valve

is shown in the figure one below.

retrun pressure supply pressue return pressure

spool valve

solenoid #1 solenoid £2

piston

rod chamber

cylinder

Figure 1. A hydraulic actuator controlled by a spool valve.

The most common valve used in industry is the four way three position spool valve. The design
of the spool has the inherent characteristic of coupling the metering in and metering out of the flow,
although this provides excellent controllability of the valve, it will allow for only one degree of freedom,
so one can control the flow rate or the pressure in one chamber of the actuator and cannot control both
chambers which in turn results in energy loss [26,27]. In some cases such as overrunning loads, the
weight of the load can generate some pressure that can be cultivated, but the traditional valve cannot
take advantage of the gravity assistance due to the inherent design that focuses on control and not

energy saving [4,5].
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Figure 2. The four way three position traditional hydraulic valve.

Advantages of IMVs

1. It allows for more flexibility in control, so in addition to the speed of flow in one chamber of the
actuator, the pressure in any chamber can be achieved.

2. More efficient energy potential, which is a direct result of the decoupling of the metering in and
metering out of the inlets and outlets openings.

3. Lower cost since these valves can be used for any application and no specific design and
manufacturing of the spool is required each time, rather functionality is defined in the real time

control software.

1.2 Literature Review

The literature reviewed can be classified into three categories: the emergence and development

of the Independent Metering Valves, energy saving using IMVs, and the control of the IMVs.

The first ideas of the IMVs started to develop as a result of the electronic revolution of the
seventies and eighties. The hydraulic power is a mature science, so it is only natural to extend its

branches, which means the marriage of electronics with hydro-mechanics to improve it [31].



The earliest attempt to save energy using IMV ideas was reported by Garnjost in 1989 [18]
without addressing the issue directly. To save energy he came up with gravity assisted load to achieve
regeneration, which is supplying fluid with high pressure from one chamber of the hydraulic actuator to
the lower pressure chamber of the same actuator. He used two valves with a double acting actuator to
do so without using the flow from the pump or dumping the whole flow back to the tank. The two valves
were independently actuated to open and close the inlet and outlet of the actuator chambers as

needed.

The first patent that realistically resembles IMV system was invented by Kramer [22]. It was
called Electrohydraulic Valve System. Four pilot- operated proportional poppet valves were used to
control the flow from and to a double acting hydraulic cylinder connected to a pump and a tank. The
four valves were controlled by four solenoids, which in turn were controlled by the error signal
feedback. The command signal sent by the operator was compared to the cylinder position and the
error signal was feedback to control operations such as float, shutdown, deadband, and pressure

compensation.

Crosser’s patent in 1992 [13] was not too far from the previous ideas; he proposed a Hydraulic
Circuit and Control System based on it. The inventions used only two valves instead of the many valves
usually used. The control signal was a manual positions signal of a joystick that turned into current signal
sent to a microprocessor. This signal then controls the valve openings to output the desired flow rate

and direction. Each valve was responsible of the flow in and out of one side of the actuator.

Janson and Palmberg's research focused on increasing the flexibility of a hydraulic valve by
separating the meter in and meter out flows using poppet valves instead of the traditional spool valve,
which couples the input and output flows. Their work focused on achieving independence of flow

between the inlet and outlet of the hydraulic actuator [21,22].

One of the most significant works on IMVs was done by Aardema[2]. It was the first patent for
Caterpillar, and it was a hydraulic circuit having dual electro-hydraulic control valves where he used two
electro-hydraulic valves. The first was used to control the flow from the pump to both sides of the
actuator, while the second was used to control the flow from both ends of the actuator to the tank. The
valves used were displacement proportional pilot operated valves, and the control scheme was based
on coordinating the movement of both valves to establish the needed communication between both

sides of the actuator.



Wilke in 1999 [51] came up with pilot solenoid control valve and hydraulic control system using
same. His invention was a pilot operated control valve that has a housing covering an inlet and an outlet
with a poppet moving according to input control flow. This control flow selectively moves the poppet to
a desired location. The poppet has an opening that establishes a connection with the control chamber
away from the valves seat. The movement of the poppet opens the inlet to control chamber or the

outlet to control chamber according to the motion.

Aardema and Kohler patent [2] is the first complete IMV system as we know it. This patent
proposed a method for controlling an IMV operating in a hydraulic circuit. A displacement command for
a certain valve is send to the valve to provide the desired flow through it and pressure drop across it as
needed. This command signal is based on the operation mode and the velocity of the actuator which is
determined by the flow available to that valve. All four valves are independently controlled

electronically.

Yang [53] developed the pilot solenoid control valve with pressure responsive diaphragm, which
is the basis of Husco’s work on IMVs. The patent is a pilot control valve which has a body with an inlet
and an outlet, the fluid between the inlet and the outlet is controlled using a poppet that moves within
the main valve, and it has a flexible diaphragm with a pilot passage. This pilot passage opens and closes
by moving the poppet. The diaphragm flexes due to a pressure differential that acts on the pilot poppet,
and this flexing compensates for adverse effects that the pressure differential has on the operation of

the pilot poppet.

Another important invention in the field was Liberfarb's [24] “the Bidirectional Flow Control
Valve”. The valve includes two port housing with a hollow cage inside. The hollow cage has rows of cross
sectional holes to communicate with various ports. A compensating spool slides in the cage between the
cross section holes according to pressure difference among the holes. This motion causes reduction of
opening of row and increases the opening of another. This opening and closing provides consistent flow

control behavior for both directions.

The next phase of the IMVs was focusing more on the control and energy aspects of the new
technology. Yao and Liu [25] investigated the energy saving control of hydraulic system with novel
programmable valve. They studied the energy saving in a single rod hydraulic cylinder using

programmable valves using the adaptive robust control on IMVs. IMVs decouple the meter in and meter



out flows and provide regeneration capabilities. The control algorithm required for IMVs is more

complicated but provides potential for energy saving while preserving control accuracy.

Yao and Liu[26,27] published another paper the next year about coordinate control of energy
saving programmable valves. They found that programmable valves save energy because they decouple
the control of flow in and out of the valve and provide flow cross ports in addition to improved and

precise control, but the IMVs require more complicated control algorithms due to the multi inputs.

Yoshino [58] had another idea about energy saving and control in his patent hydraulic control
system with regeneration. He stipulated that a control system consisting of a pump, a tank, a cylinder
with head end and rod end, IMV, and pressure sensors at the head chamber. In this system a controller
communicates with the IMV and the pressure sensor, and based on the sensor signal and the mode of
the operation, the controller activates one valve of the IMV's arrangement. The four valves connecting
the rod end and the head end chambers of the cylinder to the pump and tank, with a fifth check valve is
used as a load hold valve to control fluid communication between the pump and the cylinder. One
pressure sensor measuring pressure at the head chamber is also used in addition to a controller
connected to the valves and the sensor. The controller sends signals to actuate the desired valve based

on sensor signal and mode of operation.

The next phase is the most important and resulted in the development of INCOVA, the most
advanced IMV at the present time; it stands for Intelligent Control Valve by Husco International. Tabor
[47] patented a “Velocity Based Method for Controlling a Hydraulic System,”. The load pressure signal
and the speed of the actuator are used to calculate the flow coefficients that determines the flow of the
circuit. The flow coefficient can be a conduction coefficient or a restriction coefficient. The flow
coefficient is then used to activate each one of the electro -hydraulic poppet valves to achieve desired

actuator velocity and to control the pressure from the pump and to the tank.

Pfaff patent [40] “Velocity Based Electronic Control System for Operating Hydraulic Equipment”,
built on the previous patent. The control system operating a hydraulic system includes a user input
device that generates an electric signal proportional to desired motion of the actuator. He came up with
a mapping routine to convert the input signal to a desired velocity command to the actuator. Then a
valve opening routine transforms the desired velocity into flow coefficients that determines the fluid
flow to the various components of the system. From these flow coefficients, various signals of different

currents are sent to the valve actuators. The pressure controller controls the pressure from the pump in



proportion to the velocity requirements, and in this multi-task system the control system distributes the

available flow among all subsystems if no enough flow is available to all [39].

Yang, Pfaff and Paik [54] patented a “Pilot Operated Control Valve Having a Poppet with
Integral Pressure Compensating Mechanism”. It provides a bidirectional fluid control using a poppet
that moves in response to the pressure of a control chamber. It has a mechanism to provide

proportional pressure compensation across the two sides of the orifice.

The problem of multi hydraulic actuators in a single hydraulic circuit was studied by Pfaff [40]
who invented a method of sharing flow of fluid among multiple hydraulic functions in a velocity based
control system. When the flow supplied is not enough for all tasks, a decision is needed to distribute the
flow from the supply to the different actuators according to a flow sharing routine, where each actuator
is given a fraction of the total supply available. Those fractions are used to map the desired velocity for
the actuator into a velocity command indicating the actual velocity that can be achieved with the

available flow supplied, this velocity command is used to control the flow to each hydraulic actuator.

Reiners [44] was working on something similar at the same time and he patented IMV assembly
for multiple hydraulic load functions. He suggested that for each hydraulic load, there will be a load
function, the IMV will have a set of independent electronically controlled valves, with an inlet connected
to a pressure source with a first outlet coupled with a hydraulic load and a second outlet coupled with

the second hydraulic load.

Opdenbosch [35] developed learning control applied to electro-hydraulic poppet valves. His goal
was to find a controller to force the output to follow a desired input state with many details of the plant
dynamics. Therefore he considered the tracking of the desired supply pressure, which is controlled by
knowing the flow conductance coefficient Kv of the EHPV. This was done by knowing the inverse input
state mapping of the valve while the state mapping is being used in the forward loop. The mapping
learning was achieved using a simple neural network structure called the Nodal Link Perceptron
Network (NLPN). The NLPN is trained online using a gradient descent method to minimize the error in

the inverse input state mapping approximation.



1.3 Proposed Research

The IMV concept leads to the decoupling of metering in and metering out of the flow, which
makes it more flexible in terms control, but the control algorithm becomes much more complicated and
difficult to achieve. The methods used currently are way too complicated and have their own
disadvantages. Previous works derived most of the equations for the IMV system, but a certain modes
were not studied, in this thesis the derivation of the High Side regeneration Extension in the distinct
modes, and the Powered High Side Regeneration Retraction in the Continuously Variable Mode are

presented along with all the mathematical results.

The second contribution of this research is developing an experimental approach to modeling
and control of electrohydraulic system, this is very useful if the data of the system is not available or not
accurate, so the mathematical model is not reliable in this case. The system in the mechatronics lab is

used to verify the method validity.

The third contribution of this research is proposing a controller to the IMV system using a simple
PID controller on each valve of the IMV assembly, starting with a traditional valve dynamics and finding
a the gains for the controller, then using the IMV system with some modifications on the gains to the
previous ones. This way the two valves will be completely independent with independent control gains

for each valve.



2 IMV CONCEPT AND MODELING

2.1 The IMV Concept

The traditional four way three position proportional spool valve is replaced by four proportional
poppet valves; the first valve connects the head chamber side of the cylinder to the supply line, the
second valve connects the rod chamber side of the cylinder to the supply line, the third valve connects
the head chamber of the cylinder to the tank line, and the fourth valve connects the rod chamber of the
cylinder to the tank line. In any task, only two of the 4 valves ideally will open, which will allow for flow
regeneration and hence energy saving due to less demand on the pump [2,12,11]. Figure 3 below shows
the principle of the IMV and the nomenclature associated with it. As the name implies the
independence of control of all four valves allow for more degrees of freedom which leads to more
controllability of the system. The pattern in which the valves are opened or closed is called mode. There

are five distinct modes in which the valve can be operated [45].

The modes of operation of IMV were first described in [40,41,45,48,49,122]. A summary of their

results is presented here for the sake of completeness.
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Figure 3. The concept of the four valves assembly constituting IMV.



10

2.1.1 Powered Extension Mode (PE):

The PE has the same principle of operation as the conventional valve to extend a piston of a
cylinder (Fig. 4). Pressurized fluid is supplied from the pump line to the head chamber A of the cylinder
through valve K, this will cause the piston to extend, which forces the fluid in the rod chamber B to
flow out to the tank through valve K. The only difference is that the opening of valves K, and Ky, are

independently controlled [45].

Pump
Kat Ksa
- -
7 7
J ¥ F
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| | *
Tank % ﬁ
Kbt Ksh

Figure 4. IMV mode one: powered extension.

2.1.2 Powered Retraction Mode (PR):

The PR has the same principle of operation as the conventional valve retraction (Fig 5).
Pressurized fluid is supplied from the pump line to the rod chamber B of the cylinder through valve K,
causing the piston to retract. This motion will force the fluid in the head chamber A to flow out to the

tank through valve K,.. Again, both valves K, and K,; are independently controlled [45].
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Figure 5. IMV mode two: powered retraction.

2.1.3 High Side Regeneration Extension Mode (HSRE):

HSRE is the first of the three regenerative modes that cannot be achieved using the
conventional valve ( Fig. 6). High pressure fluid coming out of rod chamber B is circulated through valve
K¢, to the pump line and then to the head chamber A through valve K., instead of going to the tank
causing the rod to extend. However the flow from chamber B is less than that is needed in chamber A

due to the area difference (Aa > Ar), and since @ = A X and the velocity is the same for both
chambers then (@4 = Q&). The difference in flow is supplied by the pump. The high side regeneration
extension mode has the potential of energy saving proportional to the flow rate @ = A x This mode is

called High Side Regeneration Extension because the flow goes through valves K, and K, which lie on

the high side (pump side) of pressure lines. Figure 6 shows how this mode works [45].
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Figure 6. IMV mode 3: high side regeneration extension.

2.1.4 Low Side Regeneration Extension Mode (LSRE):

LSRE is best used for overrunning loads, which is when the load is in the same direction of

motion of the rod as in the case of gravity assisted lowering of a load (Fig. 7).
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Tank
= X
Kbt Ksb

Figure 7. IMV mode 4: low side regeneration extension.
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The flow coming out of rod chamber B is circulated through valves K, and K, in the head
chamber A instead of going to the tank. This will cause the piston to extend, but the flow from chamber
B is not enough for chamber A, because both ends have the same speed and area A is bigger than area
B, so (Aa = Ab) since { @ = AX). The difference between the two is supplied by the pump, or by other
functions of the hydraulic circuits that have excess flow. The needed pressure is built using a check valve
especially set for this operation. In conventional valves the spool is designed such that the outlet
opening is set to control the flow so that the load is lowered at a controllable speed under the gravity
effect. The problem is that when lifting a load this opening is too small and it is fixed so the pressure
drops are huge and losses cannot be avoided. Therefore the control of the outlet opening through LSRE
has the potential for energy saving. It is called LSRE because the fluid flows through the paths of K,; and

K.: which is on the low side (tank side) of the pressure line [45].

2.1.5 Low Side Regeneration Retraction Mode (LSRR):

LSRR mode is used with overrunning loads where the load is in the same direction of motion of

the piston rod, as in the case of lowering a load with gravity assistance (Fig. 8).

Pump
Kat Ksa
- -
[
F
Check B |
Valve A |
¥ | X
Tank T
- X .4
=
Kbt Ksh

Figure 8. IMV mode 5: low side regeneration retraction.
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The fluid coming out of head chamber A is circulated through valve K;; and Ky into rod chamber
B instead of going to the tank; this will cause the piston to retract. The fluid coming out of chamber A is
more than needed in chamber B because both have the same speed, but area A is bigger than area B as
explained before. The extra flow is directed through a check valve to the tank. In this case the pump
flow is zero and energy saving potential is optimum. This is called LSRR because the fluid flows through

K.: and Ky which are on the low side (tank side) of pressure line [45].

2.2 System Modeling

The mathematical modeling of the five modes was first introduced by Merritt [29], Tabor [47-

50], and Shenouda [45] from whom the schematics of the modes were recreated.

The system under study is assumed to have very slow dynamic changes, in addition to ignoring
the capacitance of the chambers and lines, which makes the system “quasi-static system”. The other
assumption is that we are looking on one actuator in the system, so flow distribution among multiple

actuators is not considered.

The goal of this section is to determine equivalent pressure and equivalent conductance
coefficient for the entire hydraulic circuit representing each of the five modes. The importance of these
parameters is that they will be used to control the valves. The derivation of the first mode will be
presented here in details while the rest of the results of the other modes will be just listed as presented

by Tabor's work. Further details can be found in [45,47-50].

The equivalent pressure is defined as the combination of the pump pressure, the head chamber
pressure, the tank pressure, and the rod chamber pressure, while the equivalent conductance
coefficient is defined as the combination of the two valves used in the specific mode in addition to the

area ratio between the head chamber area and the rod chamber area (R).

2.2.1 Powered Extension Mode (PE):

The figure below shows a simplified version of the equivalent circuit of the PE mode in IMVs. As
mentioned before, the two valves used are K, and Ky;; we can replace all the pressures and conductance

coefficients with P.q and K4 as shown in figure 9 [45].
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Pump
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Ksa ( Ao
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ri

Aa
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Pa

Kbt }

Tank

Figure 9. The equivalent reduced hydraulic circuit of powered extension mode

Merritt [29] defines the pressure across the first and the second valve as:

AP, =P, — P,

AP, = P, — B,

Qin = fgq4) AP, = Ksa‘\n' E

/B, — P, = A%

Qour = wa;ﬁpz =wapr — L =A%

From Newton’s second law 3. F = ma, the external forces can be expressed as:

PBA, —BA, = AP, A, + (P, A, — PyAy) + AP A,

Dividing by Ab and defining Aa/As = R

RP, —B. = RAP, + (RP, — P,) + AP,

(RP, — B.) + (—RP, + P,) = RAP, + AP,

Define Peq as:

15

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)
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.2 2
P =(RE.—P)+(—RP, +p,)=RIn_  Jout (2.8)

z z
Kzq Kpt

Tout”
Z and AP2 = Y
Ksq Kpr

.2
But recall from 2.3 that AP1 = 2%

Substitute in the right hand side of equation 2.7, and recall that since the speed is the same and
Qin = "qa x’ and Qout = Ab x* Then:

Ain _4a _ p (2.9)
dour  Ap
. Rafe‘aurz dour” 2 [REKEJIZ*'Ksaz]
qu B Ksaz * KEJIZ - fout Ksasztz (2.10)
Where:
_ Ksa Kpr P =K [P 2.11
Qout = 77— aq — ‘teqy teq ( : )
IR Ky 24K ?
.\I
Koy = —HsaKpe (2.12)
|R?Kpe® +Ksq®
.\I
P, =(RE —B)+ (—RP, +P,) (2.13)

This K., represents all the combinations of K, and Ky, that give the opening of the whole system
required to achieve a specific flow and speed for a certain load condition. As expected, the flow will
depend on both valves and not on only one [41]. This means that the speed of the piston will not only
depend on the load applied but also on both openings K, and Ky, in addition to the supply pressure (P;)

and the return pressure (P,) [49,50]. Combining equations 2.4 and 2.11 we get:

_ Apx’ — Apx
Kea = JPeg  RP—Pe )+ (RPg+Pp) (2.14)

It is clear that when the piston is not moving x'= 0, then K.,= 0, and hence at least one of the

valves is completely closed .
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2.2.2 Powered Retraction Mode (PR):

The same analysis of the PE mode is applied here, except that the two valves used here are Ky,

and K;;, the equivalent values obtained are:

KQQ‘ = '% (2.15)
|R®Kep® +Kge ®
NI
P, = (B —RP) + (=P, + RP,) (2.16)
_ —Apx _ —Apx

K

(2.17)

4 [Feq |/ (Bs—RB)+ (-Pp+RPy)
The minus sign indicates restriction (opposite direction of motion) [41].

2.2.3 High Side Regeneration Extension Mode (HSRE):

The same analysis is applied here again using K, and K, valves. The results are presented here
will be all the possible combinations of the openings of the two valves that will achieve the desired

speed under a specific loading condition. Further details are available in [47-50,45].

K = KsaKsh (2.18)

eq .
J\IlREKSbZ+Km2

P.q =(R—1)P. + (—RF, + P,) (2.19)

Apx’ Apx’
Keq = = 2.20
#4 [P (R-1)Pi+ (—RPy+Fp) ( )

2.2.4 Low Side Regeneration Extension Mode (LSRE):

The same analysis is applied here again using K. and Ky, valves. The results presented here will
be all the possible combinations of the openings of the two valves that will achieve the desired speed

under a specific loading condition [47].

KgtK
KQQ‘ = 'L—M (2.21)
xl'R?-.!cf,tzncatz

Py =(R—1)B + (—RP, + P) (2.22)
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K =X _ Apx (2.23)

-4 = |
T JPg N (&-1)P+ (—RPy+Pp)

2.2.5 Low Side Regeneration Retraction Mode (LSRR):

The same analysis is applied here again using K,; and Ky valves. The results presented here will
be all the possible combinations of the openings of the two valves that will achieve the desired speed

under a specific loading condition [47].

Kyt Kot

K, = ——— (2.24)
K2, +R3KZ,
Poy = (R - )P, + (-P, + RP,) (2.25)
—A, % A, %
K, =—== = (2.26)

€1 JPeq  -E-DP+ (Pt EP)
Again the negative sign indicates retraction (motion in the opposite direction).

2.3 Valve Control

This is done by providing the correct flow rate in and out of the cylinder chambers A and B,
which are controlled through the valve openings of each chamber K, and K. It is assumed that the
desired speed is known, and it will be the command speed ¥_,.... If the load, the supply pressure, and
the return pressure are all known, then we can use equation 2.26 to calculate the equivalent

conductance coefficient:

ApX com
K, =——— (2.27)
“ v Peq

we can generalize the expression of K. to all modes and it can be written as:

KaKb

Keg = 77— (2.28)
| KZ+R3KZ
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Keq depends on which mode is being used, but we generalize the results here where K, and K can be
either the openings to the supply or to the tank. As mentioned before, there is an infinite number of
combinations that can achieve K, for each cylinder with constant area ration R, so it is important to plot
the variation of K¢ as a function of both of K, and K, which result in a three dimensional surface. An

example is when R=1.3405[47] which gives the surface shown in figure 10 [45].

The Effect of Valve Openings on the Equivalent Conductance

5000 -,
4000 -
3000 -

2000 -

Keq (Lph/sqrt(MPa))

1000 -

0
8000

~
8000

4000

Kb (Lph/sart(MPa)) Ka (Lph/sqrt(MPa))

Figure 10. The equivalent conductance variation with the inlet and outlet valve openings
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Contour Plot of the Equivalent Conductance
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Figure 11. The equivalent conductance variation with the inlet and outlet valve openings( Keg=constant).

It is noticed that for every value of K, there is one curve corresponding to the combination of
two values of K, and Ky, [45]. The question then becomes which values of K, and K, should one choose

among the infinite number of combinations?

2.3.1 Valve Sensitivity

The answer to the previous question is to choose the best combination of K, and K, but again
what constitutes the best combination? For a specific flow we need to achieve K.q that will provide the
needed opening for the flow. These openings are achieved by sending a commanded current to the
solenoids that move in proportion to the commanded current and hence the speed of the motion of
actuator. The problem is that this commanded current, which in theory corresponds to K, may not
achieve the desired opening at all pressures and temperatures. Then our choice of K, represented by
figure 10 should be such that our controller is least affected by these variations. In other words, the
controller should operate in the region of the curve that is least sensitive to valve errors in K, and K, so
Keq should be least sensitive to errors in K, and Ky,. The method of magnitude of gradient was used by

Tabor to measure the sensitivity of K¢, with respect to K, and K, [48,49].
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KE+RSKE

| VKeal = Juawrey

(2.29)

The graph of this equation yields the figure 12 [45]:

The Sensitivity of the Equivalent Conductance

8000

4000

Kb (Lph/sqrt(MPa)) 0 0 Ka (Lph/sqrt(MPa))

Figure 12.The sensitivity of K4 to errorsin K, and K,
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The Sensitivity of the Equivalent Conductance As Ka and Kb Are Varied

1 L L L T L L

Kb (Lph/sqrt(MPa))

r r r
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1000 2000 3000 4000 5000 6000 7000
Ka (Lph/sqrt(MPa))

o

Figure 13. The gradient of the equivalent conductance at a specific inlet opening

Figures 12 and 13 represents the sensitivity of Keq with respect to K, and K, as derived by the
equation of magnitude of gradient. They show that there is a curve of minimum value, which means a
curve that is least sensitive K. Figure 13 shows this least sensitive curve in a two dimensional curve for

a specific value of K, [45,58,49].

Figure 12 shows how K4 varies with the variation of K, and K,. The bottom of the valley implies a

linear relationship between K, and K, at which the gradient is minimum [50].
Kp= typ Kpy (2.30)

3/4

This a,peis found to be R™", so the optimum combination of K, and K, which makes the controller

least sensitive to error lies on a line where:

K, = Topt Ky=R s'é"“;’.f:,! (2.31)



Figure 14 shows the contour plot of K¢q Vs K, and Ky, for R = 1.5 along with the optimum line.

Kb (Lph/sqrt(MPa))

7000

6000

5000

4000

3000

2000

1000

Contour Plot of the Equivalent Conductance

T

7

T

T

T

T

T T T \ T

*

*

1®

0 r
0 1000

r r r r
2000 3000 4000 5000
Ka (Lph/sqrt(MPa))

7000

Figure 14. Contour plot of K4 Vs K, and K, along with the optimal line

2.3.2 Physical Valve Limitations

23

There is a limit on how much we can open the valves on both the inlet and the outlet, if we look

at figure 15, we see the limits of Koy max and Kin_max When completely open represented by the vertical

line for Ki, and the horizontal line for K, Assuming our K, is represented by the curve shown, we now

know only the values of K, and K, that lie within the box formed by the axes Ki, max and Koyt max €an be

used, which limits our choices of K, and K, [45].
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Keq
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Figure 15. The valve control plot and the physical limitations of the valve openings.

2.3.3 Work Port Pressure Control

The goal of the controller is to provide the required flow to the piston in order to drive it at the
desired speed while operating in the region that is least sensitive to error in terms of K, and K, yet there

is another concern , which is keeping the pressure in both cylinder chambers above cavitation pressure.

Cavitations occurs when the load acting on the cylinder causes one chamber to be filled with oil
at a rate less than its expansion rate. If cavitation occurs, the equations are no longer valid, so to keep
the controller working, cavitation must not occur. The methods used to prevent cavitation will be
discussed later. There is also a maximum pressure limit on the work ports which is determined by piping
and parts strength or else these parts will fail. Both maximum and minimum pressure for the chamber
must be specified for the actuator. One advantage of the two degrees of freedom is the ability to control
the outlet pressure for energy saving. The minimum pressure for chambers A and B will be called
threshold pressure and will be denoted by Py, and Py, respectively. These threshold pressures are
represented on the control valve plot by horizontal and vertical lines. The threshold pressures are
expressed by previous equations as:

King, = din (2.32)

\.fﬂpin
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— _Yout
Kout,, = ;—“ (2.33)

out

But there will be a slight variation depending on the metering mode [48,49].

2.3.3.1 Inlet Chamber Pressure Control

The threshold conductance coefficient can be written for every mode according to the threshold
pressure at that chamber. The PE mode will be studied here in details and only the results will be
presented for the rest of the modes [50]. For the inlet head chamber A:

. )4
Klnth = K'Sﬁ',th = ,:lEI (2.34)
\,f Ps_PtJ‘m

From this equation we notice that for a pressure above the threshold, one must maintain K

above K., to prevent cavitation. This means we must keep the opening big enough to allow enough

fluid to flow to fill the chamber at the required rate. This is shown in figure 16 on the valve control plot

[45]:

Pressure
A

Constraint Line
Kout

Kout_max y

Cavitation

Aﬂ Cavitation

- Keq

Kin_max
Kin

Figure 16. Minimum inlet valve opening corresponding to minimum pressure before cavitation occurs
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On the high side, the inlet pressure must not go above the design limit determined by the piping and

parts maximum stress, and the inlet pressure must be below that maximum pressure. This is explained

in figure 17.

‘ Pressure Constraints
Kout_max \ W
5 g
= o
o =
Kout_th = in
_ = =
= O
= H‘h_ﬁ_ﬁ___
Keq
-
Kin_max Kin

Figure 17. Maximum inlet valve opening corresponding to maximum pressure allowed.

This means that when the inlet valve opening is increased, less pressure drop occurs across the valve,
which translates to higher pressure in the inlet chamber. On the other hand, if the inlet valve opening is
reduced, more pressure drop occurs across the valve and less pressure at the inlet chamber [45].

2.3.3.2 Outlet Chamber Pressure Control

For the powered extension mode, the governing equation becomes:

x4
Koutth = Kbtth = m (2.35)
R

since in most cases the outlet chamber will be connected to the tank or to a relief valve which will be at
low pressure, we will not worry about the minimum pressure to avoid cavitation. The maximum
pressure that we should not exceed is the design pressure of the piping and parts. This means we must

keep the outlet opening above K, » as shown in the figure 18 [45].
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Figure 18. Maximum outlet valve opening corresponding to maximum design pressure.

Physically, this means that as we increase the outlet valve opening, there will be less pressure
drop across the valve, and the outlet chamber pressure will not build up much higher than the return

pressure.

2.3.4 Control Valve Summary

The velocity of the actuator is controlled by the flow rate in and out of the actuator inlet and
outlet chambers. The flow is proportional to the pressure and the openings of the chambers K, and K,.
These openings are proportional to the current commanded to the solenoids that move the poppets or
spools. Unfortunately this current may not achieve the needed K., under all pressures and
temperatures, so it is important to choose K, and K, where the current is least sensitive to errors in K,

and K, which was shown in figure 11[47].

The second issue is making sure that cavitation does not occur in the inlet chamber. That is why

a minimum pressure should be maintained and no pressure drop below it should be allowed [48].

Finally, there is a limit on the maximum pressure allowed which is determined by the design
pressure of the piping and parts of the system, and this pressure should not be exceeded. One should
know that there is a physical maximum opening for the inlet and outlet Ki, max and Koyt max that can be

reached for a certain valve [50].

All four conditions are expressed as horizontal and vertical lines on the valve control plot (figure 19).
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Figure 19. Limitations on valve openings

The IMV setup allows for controlling the actuator velocity while limiting the pressure in both
chambers. The choice of the operating point should take into consideration the following physical
limitations: work port pressure limitations, the actuator speed, and sensitivity to error. The next

guestion becomes which of these parameters is more important?

It is clear that physical limitation is out of our control, so one should choose pressure in work
ports to prevent cavitation on the low side and not exceed the design limitation on the high side. Then
our goal is to achieve the desired speed of the actuator, and finally, the system should be operated at

the least sensitive point to error if possible [45].

2.4 Supply Pressure Set Point

The source of the hydraulic power is the pump. The flow rate which determines the speed of the
actuator, and the pressure which determines the maximum force will define the needed pressure
required by the pump. Therefore we need to derive the equations of the supply pressure set point
which is the pressure that must be supplied by the pump to move a certain load at a desired speed. Of

course this supply pressure set point depends on the mode of operation.
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2.4.1 Pressure Supply Set Point for Powered Extension Mode

It was found in equation 2.14, for PE mode that:

Ay X Ay x
Keq =2 =— s (2.36)
JPeg J (R P;—P; )+(—RP;+Py)

Replacing P, by Ps, et point1 and squaring

i‘z‘q% (RPEI_PI}} Py
Psset—pointl = RKZ + R + R (2.37)
eq

Electro-Hydraulic Poppet Valves require a minimum pressure drop across them for optimum
performance, which must be supplied by the supply pressure set point, whether or not the velocity

requirements demand such a set pressure. Figure 20 explains this point in more details [45,47,48].

Ps
Pump

Pb

~" |

AP [}{' ks D

N
A Kot ¥ | aPmin
Aa /4 ::| P

Tank

Figure 20. Minimum equivalent pressure including the minimum pressure drop across the valve.

The other minimum pressure requirement comes from the required equivalent pressure. Recall

from equation 13 that:

Peq = (RPs - Pr) + (-RPag + Pp) (2.38)
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Peq,in = (R + 1AP i (2.39)
Ps _ Peqmin + (RP;—Py) + Py
set—point2 — ~ g R R (2.40)

Psset—point = max (Psset—pointll Psset—poinﬂ) (2.41)
The same analysis applies to the rest of the modes, and the results are presented below.

2.4.2 Powered Retraction Mode

w242

Fsset—pointl = <z RPa + Pb + RPr (2.42)
éq

PSset—point2 = P€qmin — RPa +Pb + RPr (2.43)

2.4.3 High Side Regeneration Extension Mode

%2 A% (RPa—Pb)
PSeptpoingl = b (2.44)
set—pointl (R—l)Kgq R—1
_ Peqmin (RP;—Py)
Psset—pointZ = + R—1 (2.45)

2.4.4 Low Side Regeneration Modes

There is a supply pressure, yet a minimum pressure is needed for flow circulation. The return set point

pressure needed is derived just like the supply pressure set point was derived:

X2 A3 (RPa—Pb)
P?ﬂset—pointl = (R-1)KZ, R_1 (2.46)

_ Pequin (RP,—Pp)

Prset—pointZ - R—1 + R—1 (2.47)

Prsst—'pomt = Mmax (Prset—pﬂiﬂtl’PTSQ!.’—;UG{H!.’E) (248)

In the case of low side regeneration retraction, the minimum value is P.. In the case of the multi
circuit system, each circuit is treated separately, and then the maximum supply pressure set point of all

circuits is used as the supply pressure that must be supplied by the pump [48,50].
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2.5 Anti-Cavitation Analysis

Cavitation occurs when the load causes one of the chambers to expand at a rate faster than oil
can fill that space, which leads to negative or zero pressure in the inlet chamber. If this happens, control

is lost, so cavitation must be prevented.

A minimum threshold pressure must be kept in the inlet chamber and the pressure must not go
below it. This was shown as horizontal and vertical lines on the valve control plot, but how this relates to
the load condition, and how to control the openings to avoid cavitation is explained next. The ratio of

the valve opening a@ = K, /K, is the decisive factor for cavitation F; .., = F (&) and it depends on the

mode of operation. If we have a load that acts under certain conditions and the cavitation occurs at a
certain opening ratio, then the solution is to change this ratio to another value . Next we discuss the

details for all modes [45].

2.5.1 Cavitation in Powered Extension Mode

Figure 21 shows PE mode under overrunning load, which means the cylinder is extending in the

same direction the load is acting:

Pump
Ksa {f ga {" Ksb
L ray
B
Kat }( L [ ( Kbt
|
(W]
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Valve

Tank

Figure 21. Overrunning load acting on a cylinder in powered extension mode.



FHydrauIic =F A, —PAy = F, — Ff

where the load force in this case is equal to the weight and F; is the friction force. Rearrange this

equation:

_ PgAq+F—Ff
b=
b

From the flow equation:

Go = Ay ¥ = K. ,VAPL = K

=

a‘\n’&'_Pa

qb ZA;J;L = Kbt\,ﬁp?. = Kbt'\fpb _.P

*

Divide equation 51 by equation 52:

q AP
Ap AP,
Recall that R = 4, /4, anda = K, /K, square and rearrange:

o

AP, = (E)z AP,

o

Ph_Pr :(E)Z(Rs_Pa)

a 2
P, =(z) (B-R)+E
But equations 50 and 56 are equal, solving for P, we get

P A +F, —F=PBA, + ((%)2 P - (E)z pa)Ab

a

R0 PN O PR R SR
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(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)
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(5) 4oPs—(FL—Fr )+P,45

F, = =
[Aa—l—(%) Ab]
Divide by A,
a2 {FL—Ff)
P, = (E) Po——3,*Pr

[r+(&)]

The criterion for cavitation is that P, must be positive or zero, for the limiting case where P,=0

2 FL—F
(%) A, PARA, = 1)

Ap

o

F = (E)Z ApP. + B A, + F;
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(2.59)

(2.60)

(2.61)

(2.62)

To illustrate using some real data we have the case of an actual tractor loader backhoe bucket

cylinder. The parameters are as follow: R=1.658, A,=4737mm?, P.=20MPa, P,=0.7MPa, and F;=0.

The optimum value of a occurs at R¥*21.461 and the corresponding load is 77KN. The results are

plotted in figure 22.

x 10* Cauvitation Load for Powered Extension
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Figure 22. The cavitation load as a function of the valve ratio for PE mode.
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How can this be useful? Recall that the controller has the values R, Ay, P, and P, at our disposal.

The friction either neglected or estimated as a function of pressure. Going back to the force equation:
FHydrauIic =FR A, — P Ay = Fp — Ff (2.63)

F. becomes known, and the cavitation condition occurs at P,=0 from equation 62 then:

’F —F¢—P A
PsAp

This means that any other value will not cause cavitation, which means higher loads can be

moved by reducing the valve opening Ky; and increasing the valve opening K, [45].

2.5.2 Cavitation in Powered Retraction Mode

Figure 23 shows the powered retraction, the load is subjected to overrunning load.

Pump
A
Ksa ;‘L{f }‘f Ksb
® W
gk
Kat ¥ I kbt
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.

Figure 23. Overrunning load acting on a cylinder in PR mode.



(B p-" s,

Ag

1
1,k
R o

Cavitation condition require P, < 0, substitute for P,= 0 and solve for F;:

FL:

R

(—)2 AgP. + AgB. + Fy

o
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(2.65)

(2.66)

(2.67)

(2.68)

Going back to the same example as before, plotting F, Vs o in figure 24. We find that at o, F,=210 KN,

which is the biggest load so far [45].
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Figure 24. The cavitation load as a function of the valve ratio for PR mode.

alpha =Ksa/Kbt
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2.5.3 Cavitation in High Side Regeneration Extension Mode
Figure 25 shows HSRE mode with overrunning load.
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Figure 25. Overrunning load acting on a cylinder in HSRE mode.

Following the same analysis we get:

P =(5) (a-R)+R (2.69)

—_—

(@) )

T O]

2
Fo=[1+(2) 142 +F (2.71)

(2.70)

Again, plotting F, Vs a, we get figure 26:
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Figure 26. The cavitation load as a function of the valve ratio for HSRE mode.

For the values of the previous example; F. =168KN. This means we can operate to move much

higher loads in HSRE mode without cavitation in comparison with PE mode [45].

2.5.4 Cavitation in Low Side Regeneration Extension Mode

Figure 27 shows LSRE under overrunning load. The deficiency of flow is assumed to be supplied at zero

pressure and hence does not affect cavitation.

b M Ksb
A
oa
5 b
Kat .}{' | _l ‘-,(q .}{' Kot
(W]

Check
Walve

I

Tank

Figure 27. Overrunning load acting on a cylinder in LSRE mode.
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FL—F
P, =RP, + =1 (2.72)
Py

B [1+(%)2]Pr——(FLA_ :f)

T O]

2
Fo=[1+ (%) 14,8 + F (2.78)

(2.73)

Going back to the same example as before, plotting F_ Vs , at a,pt, Fi= 5.9 KN. This means
cavitation can occur at a much lower load than PE or HSRE modes for the same value a. Again, plotting

F. Vs a, we get figure 28 [45]:

Cavitation Load for Low Side Regeneration Extension

9000

8000 f
e

7000

R

E 6000 59_7

5000

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
alpha =Ksa/Kbt

Figure 28. The cavitation load as a function of the valve ratio for LSRE mode.

2.5.5 Cavitation in Low Side Regeneration Retraction Mode

Figure 29 shows LSRR mode subjected to an overrunning load.
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Figure 29. Overrunning load acting on a cylinder in LSRR mode.

- o (2.75)
Fp = (%)2 (FT_PB}+PT (2.76)
(@) 1m -,
P, = — (2.77)
[EJ“(E) ]
F=[1+ (%)Z]AQP.,, +F; (2.78)

Going back to the same example as before, plotting F Vs a, at o, Fi=12.5 KN, which is much

lower than PR mode. Again, plotting F, Vs a, we get figure 30:
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% 10° Cauvitation Load for Low Side Regneration Retraction
10
[0}
9
o
8o
7L O
o
6 o
. o
=3 o
= 5 (o)
w [e)
4 2
3
2
1

alpha =Ksa/Kbt

Figure 30. The cavitation load as a function of the valve ratio for PR mode.

From the previous analysis, we notice that HSRE mode is best for cavitation load, while LSRE was
the worst. Low side regeneration extension and retraction were the critical cases where low loads can
cause cavitation, but how does this relate to valve control plots? For PE a=K,/K, is a straight line whose

slope is K,/K,=1/a as shown in figure 31 [45].

Assuming this is the critical ratio a.; that would cause cavitation at the given load. The
intersection of the line with the K, curve is our operating point for the desired speed. Any point to the
right or below that line means higher than a.,, that would cause cavitation. By choosing higher a we
decrease the slope and make cavitation worse, so the goal is to decrease a and increase the slope as

much as possible.
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Figure 31. The valve ratio a as shown on the valve control plot

Table 1. Cavitation load Comparison

R =
Ab=4737 Ps= Pr=
1'865 mm? | 20MPa | 0.7mPa | = ©
Mode PE PR HSRE LSRE LSRR
Cavitation
Load (KN) 77 210 168 59 12.5

2.6 High Side Regeneration Retraction Mode

2.6.1

Introduction
In this section the HSRR is introduced as a concept and the equations are derived as was done to
the five modes, this mode was not considered in previous work by Shenouda [45]. Opdenbosch



42

mentioned it as another IMV arrangement but did not discuss it further than that [36]. Here all the

derivations concerning the equivalent pressure and equivalent conductance are derived, then the

pressure supply set point, which is the return pressure in this case, is then found, next the cavitation

equations are visited and the cavitation force is found.

The last part of this section presents a table that compares the new equations suggested here to

the previous works.

2.6.2 Concept and Equivalent Circuit

Pump
Kat Ksa
= 5
F
Check 5 |
Valve A | <
|
X
A ¢
Tank - \ﬁ
Kbt Ksb

Figure 32. The concept of the HSRR.

Peq = DR(PT _Pﬂj—l_ D(PB _P'r)

P = ((RP, = P,) — Pagyun ) X 1/R — 1

qu = J Ksaz + KSE:E

(2.79)

(2.80)

(2.81)

The equations for all the modes become as shown in the table below, the equations derived in

[45], are compared to the results and formulation of this research;



Table 2. New and previous formulation of the equivalent pressure.

Equivalent Pressure

Current Paper Formulation

Previous Works Formulation

PE

DR(E, — P,) +D(P; — B)

[:R'PS - P‘r) + [:_RPA + PB)

HSRR

DR(R, — F,) +D(P; — )

(R—1E +(—RE, + P,)

LSRE

DR(P‘]’ _PA)+ D[:PE _P‘r)

(R—1)B. + (—RP, + P;)

PR

DR(P, —P,) + D(P; — B

(Ps - RP‘]’) + (_Pb + R'Pa)

HSRR

DR[:PT _P.q)+ D(PB _P'r)

LSRR

DR[:PT _P.q)+ D(PB _P'r)

—(R—1)B. + (-P, +RE,)

2.6.3 Cavitation Derivation

The same procedure is repeated for this mode as for the other modes

FHyd'rauIic =FA; —PAp, = F — Ff

where the load force in this case is equal to the weight and F; is the friction force. Rearrange this

equation:
Py

From the flow equation:

(g = AgX = K qVAPL = Koo\ [, —

¥

Py Aq+FL—Ff
Ap

qb ZA;J;L = Kbt\,ﬁp?. = Kbt'\fp‘l’ - P.FJ

Divide equation 84 by equation 85:

a _

dp

Recall that R = A, /A4, anda = K, /K, square and rearrange:

AP
R=a |—
AP,
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(2.82)

(2.83)

(2.84)

(2.85)

(2.86)
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AP, = (E)Z AP,
PP - (5) &R

2
o
P,=(5) B—-R)+E
But equations 82and 88 are equal, solving for P, we get
74 z 74 2
PAs +F, —Fr = BAy + ((E) - (%) Pa)Ab

P, [Aa + (%)2 Ab] - (%)2 AP + (F, —F;) + B.A4,

2
(5) AoPr+(FL—Ff )+Pray

F, = >
[Aa+(%) Ab]
Divide by Ay
a2, (Fi-Fp)
P, = (ﬁ) Prt Ap +Pr

[r+)]

The criterion for cavitation is that P, must be positive or zero, for the limiting case where P,=0

a2 _ (F—Fr)
(E) ApFbAp = Ap

2
~F, =PA, — ((E) Ay(B.—B) +BA, + Ff)

Table 3. Cavitation load Comparison

Ab =
= Ps = Pr=
1658 | 437 | 20mpa | 0.7mpa | T= O
mm
Mode PE PR HSRE | HSRR | LSRE |LSRR
Cavitation
load (kN) | 77 210 168 5.9 59 |12.5
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(2.87)

(2.88)

(2.89)

(2.90)

(2.91)

(2.92)

(2.93)

(2.94)

(2.95)
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3 IMV BASED HYDRAULIC SYSTEM MODELING

The five modes of IMVs are different in terms of their equations and pressure set point, but it is
necessary to unify all of them in a general format to make it more systematic for analysis. That is why
the idea of valve switching function is introduced by Shenouda [45]. A simplified second order dynamic
model of the poppet valves is introduced and validated for the individual valves; and then a state space

representation is provided [33,41,45].

3.1 Vvalve Switching Functions

Previously we derived the equations for each mode along with its pressure set point, its
equivalent conductance, equivalent pressure, cavitation condition, etc. The process of analyzing and
controlling the model of the system must be repeated for each mode. That is why the valve switching

function unifies all five modes.

We start by defining universal parameters for the IMVs. Looking at figure 32, we notice that the
head chamber A has two valves K., and K,;, which we will call branch A. The same is true for rod

chamber B, with valves K, and Ky, which we will call branch B [1,2].

Brancha
Pump
(@
Kat Ksa
-4 -5
F
Check B |
Valve A | -
L | x
Tank % £
T Kbt Ksh T
Branch b

Figure 33. Schematic of valve switching function.
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Then we define the following switching functions of the valves.

1 when K, is open

5, =
-1 when K, is open
1 when Ksb is open

'S-EJ =

—1 when Kbt is open

Since the actuator can be either extending or retracting, we must define a parameter to express

this motion, so we define the direction D = 1 for extension, and D = —1 for retraction. This enables us

to define any mode by the following space (Sa, S, and D) as follows:

Table 4. Switching function representation.

Valve mode Switching Pattern
1 Powered Extension (PE) [1,-1, 1]
2 Powered Retraction (PR) [-1,1,-1]
3 High Side Regeneration Extension (HSRE) [1,1,1]
4 Low Side Regeneration Extension (LSRE) [-1, -1, 1]
5 Low Side Regeneration Retraction (LSRR) [-1,-1,-1]
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3.1.1 Flow Equations

Next we define universal equations for the supply and return flow for all five modes as

S+ Sp+1

Qs = Ga—— (3.1)
0 =""q - 2-q, (3.2
To verify our proposed function
For PE: Sa =1, Sp=—1, = Qs =qa and @r = gs
For HSRE: Sa=1, Sh=1, =>Q@s=qga—qb and @r = 0.

3.1.2 Equivalent Conductance

The valve switching function also sets a unified representation of the valve opening and

pressure drop across the valves for all five modes as follows:

5. +1 S,—1
Ka = a2 Ksa - a2 Kat (3.3)
S+ 1-5,
Ky, = 5 Kgp + — Kpt (3.4)
KaKb

K,

q - T———— (3.5)
fK§+R3K§

K, and Ky represent the conductance coefficients at the head chamber and rod chamber respectively.
They can be the conductance coefficient to the pump side or to the tank side. K¢ is the equivalent
conductance for the combination of both valves used in the circuit that achieve the desired flow under

the loading condition of the system.



3.1.3 Equivalent Pressure

Now the flow into the head chamber A becomes:

q o = Ka VAP1 Where AP1is defined as:
P. — F, in PE mode

in PR mode

AP, =4 R —F, in HSRE mode

P —P, in LSRE mode
P,—E in LSRR mode

Using the valve switching function to express AP1we get the following equation:

Sp+1
2

Sp—1

APy = D[22 (R —P,) -

the same way we have:

P, —P. in PE mode
2 — P, in PR mode
AP, =4 P, —F, in HSRE mode

P, — B in LSRE mode

B.— P, in LSRR mode

Sp+1
2

AP, = D[22 (P, - B) + 222 (P, - B)|

2

now the equivalent pressure can be expressed by:
P, = RAP, + AP,

finally, the pressure set point for all five modes becomes:

(P?' - Pa}]
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(3.6)

(3.7)

(3.8)
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Sg+1 Sg—-1 1-5 1-5p
P _ APrnin az (RPq—Pp)+ az (RP,—Pp) > LR+ > p

Due to using the valve switching function and the unified equations, it becomes much easier to

represent the system and to manipulate it.
3.2 Electrohydraulic Poppet Valve Modeling

As mentioned before, the INCOVA consists of five EHPVs, so it is important to understand,
model, and validate how the EHPVs work. Much research was conducted on them, but the most
accurate model was developed by Opdenbosch [33-38]. The work conducted by Opdenbosch is based on
a second order dynamic model that accurately represents the valve and to perform online correction
and estimation of the valves’ conductance coefficient as a function of a commanded current input. Next

we present the results [33].
3.2.1 Analysis and Operation of EHPVs

The structure of EHPV is shown in figure 33:
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Figure 34. Structure of the EHPV.

The principle of how EHPV works is explained in details in references [33-39]. The EHPV consists
of two stages; the first stage consists of a main poppet and pressure compensation mechanism. The
pressure compensation mechanism has a compensating piston and spring. The second stage houses the

armature and the housing pilot pin with a pressure control chamber that separates the two stages.

The goal is to achieve the desired flow through the valve. The high pressure flow from the main
poppet is passed to the central chamber through a small passage of the main poppet. When the current
is passed through the coils, the solenoid is activated, which moves the pilot pin. This allows the fluid to
flow from the control pressure chamber to the low pressure side through a piston and tubular spring,
and this will cause a drop in the control chamber pressure. The pressure difference on both sides of the
main poppet will move it from the main valve seat, which creates a passages between the inlet and
outlet of the valve. The EHPV is bidirectional because the control chamber can receive the high pressure

flow from either port.
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3.2.2 Second Order Model of EHPV

The valve is modeled as a linear second order model with nonlinear gain that represents the
steady state response. the parameters that control the nonlinear gains are the input current to the

solenoid, the pressure drop across the valve, and the direction of the flow (forward or reverse).

f (iso, AP, ®). & = +1 when the valve is in forward flow mode, and ¢ = —1 when the valve is in

reverse flow mode.

Other parameters like the oil temperature have little effect and will be ignored here. Our input will be
the solenoid current and the output will be the valve flow conductance parameter K,, so the simplified

second order dynamic model becomes [33,45]:

K,+ 2w, K, + WK, = w:f(i,,, AP, ®) (3.10)
3.2.3 Experimental Validation

Experiments were conducted to find the optimum parameter coefficients of the linear model,
then non linear gains are obtained from the steady state data, different currents were commanded to
the solenoids of the EHPVs and data was collected for each commanded current, the figure below shows
K, for steady state current response in milli ampere and pressure drops over a wide range, this was done
for both forward and reverse flows [38]. Notice that K, is only dependent the current for pressure drop
less than 0.4 MPa, below that both pressure and current play a role, so if we keep ,AP above 0.4 MPa

then K, is not a function of the pressure drop.

K, + 2¢w, K, + 03K, = 0f. f(isor, ®) (3.11)

from the experimental data it was determined that w, = 72.05 rad/s and damping ratio is found to be
¢ = 1.25. The model is then subjected to a step response and the data was collected and compared to
the model to validate it at different currents for both forward and reverse flows. Of course a low pass

filter with 25 Hz cutoff frequency was used to eliminate noise [36,37].
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3.3 Modeling the Actuator

In this section we develop a mathematical model for our actuator, which is the cylinder.
Hydraulic systems are inherently nonlinear and the fluid used can be compressible. We use the
conservation laws of mass and momentum to find the differential equations of our system, but first we

must define our system and impose some restrictions; the assumptions and restrictions are [45]:

1. Sharp edge orifices of the poppet valves.

2. Inviscid simple flow through the valve where Q = K /AP applies.

Time delay from the moment the pressure is commanded to the flow change is neglected.
Small fluid inductance due to relatively short wide pipes are used.

Oil hydraulic bulk modulus is constant through the entire pressure range.

Isothermal process of the oil, which eliminates the energy equation.

N o v &~ W

Small hydraulic losses in the lines.

3.3.1 Mathematical Modeling

Figure 35 represents our simplified system. The pump pressurizes the fluid which flows to the
valves where it is controlled and directed to the cylinder which has different pressures in its chambers,

and load acting on the rod end of the cylinder [36,45].

Pun
i2‘5/
Kat Ksa
- -
F
-+
Check B |
Valve A M
|
L =
X
Tank - J
Kbt Ksb

Figure 35. Hydraulic cylinder control using IMV assembly
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All these components in addition to the lines, the poppet valves, the chambers of the cylinder under
variable flows, volumes, and loads need to be modeled. We already found the equations for the valves,

and after the model is created, it will be simulated. The control input will be the opening of the valves.

3.3.1.1 Flow through the Orifices

According to Merrit [29], the flow will be turbulent and the flow relationships will be expressed

as:
Qsq = Ksa/ 1B — Falsgn(Fs — F,)
Qsqa = Ksa/|Fs — Palsgn(p — Fy)
Qsp = Kspy/ |Fs — Pylsgn(Fs — Py)
Qat = Kari/|1Fe — B Isgn(F, — F.)
Qvt = Kpe/ 1Py — B lsgn(P, — B.) (3.12)

3.3.1.2 Compressibility

CVy
=—F
Qca B, a
CVy -
= —PF
ch B b

CV, = V0, + Ayx

V oa is the initial volume of head chamber (a), and Vob is the initial volume of rod Chamber (b)

3.3.1.3 Conservation of Mass

Qsq — Qae — QL = Qg + ApX

Qsp — Qpe + QL = Qcp — ApX (3.14)
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Where Q, is the leakage from chamber A to chamber A,, which can be very small and neglected.
Substitute for Qs,, Qat, Qeay Qeby Qsp, aNd Qy: from equations 12, 13, and 14 we get:
cV, - .
Hsa |‘F.|S' T Pal Sgn(&: T Pa) _Hat*v |Pa T P?"l Sgn(‘pa T P’r} = B—aPa + Aax(3-15)
e

Koo/IP = Pol sgn(B, = Po) = Koe /1Py = Bl sgn(Py — B) =52 P, — A (3.6)

3.3.1.4 Conservation of Momentum

PaAa_PbAb:Mi: +F+Ff (3.17)
where F is the external force (the load), and F;is the friction force inside the cylinder.
3.4 Friction Estimation

There is no exact formula for calculating the friction, but lots of research was conducted to
accurately estimate it, due to advances in technology and strict requirements on the error range. It
should be noted that changing the mode of operation and the pressure will change the friction, Bonchis
and others found that the friction is highly dependent on the pressure in the chambers, an empirical

formula was developed
Ff - a1€a2v+a3(Fa_Fb) +{14Pb +a5v (3.18)

where F; is the friction force acting on the piston, a;-as are coefficients to be determined, P, and P, are
the pressures in the head and rod chambers, and v is the piston speed. Bonchis then found that the

velocity has little effect and refined his formula to:
Ff:al(Pa—Fb)-l—asz-i—CU (3.19)
where a;,a,, and the viscous friction parameter C are experimentally determined [36,37].

3.5 State Space Representation

The system will be considered as a multi input system because we have four valves to be

controlled, so we put the equations in state space format :
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i =f(xu) (320

Our variables are the actuator position, speed, inlet chamber pressure, and the outlet chamber pressure

[45].

X; =X

X, =%

xg = Pﬂ

. Cx, | (Ag—ay) (a;—a;—4p)
I e N

)‘::3 = jTi[Hsa\‘Rs — X3 — Kat\u’ X3 _P'r _Aax2]
?:‘:4 :CBTZ[KSEN'IRS_xq-_KbtW'lx‘l-_PT'_Abe] (3.21)

The supply pressure was found for all modes as the set point pressure:

Sgt1 4 Sg—1 N 1—5, 1-5;
P — _ APmin G (RPa—FPy)+=—(RPa—Fy) TR (3.22
SSQIpaz"rtr Sgpti_, SgtSy Sati_ SatSp 1-5; 1-5p, , 1-5g SatSp 1\~ )
TH_ = - H_T-'T = H+T+T

4 ENERGY SAVING ANLYSIS

4.1 Conventional Load Sensing Pump Control

In pressure compensated load sense, the controller commands the pump to provide a certain
pressure margin Pm after measuring the pressure in the hydraulic cylinder inlet chamber; the goal is to
keep a fixed pressure drop across the valve, which means a linear relationship between the spool

position and the flow rate through the valve.

The comparison between PE and PR with IMV modes will be presented here, with the basic
assumptions of quasi static behavior. Compressibility effects and capacitance variation are neglected. In

addition the valve dynamics are neglected.

4.1.1 Powered Extension Mode

Figure 36 shows schematic of the PE mode [45]. The fluid flows through valve K, to chamber A,

and out of valve Ky, to the tank, the flow equations are:



Ps
Pump

Ksa fy AP

]

Kbt )

e ]

Tank

Figure 36. Schematics of the PE mode.

Qa = sa'\n‘ﬁplsza‘\n'Ps_Pa =A4,.%
‘?szbt-\u'*ﬁpz =Kbg-\fpb_lpr =A,.%

Divide equation 1 by 2 we get:

fa_p—q |5ta
dp - Py—P;
Rearrange:
2

R
Rs_Pa = (E) (Ph _P'r)

R\ 2 R\ 2
p=rt() B -() B

From Newton’s Second Law for the hydraulic force:
FHyd = FpAq — P4y

r () ()
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(4.1)
(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)
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=[:+ O R =B -+ - (48
", = ey e et 5
:[R + (E)Z ]Pa = (%)2 P, + Fi—zd + P (4.11)
P, = 1+E§) P — azR;g Fi};d n QZR;SP,, (4.12)

The PCLS will be our choice to control the IMV system, and for the PE chamber A will be our input

chamber:

P,=PF, +B, (4.13)

1 R? Fpuya R2

:>RS' = —1+(R3) s~ PR3 A a2+R3FT + Fm (4.14)
a?
R® 71 R®  Fuya R?
s [a2+R3] ~ a?+R? Ap a?+R3 b+ By (4.15)
R3+a? 1Fyya , 1
=F = B ]m_EAb ‘|—EPT. (4.16)
P,=P.—P, (4.17)
a’ 1Fyya 1
=>F =5t 4, +o 6 (4.18)
Or we can write equation 4 as:
a2
P (5) (B —P)+B (4.19)

4.1.1.1 Back Pressure Limitations for PCLS

The previous derivation applies to both conventional and IMV systems, keeping in mind that the
IMV system has two degrees of freedom, where the return chamber pressure Py, can be controlled to a

certain value Pyo. Using the valve control plot, we express this desired outlet pressure as a horizontal line



that corresponds to the correct value of the opening that achieves this pressure. We choose the
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operating point to be the intersection between Py, and the curve that represents K, corresponding to

the desired speed as shown in figure 37.

A

Kout
Keq operating point

pressure constraint
line

-

Kin

Figure 37. Back pressure limitations for PCLS control.

going below this line means lower pressure, so the controller must command a back or return pressure

P,= Ppo. Substitute in equation 19 we get:

(4

Po=(2) B-B)+E

Hence P, becomes:

. GL’Z 1 lFHyci
P, =(5)Bn+=B+ 24 4 By
1 .’ 1F
Rs_ (Gf Pm+Pr}+_ Hyd—’_Pm
R “RZ b
But Pa = Ps — Pm
It 1 Frya
== [fRo+z Tt Bl
_ |t EFHyd]
foa = g0 T3 A,

4.1.1.2 Pump Power Savings

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)
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In this section the power consumption by the pump of each system is compared, define the

power.
Power = F..Q; (4.25)

For a system operating at the same speed and under the same load it must have the same flow rate,

then the comparison becomes between the pressure needed by each system, and hence:

APower = AP, .(Q; (4.26)

Equations 18 and 24 are the pressures for the two systems, then:

AR = [(£)B. +1(B - Poo)] (4.27)

denoting the supply pressure of the conventional system by P, and the one for IMV system by P’s

A Power = P.Q, — B, = [(:—:]Pm +i - Pyo)|. Qs (4.28)

this is true for the same load, and the same speed as mentioned before, also we are assuming same
pressure drop across the inlet valve for now. The advantage of the IMV system lies in being able to
control the outlet pressure, which means we can minimize the pressure losses and hence minimize the

power consumption as shown in figure 38 [36,45]:

P 4 P

) -
P1
Useful
energy
Useful
P2/IR
Losses on eneigy
output valve
P2'R
o -

Q Q

Figure 38. Energy saving for IMV and spool valve systems.
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Take the example of the following system, Pr =0, R = 1.4, @ = 1.3, Pm = 1.7 MPa, and the controlled

return pressure PO = 0.7 MPa.

AP, = 0.55 MPa (4.29)
Power Ratio = AP Qs 37%
AP, 0, = (0 (4.30)

which will be the effect of varying the parameters P, R, Py on the supply pressure representing power

savings. Next, the effect of changing these parameters is studied [45].

4.1.1.3 Energy Saving Variation

For the case of having the back pressure equal to P,, the pressure difference will only depend on
the valve opening ratio a and the pressure drop across the valve P,,. The pressure saved as a function of

a and P, is shown in figure 39 for the values of B,, = 1,2,3 MPa, and R = 1.658.

Pressure Difference Saved in PE as Pressure Margin is Varied

3
l-r-‘I i
7
25 Pm=3MPa Pl
—
-
deltaP o
wpa) 2 L <54
...*'"- —cfi""(:; -
-
15 Lac® .3
- ety
.q"q’* . 5-;55
A 5 Pmi=2MPa
+ X o il
e 5'5- e
1 - s s$* Pt
o o e
L T ".\-i"s't S sl o
I e =
0.5 ﬂﬂ’ﬂ?ﬁ‘ﬂ“ 518 ,....-H-i'—l-l"-‘"H_'_-'_ i
| gﬁrﬁgwéﬂ_ﬁ;ﬂ#w Pm=1MPa

04 0.6 0& 1 12 14 16 18 2
alpha={Kza/Kbt)

Figure 39. Pressure difference saving in PE mode as the margin pressure is changed.
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It is clear that the energy saving is higher for high P.,; then the questions becomes how high can

P., be? the answer is that it depends on the maximum pressure allowed in the inlet pressure chamber.

The bigger the opening to chamber A, the higher the pressure in that chamber becomes and
hence less losses, so increasing the pressure margin means higher energy savings. In figure 40 the

pressure saving is studied as a and R are varied when P, is constant, for R = 1, 1.658, and 2 at

Pm = 1MPa. Itis observed that energy saving is higher for smaller R [45].

Presseure Difference Saved in PE as the Area Ratio is Varied

47+
+
+
g

3 e
a4

R=1 — ‘,ijj-

1 1.2 1.4 1.6 1.8 2
alpha=(Ksa/Kbt)

Figure 40. Pressure difference saving in PE mode as the area ratio is varied.

In figure 41, Py is varied to Py = P,, 2P,, and 3P, while P,, is fixed at 1 MPa, and R =1.658. It is observed
that as Py, gets closer to P, the energy saving is higher, and in some cases for Po>3P, pressure is being

lost and hence power is lost [45].
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Figure 41. Pressure difference saving in PE mode as the back pressure is varied.

4.1.2 Powered Retraction Mode

4.1.2.1 Derivation

The same steps of the PE mode are repeated here with the same assumptions.

Ps
Pump ab
cyliner
Pb
)( Ksb
Ab
[
e,
qa
- /
Kat
: Pr Aa Pad
/ Pa
Tank

Figure 42. Schematics of the PR mode.
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starting with the flow equations

qq = K /APy =K /B, — B. = A X (4.31)
qdp = KSE}W'IQPZ =Hsbqﬁfcfs. — P, = Abi‘ (4.32)

divide equation 31 by 32:

fa_poq [fah (4.33)
qp P;—Py
Newton second law:
Fyya = PbAp — FiA, (4.34)
2
R

for PR mode the input chamber is the rod chamber B, the PCLS system measures the pressure P, and
commands the pump to add the margin pressure P.,, and supply a pressure at F, = P, — B,

substitute for P,

R? F
B=[5+1]B, + W%+ RE, (4.36)
R? F
=P, = (_a2) B, + —Z"i + RP. (4.37)

to find P, substitute in equation 34:

P=(Y @-r)+B=(5) BB (438

(4

4.1.2.2 Back Pressure Limitations for PCLS

The back pressure P, can be commanded to a specific valve Py:
F,=PF, (4.39)

using equation 38, P, can be written as:

Py = (5)2 B, +E. (4.40)

o

The supply pressure becomes:
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P, = i—sz +RE. + B, + FHi’j (4.41)
— P. = RPy+ B, + FHT (4.42)

Hence Py:
P, = RP, + 22¢ (4.43)

Ap
4.1.2.3 Pump Power Savings
Once again we assume same load, same speed, and same area ratio, then the power saving

becomes a matter of pressure saving between the two systems, equation 36 is the pressure needed by

the conventional system while equation 42 is the pressure needed by the IMV system.

APower = AP, .(Q; (4.44)
2B =[5 +1)B, + 44 RE| — |RPy + B+ 724 (aaa
AP, = [(i—z) By + R(B. — Py)| (4.45)

4.1.2.4 Power Saving Variation

The effect of changing the parameters P,,, R, and P, on power savings for PR mode is studied
next. For the case of Py=P,, then AP, depends on a and P,,,.

In figure 43 P, is varied to P,=1, 2 and 3 MPa at R=1.658 [45].
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Figure 43. Pressure difference saving in PR mode as the margin pressure is varied.

At low valve coefficient, the savings are higher. In figure 44 R is varied to R=1, 1.658, and 2,

while P, is fixed to 1 MPa [45].

Presseure Difference Saved in PR as the Area Ratio is Varied
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Figure 44. Pressure difference saving in PR mode as the area ratio is varied.
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It is observed that higher pressure difference is higher for high values of R. In figure 45 P, is varied to
Po=P,, 2P,, and 3P, at P,,=1MPa and R=1.658.

Presseure Difference Saved in PR as the Back Pressrure is Varied
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Figure 45. Pressure difference saving in PR mode as the back pressure is varied.

Here again more pressure saving is achieved around Py=P, [45].

4.2 PE Supply Pressure Set Point Calculations

Going back to chapter two, the comparison here is done using derivation of the supply pressure
set point for IMV system, instead of using PCLS. Recall that for IMV the cylinder can be extended in three
different ways; PE, HSRE, and LSRE. Next the energy savings of the three modes will be compared for the

same load speed to the case where the conventional PCLS system is used.
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In chapter two we found two equations for the supply pressure set point for each mode, one
came from the flow analysis, while the other came from force analysis, then the higher of the two used.

Here the second pressure set point is used since in reality it is almost always higher [45].

APower = AP, .Q, (4.46)
. c?+R3 EFHyd l . Peqmin (RP,—Py) i
Al = [( R? )Pm R 4 +RP""] [ R R & ] (4.47)
Pegmin = (R + 1) "‘-“‘Pmin (4.48)
2+R? P min
AP, = (aRg )Pm _% (4.49)

The power saving can be represented as a plot. Recall also that this power saving depends on
P., R, and AP, as seen from equation 49. Remember that EHPV needs AP, to be maintained across
the valve to ensure proper operation. Once again the effect of the three parameters on energy saving

will be studied here.

In figure 46 the effect of P,, on AP, and hence power saving is shown; P,, is the pressure margin
across the inlet valve of a conventional spool valve controlled system. P,, is varied P,=1, 2, 3 MPa at

constant R=1.658 and AP,,;»~=1MPa.
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Figure 46. Pressure difference saving in PE mode as the pressure margin is varied. IMV control.
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It is observed that for P,,=1 MPa and a < 1.6 the pressure saving is negative, hence the
conventional system is more efficient, but the savings get higher as P, get higher.

In figure 47 the effect of changing R is studied, three values of R=1, 1.658, and 2 for P,,=1MPa, and
APLin=1MPa.

Presseure Difference Saved in PE as the Area Ratio is Varied with Independent Metering Contrc
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Figure 47. Pressure difference saving in PE mode as the back pressure is varied. IMV control.

It is observed that the smaller R is the higher the savings, but in some case cases for higher R the

pressure becomes negative and hence more energy is required [45].

Finally, in figure 48 the effect of AP, is varied to 0.5, 1, 1.5 MPa at constant R=1.658 and P,,=1 MPa.
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Figure 48. Pressure difference saving in PR mode as the back pressure is varied.IMV control.

By definition AP, is the pressure lost across the valve for proper operation, so the higher the
value the higher the losses [45].

In conclusion, to make sure that IMV system gives better performance than conventional spool
valve system with PCLS, a small piston area ratio, smaller AP, and high pressure margin P, are needed.

4.3 Comparison of Regenerative Modes to Conventional Modes

4.3.1 HSREVsPE
Figure 49shows schematics of the two modes[45],
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Figure 49. The maximum load that can be achieved assuming zero return pressure is

Foaxpe = BAg (4.50)

FmaxHSR Rs(Aa o Ab} (4.51)
And the corresponding speed is:

. Q
Xpg — A_s (4.52)
a

XySRE = ﬁ (4.53)
It is observed that PE can achieve higher force, while HSRE can achieve higher speed. Another
observation is that there are some loads that can be moved at the desired speed using either mode,
while other loads can be driven at the desired speed by only one mode, this will be discussed in more

details later. Moving to power saving we have

APower = Ps pp .Qq — Ps ysge - Qr (4.54)
_ [Pedmin (RP;—Py) &
Q, = [ + z + = ] (4.55)
= (Ag — Ap)X (4.56)
APower = [ eqmin (R PR Pb) r ] A . [Pe‘?mm + (R Py, Pb) ] A ¥ (4.57)
Peqin = (R + 1) AP,,;,, (4.58)
APower = ([Pemn  BRePo) | Py [Potmn y RPP ]y Yy
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APower = AForce . x (4.60)

Since the speeds and loads are the same, the force difference will be zero, but in general the
system is multi actuator system, where one actuator requires higher pressure, and other actuators may
require lower pressures, but the high pressure available can save pump flow and hence power through

using HSRE mode which requires less flow, rather than PE .

Figure 50 explains this point [45].

U=ing PE with Flowand Presure Savings
High Pump Pressure with HSRE
p P4
Ps Ps
- Ps saved
Used ENrEy
energy
Lised
energy
L L
Q @' @ Q

Figure 50. Flow savings in HSRE mode when the pressure is high enough.

For a supply pressure higher than needed by PE mode P’s, power is lost, as shown by the red
area in the figure. In case of HSRE, the high supply pressure Ps is used, but a fraction of the flow is

needed which saves energy as shown by the green area.

4.3.2 LSRE Vs PE

The same comparison is done for LSRE as explained before; the regenerative flow is circulated

through the low pressure line as shown in figure 51 [45]:
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IUsing PE with P Flow and Presure Savings

High Pump Pressure with HSRE

Q Qs Qs Q

Figure 51. Flow saving in LSRE and hence power saving in comparison to PE.

Between Q, and Qy, so it saves power by saving both flow and pressure. LSRR does not require the pump
to supply pressure or flow since it only uses the recirculation flow from the head chamber to the rod
chamber, and the extra flow is vented to the tank, while PR requires the flow from the pump to move

the load.

An important point here is that both LSRE and LSRR can only be used when there is gravity

assistance, and these modes can only be achieved using IMV but not conventional system.

4.4 Inlet/Outlet Valve Power Losses Comparison

The power lost across the inlet and outlet valves is studied here for the PE, and the results are
generalized. The flow equations are

Qo = Ksq/AF, = AgX (4.61)
qb - Kbt‘\l"APb - Abi’ (462)
g, = Rqy (4.63)

— K.,./AP, = RK,,.[AP, (4.64)

Squaring

— K.,°AP, = R?K,’AP, (4.65)
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2
> AP, = R2:* AP, (4.66)
R2
=AF, = EﬂPb (4.67)

The power lost is the pressure drop across the valve times the flow though it:

P, = q,AF, (4.68)

Py = qpAP, (4.69)
RZ R3

]Pa = Qaﬂph ? = ? ]PE} (4.70)

P, R

@ (4.71)

To generalize the results, substitute K, by K, and K, by Ky, and to have equal losses in both
valves the condition below must hold:

RS

— = 1 (4.72)
o

The opening ratio of the valve gives Equal Throttling Power Loss

3
aprpy = R2 (4.73)

Recall that in chapter two the best opening ratio to reduce sensitivity to error was derived to be
0op=R**, hence:

_ 2
Oprpr = Qopt (4.74)

The results are explained in figure 52 [45]:



Ratio of Throttling Power Loss in Head Side Valve Compared to Rod Side Valve
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Figure 52. Throttling power loss ratio as a function of the valve opening ratio.
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5 CONTINOUSLY VARIABLE MODES
5.1 Introduction

The five distinct modes are not a good way of control of hydraulic systems, because the opening
and closing of the valves are not instantaneous, which means interruption of the flow and hence
interruption of the flow velocity that causes vibration problems. The solution of this problem is to find a
substitute for the five distinct modes, where there is no sudden change in the flow when transitioning
from one mode to another, this solution is called the continuously variable mode (CVM). CVM uses
three valves each at any instant of time to provide a path for the fluid flow and reduces the five distinct
modes to three modes when only two valves are used. Another advantage of the CVM is the increased
force speed capabilities over the five distinct modes, and it solves the vibration problem due to

continuous flow path. The three modes used are:

Powered High Side Regeneration Extension (PHSRE).
Powered Low Side Regeneration Retraction (PLSRE).

Powered Low Side Regeneration Extension (PLSRE).

P wopp o

Powered High Side Regeneration Retraction(PHSRR).

The idea is to use three valves, and continuously switching between two distinct modes. The
CVM have more speed force capabilities than distinct modes, but we should recalculate the supply

pressure set point for CVM since it is will be different from the distinct modes [41,45].
5.1.1 Powered High Side Regeneration Extension Mode (PHSRE)
Figure 53 shows how this mode woks, with K, K,, and Ky, as the three valves being used. Note

here that two pumps are used to indicate that each chamber is connected to the power supply line,
since three valves are involved at any instant of time.
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g
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Figure 53. The concept of PHSRE CVM.

The hydraulic circuit of this mode is equivalent to an electric circuit that consists of a voltage
source, a resistance, a transformer, and two other resistances with two other voltage sources. While the
electrical circuits are linear by nature, hydraulic circuits are not, as seen by the relation
Q = K+/AP.Since we have two valves involved in the rod side with one pressure Py, the two valves Ky,
and K, besides the supply and return pressures P, and P,, we must first reduce them to intermediate
single valve that we call intermediate effective pressure Pcym inter, and intermediate effective valve
conductance Keym_inter- NOow if we look at the system it looks equivalent to PE mode and we can find the
equivalent single pressure Pcyy and a single valve conductance Keyy [41,45]. Figures 54 and 55 show the

step by step reduction process of the system.

P
CVM
Ps Ps Ps PCVM.inIer

71 %)

T .

Step One Step Two

e

Ksa lql b K cvMinter ( Kew

Figure 54. Schematic of the first step of PHSRE.
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e
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Figure 55. Schematic of the second step of the PHSRE.

In this analysis once again we are assuming quasi static system behavior and turbulent flow

inside the system components.
dp = q2 T q3

P —_p f — f —
= Kevmmtery Po — Pevamter = Kptnf Po — B + K[ Py — K (5.1)

= K2 mser (Po — Pevarmter) = Kpe2 (P, — B) + K2 (P, — B) + 2K, K ,/(P, — B) (P, — )

Kpe > Pr+Kep? Ps—2Kpe Ko/ (P, —Pr) (Pp—Ps)
Kpt® +Kgp®

= PCVM,[nter (5.1)

_ 2 2
= Kevmnter = [ Kpe™ + Kap (5.2)

From the intermediate values we move to the equivalent values for P and F, this is done the
same way as for the normal PE mode where Ksa and Kot are reduced to one effective pressure source and

effective value of conductance. The final equivalent parameters become as follow:

Peyy = R(P. —F,) + (Fb — FCVMJnteT)

2 2
+ .
Koq Kevm . inter _ Ksa 4\ Kot " +Ksp _ Xy (5.3)

Kevm = J = =

2 2 2 2 2 /P,
Ksa +R3KCVM,Inter JKE-!I +R3(Kbt +K3b ) VievM
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5.1.2 Powered Low Side Regeneration Extension Mode (PLSRE)

Figure 56 shows how this mode works; the valves used are K,,, K., and K. [41,45].

PCVM,II’VISF

Ksa (/‘l

gl N (( Kevm

@ Kevm inter, ® 92

a3 T
- FT A B:":I e l A B:#:, ot l
pPr Pr Fr

Step One Step Two

Figure 56. Schematic of the first step of the PLSRE.

Here again we will go through the same two steps as before, where in the first step we will
reduce the head chamber two branches with the supply and return pressures Ps and P, the two valve
conductance coefficients K, and K., in addition to the chamber pressures P, to intermediate pressure

and conductance Pcym_inter aNd Keym_inter [41,45]. Fig. 57 shows the second step of this process.

Ksa
@t
— qa PC‘-JM_inter Qa Pa
qt — —
q3 K CVM inter
—_—
Pr ( Ei ) ?_\g
Kat

Figure 57. Schematic of the second step of the PHSRE.
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o = g1+ g3

P _—p = b — p —
= Kevamtery Povmmeer — Fo = Koo/ e — By + K/ B — B,

= K2 s mter Povitimser — Pa) = Koo? (B — P) + Koo ? (B — P) + 2K, Koo/ (B, — P,) (B. — P,)

2 w2 _
= Kivamter Pevminter — Kovammterfa =

—(Ksa” + Kat* )Py + Kot °Br + Kog "B + 2Ky Koo/ (B- — B)) (B, — By) (5.4)

P _ Katzpr"'f\’mzP3+2Kath\f(Ps_Pa)(Pr_Pa)
= LcvM, Inter = K. 21K .2
Sa at

(5.5)

_ 2 2
= KCVM,IﬂtET' - Hsa + Kat (5.6)

the second step is the same as used for PE except we replace P, and K, by Pcym_inter aNd Keym_inter alONg

with Py and Kpt
Pevir = R(Pevasinter — Bu) + (P, — B)

Kpt |Ksa” +Kat® %Ay
= = 17 (5.7)
2 2 2 2 2
Kcvm interat” VR3(Kpt®) .JKsa +Kqe* +R3(Kpe?)  VICOVM

Kyt Kcvm.inter

Kevm = J

5.1.3 Powered Low Side Regeneration Retraction Mode (PLSRR)

Figure 58 shows how this mode works, the three valves used are K, K., and Ky, [41,45].
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Figure 58. Schematic of the first step of PLSRR.

Here again we will go through the same two step as done for PHSRE, in the first step we reduce
the two branches of the rod side to one and find the intermediate pressure and valve conductance, then
we reduce the entire circuit to equivalent pressure and conductance.

Figure 59 show the first step which reduces the rod pressure Py, of the two valves K, and K, in addition

to supply and return pressures P; and P, to Pcym_inter and Keym_inter [41,45].

Ksb %

Pb qb 8 Pb ab P cui.inter
-— q1 -—
g Pr g K cvM.inter g

Figure 59. Schematic of the second step of the PLSRR.

qp = q1 + q3

= Ky mtery Povinter — Po = Kper| B — Py + Kgpo/ Bs — Py
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KCZVM,InteT(PCVM,IntET - Pb) = Khtz(ﬁw —Pp) + Kshz(f‘} —Py) + ZKbthb\/(R" —P,)(P. — Py)

Kczvm,mrer P CVM.Inter — KgVM,!nte*r‘ P, b —
—(Kpe® + Kop®)Py + Kyt °Br + Ko "By + 2Ky Koo/ (B — P,)(B, — P,)

(5.8)
P _ Kyt ?PrtKy " P+ 2Ky Kop [ (Pr—Py, ) (Ps—Py)
= I'cVM,Inter = Kos2 4K 2 (5.9)
bt +Esp
K = (K.24+K.2 5.10
= KcyM,Inter = bt sb (5.10)

The second step is the same as used for PR except we use the intermediate value instead of the

rod side value for pressure and conductance.

Peyy = R(B,—PF) + (FCVM,mter - Fb)

K ,I{ 24K 2 .
Kat KcvM Inter _ at bt sb _  XAp

2 2 2 2 2 P
Kat?+R3KcyMinter Jﬁat +R3(Kp? +Ksp”) VPcvm

(5.11)

Kevm = J

5.1.4 Powered High Side Regeneration Retraction

Ps Ps Peviinter

Ksa (gT gb J’ Kcvminter

=
m
b

i
— |

L Step One Step Two

Figure 60. Schematic of the first step of PHSRR.
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Figure 61. Schematic of the second step of the PHSRR.

Qe =411 43

P —_p__ . — o _ o _
KevminterFa — Povminter = Ksa/Ba — B + Koo/ B, — B

KC‘VM,mterz(Pa - PC‘VM,mter} = Ksazl:'ﬂa - &') + Kat2 (Pa - P‘r) + ZKsaKat'\"I[:Pa - Ps)[:Pa - P'r)

_ Kog® Po+Kqr " Pr—2Ksq Kar (Pg =P} (P —Bp)

Pevm.inter = Kog? +Kgp? (5.12)
_ 2 2

Kevminter = [ Ksa™ + Kap (5.13)

Peyy = R (Pa—PCVM,intm‘) + (P — P) (5.14)

KC‘V.’I{ — Esp Kevaginter (5.15)

z z
K™ +R* ey, inter

5.2 Mode Capabilities of CVM in Comparison to Distinct Modes

As an example we will explore the capabilities of the PHSRE CVM and compare it to PE and HSRE
modes. PE and HSRE modes are considered special cases of PHSRE which means it will definitely have
the same force speed capabilities of both, furthermore, the change of K, and Ky ratio will result in
improved envelop of performance for the PHSRE. It is clear that the speed depends on the flow rate
supplied by the pump, while the force of the actuator depends on two things; the load itself and the
maximum pressure the pump can supply. The equations below are derived for the actuator speed in the

PHSRE CVM [41,45].

F = PaAa - PEJAB (5.16)
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KCVM\/(RPE_PCVM,Inter)+(_RPQ+PI}}

XpHSRE = A (5.17)
b
F

. Kcvm || RPs — 4, —PcvM Inter

The pump capacity in terms of the flow rate and pressure determines the maximum power available and

hence the output force and speed of the actuator

Power = P.Q = F.x (5.19)

P.. Qpusre = Fnax - %pusre = (BAq — PevitinterAp)Xpusre (5.20)

_ (PsAg—Pcvm interAp)XPHSRE

:>QPH5RE - P (5.21)
5

Now if the calculated Qpspe is greater than Q. then Xos is limited to that of Q...

Qmaxps

(PsAa_PCVM,InterAb)

XpHspe = (5.22)

For the example of the telehandler extender cylinder, we assume maximum opening of valve K,,,

while we vary K, and K, by a where 0 < a < 1. Such that:

Kbt = aKmax

Kg =1 —a)K, 4 (5.23)

Notice that if a =1 then Ky, is closed while K, is completely open, which means operating under
PE mode, which is a special case of the PHSRE. To explore the capabilities of PHSRE we vary o from zero
to one. Figure 62 shows the force speed capabilities of the telehandler extender subjected to 0-100KN

load, with a maximum pump flow of 5520LPH.
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Added capability
PE only due to PHSRE
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v erlap
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Figure 62. The force-speed capability curves of PHSRE.

Notice that as a changes so does the force speed curve of the PHSRE between PE and HSRE
modes. Also notice the small region added to the curve of the PHSRE that could not be achieved by any
of the distinct modes alone. The PHSRE can push loads at speeds that could not be done by PE or HSRE
alone, in the blue triangular region of the capability envelop, this removes some of the limitations on
moving some loads at certain speeds, for example, we could not move a force of 50.3 KN at a

commanded speed of 0.7 m/s, but we can now using PHSRE [45].

The other significant achievement of PHSRE is the removal of switching point, because it keeps
the three valves open almost all the time, and so the problem of discontinuity due to opening one valve
and closing another is no longer an issue, which means smooth transition from one mode region to

another, this will improve velocity and vibration performance of the system greatly.

5.3 PLSRE CVM Valve Control

We will take this case as an example of how to control an individual valve in CVM. The desired
actuator speed required a specific value of Kcyy, and this can be achieved by finding one of the individual

values of the openings, which can be done through the command from the operator using a joystick.
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Since we have three valves involved in CVM, the control process becomes more complex; also recall that

we have both Pcyym_iner and PCVM which depend on the valve openings. For a desired commanded speed

we can find Kqyw to be:

Ab x.'com _ Ab :’&com (5 24)

/P,
ViCVM JR(PGVM,Inter_Pa)+(Pb_Pr)

Keym =

P _ Katz Pr""'sz P5+2Kathv"r(Ps_Pa)(Pr_Pa)
CVM,Inter — K. 24K .2 (5.25)
Sa at

Kbt,ff\’saz"'f\’atz ( )
— 5.26

Kevm =
JK 24K 12+ R3Kp,”
sa at bt

From these equations it is apparent that both intermediate and equivalent pressures depend on
K.: and K, in addition to the supply and return pressures and off course on the load. Figure 63 show the

variation of both the intermediate and equivalent pressures with the change in K, and K, as surfaces

[45].

The Effect of Valve Openings on the Intermediate and Equivalent Pressures

PCVM,inter (Lph/sqrt(MPa))

8000 ‘ Pintermediate L
= ) 8000

4000

Kat (Lph/sqrt(MPa)) Ksa (Lph/sqrt(MPa))

Figure 63. 3D surface of the equivalent and intermediate pressures as Kat and Ksa are varied.
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Notice that for one value of Kcym inter there is an infinite number of combinations of K, and K to
achieve this value, from equation 23 if we set K, to zero then we end up with the same equation for
LSRE in the distinct mode as seen before and in comparison to figure 10, keeping in mind that this is a
special case of PLSRE and that in general K, is not equal to zero. Figure 64 shows few surfaces describing

the variations of K., and Ky, for the values of K,,=0, 2000, 4000, 6000, and 8000 LPH/MPa”0.5 [45] .

The Effect of Valve Openings on the Equivalent Conductance

KCVM.,inter (Lph/sqrt(MPa))

4000

Kat (Lph/sqrt(MPa)) 00 Kbt (Lph/sqrt(MPa))

Figure 64. 3D surface of the equivalent conductance for different values of Ksa.

Comparing the case of K.,= 0 to LSRE, we expect them to be identical, but they are not. The
effect of K, can be viewed clearly in figures 65 and 66 for K,, value of 3000 LPH/MPa”0.5 , and 5000
LPH/MPa”0.5 [45].
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Figure 65. Contour plot of the equivalent conductance for Ksa =3000.
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Figure 66. Contour plot of the equivalent conductance for Ksa =5000.
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Notice that for low values of K¢y €.g. 500, 1000 the curve is very much linear, which means that
the effect of K, is very limited and any value of K. will achieve the same value of K¢ with negligible
error. This means that the important parameters are Ky and K,, for example, for K, = 3000 and
Kp: =1000, the variation of K,; from zero to 8000 will only result in a variation in KCVM from 888.2 -
983.9, but what does this mean physically? A small value of K¢y means small commanded speed which
means small flow in and maximum flow is circulated to the tank through the K,,, if K,; is opened beyond

this amount it will make no difference since the needed flow is already reached [39,41].

Now as Kcyw is getting bigger, i.e. 2000, we get closer and closer to LSRE distinct mode behavior,
but the only difference will be an upward shift of the surface. This shift upwards will interfere with
sensitivity and it will reduce it, so one must chose smallest K,; which means low regeneration flow and
lower energy saving, so one must prioritize the goals of the system parameters beforehand. Figure 66

shows the same behavior for K,,=5000. Notice that large values of K, are still in effect [39].

5.4 Vvalve Control Strategy

The goal is to find how much each of the three involved valves must be opened for a given

supply and return pressures, a load, and commanded speed [41].

Let’s define a new variable y=K,,/K,: or K,,;=YK,;, and substitute for Kcym_inter:

KCVM,mter = JKsaz + Katz = JV Katz + Katz = }’2 + 1 K+ (5.27)

if Ky is the value that achieves minimum losses across the outlet valve then the desired chamber

pressures Py, pes and P, pes for a given load and commanded speed are given by:

_ (i'com‘qb)z
Pb,Des — Kbtz + Pr (5.28)
F Pb Des
P = —+ == (5.29)
a,Des A, R

Substitute in 10 we find Pcym_inter:

Katz Pr+]’2Kat2 Ps"'z]’Katz\,[:Ps_Pa,Des)(Pr_Pa,De_r.')

?'ZKatz"'Katz

P CVM, Inter — (5.30)

Divide by K..°
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Pr"']"z P3+2V\I(P5_Pa,ﬂes)[:Pr_Pa,Des)

yi+1

chm,mter = (5.31)

So for a given value y one can find Pcym_inter from equation 4.29 for a certain load, P, and P, which means

we can find Peyw:
_ _ E
Pevir = R(Pevat inter — Papes) + (Po.pes — B) = RPeya inter — 2 B.(5.32)

Since we know Py now, we can translate the commanded speed ¥ _,,,, into corresponding Kcyy for the
value of P, pesbased on the chosen value of Ky,
__ XcomAp

KCVM - Pcvm

Again, the idea of controlling PLSRE is to find the Kcyym that corresponds to a desired commanded

(5.33)

speed and to find the individual valve openings K, K,: and Ky; that make up this value of Kcym:

o
Kevm inter Kot _ VY2 +1Kg; Kyt

KCVM - \I (5.34)

2 2
K2cym.inter +R* Kpt \I(y2+1}Kat2+R3Kbt

2 2
Kevm® [(]’2 + 1)K, + R3*Ky, ] = (y2+ DKy *Kpe” (535)

2
K2 = R*Keyy® Kpt
at (V2 +1)[Kpe > —Keym *]
R3*2KoyuK,
K, cvm Kot (5.36)

t =
J(}'2+1) [Kpe*—Keya ]

To sum up the strategy, given the load, the supply and return pressures, the input and output
opening ratio y, we choose a value for Ky, that satisfy the desired chambers pressures, and using
equation 31 to find Kcyy and then equation 33 to find K,.. We then multiply K,; by v to get K, which
determines all three valve openings K, Ky, and Ky, for a commanded speed. The choice of y is very
important and it holds some implications on the PLSRE, if y is high then K../K.:is high which mean high
force and low speed capability compared to low y. In comparison to distinct mode method, this is not
completely identical, for distinct mode K., represents all possible solutions that can achieve a desired
speed for a specific load at a given supply and return pressures, this is because P4 is constant for a given

load and it is independent of the chamber pressures [41].
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In PLSRE CVM, the Py depends on the chambers pressures due to its dependence on Pcym inter-
This means that K¢y does not represent the surface of solutions, but a curve in 3D of the valve openings

Ksas ko, @and K depending on the chamber pressure Pa [45].

As mentioned before, the two factors that determine the supply pressure by the pump are the
load, and pressure drop across the valve. The supply pressure set point will be different for each of the
three CVMs. An example of the derivation will be presented here for PHSRE and the results for the other

two cases are listed. Figure 67 represents the hydraulic circuit for PHSRE 41,45].

Ps
Ps
;F:
A
Ksh
q3 ('
) AP_min
. Em——
AP_min
kat
L -
q2 Kbt -

A B | ¥ /)?' AP_min

Figure 67. Schematic of the pressure set point for PHSRE.

The force equation is:
P.A, — B.A, — P.A, = AP A, + (P,A, — 2P, A,) + Ay, AP, + ApAPs (5.37)
Where we define:
AP =P, —P,
AP, = P, — B.
APy = P, — F;
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= (R — 1)P, — B, — RP, + 2P, = RAP;+AP, + AP, (5.38)

Recalling that the EHPV requires a minimum APmin across them to perform correctly, and the
supply Pressure set point must keep this minimum pressure even if no such pressure is needed for load
or speed requirements. Replacing AP,, AP,, AP; by AP.,;, and solving for P, we get:

__ (R+2)APynin | RPg—2Pp+ Py

:>PS set—point — R—1 R_1 (5.39)

Following the same methodology we get the results for PLSRR
Ps cot—point = (R + 2)APy;,, — RE, + 2P, + (R + 1)F, (5.40)

for PLSRE

__ (2R+1)APpin , 2RP;—Pp—(R—1)P,

PS set—point — R + R (5.41)

for PHSRR

__ (2R+1)AP+RP.—RP,+P,
Ps,setpoint — 1-R (5.42)
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6 CLOSED LOOP CONTROL OF AN ELECTROHYDRAULIC SYSTEM

6.1 System Description

The system to be controlled here is an IMV arrangement that consist of four -two stage servo
valves to control the flow from the pump to the head chamber and the rod chamber of the actuator, as
well as the flow to the tank from the two chambers [12]. Some minor simplifications are assumed about
the system such as ignoring the leakage effect which is very safe to assume, and neglecting the effect of

the relief valves, in addition to the assumption of a perfect performance of the pump .

The pump used is a fixed displacement pump with fixed flow rate due to the constant speed of
the driving electric motor. The relief valve opens instantaneously when there is an excessive flow from
the pump, and it is circulated to the tank, so when the pump pressure is less than the relief valve set
pressure, the relief valve will remain closed and it will open if the pump pressure exceeds this set
pressure limiting the pump pressure to this maximum set pressure, this is done by and instantaneous
opening of the valve and dumping the excess flow to the tank. The mathematical model of the relief
valve and the fluid compressibility of this section of the system is limiting the maximum pressure setting
of the pressure integration. A traditional system used in [12] is used as a reference to the IMV system to

be modeled and controlled in this section.

G— ]
e | e e
E
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Figure 68. Hydraulic system description.
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6.2 Mathematical Modeling
The mathematical model of the pump passing by the relief valve, the servo valve and the

compressibility effect in this section of the system is given by the following equations [29]:

Qp () = Dy (D). Wahg: (1) (6.1)
fOI’ pp <pmax
dpp(t) _ B _
= (@ (0 - Q.(0) (6.2)
Q‘r (t) =0
elseif P> Pmax
Q- (1) = (Qp(0) — Q, (1)) (6.3)
Pp(t) = Prmax

Q,(t) is the total flow out of the pump, while Q,(t) represents the flow rate from the pump to the

cylinder which can be to the head side in extension (Qu(t)) or to the rod side in retraction (Qp(t)).

Each port of the cylinder is assumed to use a two stage servo valve, the first stage is a flapper
nozzle, while the second stage is a spool type, so the four ports are using four independent valves that
connect each chamber to the pump from one side and to the tank from the other side [12]. The flow
through these valves is proportional to the pressure differential across it, and the position of the spool
in the second stage, which move due to the torque exerted on the spool by the current commanded to

the servo valve.

A first order filter is used as a model of the current amplifier and the electrical dynamics of the
servo valve in response to the commanded current, and the torque is modeled as a linear relation of the
current, while the torque to spool position is modeled as a second order mass force system, and the
natural frequency of this model is dependent on the spool position and on the location of the spool
travel to the maximum spool travel distance, which in turn is a function of the commanded current to
the maximum commanded current. The details of this model can be found in reference[12]. The
formulas here have been modified to fit the IMV format, yet the dynamics of the valves have not been

changed, the idea is to only replace the dynamics of the valve and the approach will still be valid for any
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electrohydraulic system with it has one or two degrees of freedom, and this is the main contribution of

this thesis. The mathematical relations among the various parts of the systems are given in the

equations below:

di
E—KX—X(L cmd)
TV=KT><£

If =2 < 0.4
Xymax
Wy = 2T X 75
else
= 2 X (75 — ((xv/x_vmax ) — 0.4) X ((75—25)/(1.0—- 0.4)))
(dx_v)/dt = v,
duv, o v 2
dt Pmax
Ifx,=0
Qpa = C1 X |x_v| X /P, — Pa
Qpe = CLx |x_v| % Py — ¢
QV = Q’.UCE
N B
dt Vhose m+vﬂ (Q'F'ﬂ V X A )
d‘pb ,6“ )
ar - +y xA
dt V.‘lagg_pa"'(-!ﬁ-y[_y)ﬂa( th J b)
else

Qat =C1lx II_UI ‘\l'pa D
Q’pb =C1x II_UI -\.'pp Pp

Qv = Qpb

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)
(6.16)

(6.17)
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da_ B o _
a Vhose vaty Aa( Qat =¥ X Aﬁ) (6.18)
d‘pb 'Bl ,
T +y x4 6.19
dt  Vhose vat{lcyr- ) 4a (Qrb J b} ( )
end
dy
ar =V (6.20)
dv 1
Ez My +1y & X}TJ +Dg XAg —Pp X Ap — Floag (6.21)
where €1 = —%2
XpmaxVPr

The first three equations for the current of the valve, the position of the second stage spool, and
the velocity of the spool are repeated for each valve in the case of the independent metering valve

model, and only once for traditional valves.

These equations are the same as those derived in chapters two and three for electrohydraulic
poppet valves, with the exception of the dynamics of the valves, that is replacing the terms C1* | x, | by

Ka or Kb will give identical equations [45].

The control approach used here is to use the simplest control algorithm that can meet the
requirements of the system, so the first controller that comes to mind is the PID controller in the
simplest form which is the P controller, keeping in mind that for this case the inlet and outlet are
decoupled, so a PID control gains should be applied to each valve independent of the other. Here the
results are presented for both cases the traditional valve, and the IMV valve using the same approach

[30].

6.3 Control Strategy

The control strategy is based on dealing with each valve as an independent system that needs its
own controller, this section discusses only one mode which is the powered extension mode as a proof of
the validity of the method, it is compared to the traditional two stage electrohydraulic servo valve with
one degree of freedom, then the results are compared. This is the same strategy used by Cetinkunt for
the traditional electrohydraulic system with a two stage servo valve [12]. The three programs used to

model and control the system have been modified to describe the new IMV system.
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6.3.1 The Dynamics Function

Despite the high nonlinearity in the equations that result from the variable volume of the
regions between the valve and the chambers and between the tank the chambers, the square root of
the pressure difference, and the natural frequency that depend on the spool position, a PID controller is
proposed due to its wide use, simplicity, and reliability [26]. First, a PID controller is used to control the
traditional system with the same valve dynamics, and the gains are found to meet the system
requirements, which is the desired position of the cylinder arm in this case, then the model for the IMV
is included for each valve in the new system that has two degrees of freedom. This IMV system requires
a signal to be sent to each valve, so the state equations of the systems are modified such that the
equations describing the dynamics of the each valve are augmented into the system equations, this step
will result in increasing the state variables, and hence, the system equations by three. The new
augmented set of nonlinear equations are simultaneously solved in a function file, this function file is

programmed to describe the dynamics of augmented system.

6.3.2 The Controller Function

In the controller function file, a PID controller is coded such that it continuously defines the
desired position in time over four different intervals; first, the desired position of the hydraulic piston is
located 0.2 meters for the first second, the following interval is the extension of the arm at a given rate
for the next second until it reaches the desired position point or the fully extended arm at 0.7 meters,
when this is achieved the cylinder is expected to stay at this desired position for one second to make
sure it has enough time to damp out any oscillations and compensate for any delays, by the end of this
process any manufacturing process is assumed to take place, finally, the retraction of the arm is started
at the beginning of the fourth second with a rate that can be the same as the extension rate or different
from it back to the 0.2 meter position, in our case we have the same retraction rate, and when the

cylinder is back to this position, the system waits for another second before starting another cycle [12].

The controller then reads the actual position, in addition to the actual velocity, and calculates
the error in the position, velocity and the integral of position. These values are then used to calculate

the commanded current signal after giving them the proper gains.

This process is repeated for both valves where the gains are defined in the main program and
passed to the controller to compute the commanded current, and it is very important to mention that

both control signals are totally independent from each other, so each one can any combination of the
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PID control elements that give the desired output. In the case of independent powered extension mode

shown below the first valve uses the PD controller, while the second valves uses PID controller [12].

6.3.3 The Main Program

The main program consists of several sections; the first is the parameters definitions, and the
initializing of the variables that are used to define the system and the controller, some of the values are
defined once and they remain constants throughout the code, while others are just initialized and will

be updated with time for each time step [12].

The second section of the main program is the time loop, where the calculation of the states of
the system are calculated and solved for, and the controller is applied to those states at each time step.
The time is divided to small steps and the controller is applied to both valves at each step and the
commanded signal is used to correct for the deviation between the desired states and the actual states.
At each corresponding time the dynamics of the systems are calculated from the differential equations
described above and the initial conditions used are the states of the previous step, this process

continues throughout the time interval.

The dynamics function used to find the differential equations is applied at each time step to find
the rate of the states, then the ODE45 function built in Matlab is used to solve for these set of
equations, the solved equations give the current states as an array over the time, the last row of the
states are then saved to represent the current state, and to be used as initial conditions to the next step,
in addition to update the next error signal based on the difference between them and the desired

states.

The third section of the main program is the data analysis, where all the data calculated over the
various time intervals are stored in one array, which is the output array. This output array is used to

separate all the states throughout the running time.

In this section the plots of the various states and parameters are generated to monitor and
analyze the system performance, in this section four types of plot are created, the first shows the flow
paths through the system for different pressures, while the second describes the pressure variation
from the pump in the cylinder chambers, the third plot explains the relation between the commended
current signal and the response of the spool to it, and last and most important the position response

under the influence of the controller compared to the desired position [12].
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6.4 Results and Discussion

6.4.1 Traditional System
As mentioned earlier the traditional electrohydraulic valve has one degree of freedom, it is more
robust and very reliable due to the coupling of the inlet and outlet openings, but the problem is that no

regeneration can be used for the system in which it is used, so there is no energy saving.

The controller used for this case is just a Pl controller with the gains of K, = 4, and K;= 0.4. The output
position of the hydraulic cylinder in comparison to the desired position is shown below in response to
the aforementioned Pl controller, which represents the combination of various gains that gave the best
tracking output. It is noticed that the response is very acceptable with very small error shown as small
deviation between the blue line which represents the actual output and the straight black lines that
represent the desired position. This response is a typical response with small overshoot and few
oscillations that damp out both at the end of the extension stroke and the retraction stroke as seen at

times equal to two seconds and four seconds.

Cylinder Position Response Compared to the Desired Position
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Figure 69. Position response for traditional system.
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The second important state is the position of the spool of the second stage of the
electrohydraulic servo valve in response to the commanded current, it can be seen that there is a near

complete alighment between the two after substituting a gain factor to the current which is 10.

The Position of the Valve Spool in Response to the Commanded Current
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Figure 70. Spool position response to commanded current.

The last parameters to investigate is the flow path from the pump, to the cylinder or to the tank.
It is shown that the flow from the pump is constant at 10 liters per second, the green curve is the flow to
the cylinder, while the magenta is the flow through the relief valve back to the tank , and the sum of the

two is total flow as can be seen at any point.
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X 10'3 Flow Rates Through the Pump and the Relief Valve
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Figure 71. Flow rates of the system.

6.4.2 [IMV System

The same analysis for the traditional valve is done for the IMV , with the difference that the new
valve has two degrees of freedom, and the opening of the valve inlet port is decoupled from the opening
of the valve exit port. Each valve has its own controller, for this case of powered extension using the IMV
the first valve is used to control the flow from the pump to head chamber of the cylinder, and a PD
controller is applied to it, the gains are K_p1=2.5 and K_d1=0.03, while the second valve connects the
rod chamber to the tank with a PID controller applied to it, the gains are K_p2=4,K_i2=.05, and
K_d2=.01. The response obtained here is better than that for the traditional valve in terms of the
transients, but it seems to be further away from the desired position by a constant value, the overshoot

and the oscillations here are eliminated and a smooth curve is obtained.
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Cylinder Position Response Compared to the Desired Position
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Figure 72. Position response for IMV system.

The second important state is the position of the spool of the second stage of the
electrohydraulic servo valve in response to the commanded current, it can be seen that there is a near
complete alighment between the two after substituting a gain factor to the current which is a factor of
10. In this case there should be two figures one for each valve, the figure shows the response of the first

valve only.
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Figure 73. Spool position response of the IMV
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7 AN EXPERIMENTAL APPROACH TO MODELING AND OPEN LOOP CONTROL
OF ELECTROHYDRAULIC SYSTEMS.

7.1 Introduction

Hydraulic power is widely used in applications that require high power, rugged environment,
and accurate control capabilities; the best example on such systems is construction and earth moving
equipments [15]. The problem with using hydraulic power is its’ complexity due to the highly nonlinear
behavior of the system, and the inherent control problems of such a system [29]. Sources of
nonlinearities include friction, orifice flow equation, hysteresis, overlapping of the valve lands, etc. This
issue makes the mathematical modeling of such a complex system very difficult, prone to

approximation, and very hard to control using traditional control algorithm [56].

Current modeling and control techniques are highly complicated and require complex control
algorithms; many papers are published using these techniques such as fuzzy control and adaptive
control [57]. Husco International developed a more complex control system to their highly flexible and

complex valve " INCOVA" and patented this approach [41].

This chapter proposes an experimental approach that considers the hydraulic system as a black
box with control signal going in and desired state outputs leaving this box. First, a brief description of

the systems under study along with the components used in the lab is presented.

7.2 System Definition and Theoretical Approach

The system used in this paper is a basic hydraulic experimental setup. The system consists of a
pump system that supplies a fluid flow at a constant pressure of 350 psi, the pump is then connected to
a traditional electro hydraulic valve [12] . The cylinder is a basic hydraulic cylinder in a horizontal
position that extends or retracts in response to the control signal from the electro hydraulic valve, is
equipped with a LVDT position sensor . Finally, the rod end is connected to a variable load that is
hanging by a pulley system that can make the load act in the direction of the extension or retraction
direction. [10]. The theoretical approach is based on modeling every single component separately as a
set of differential and algebraic equations. The differential equations of the various components and the

overall system are provided here for the sake of completeness.
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7.2.1 Valve Modeling

The second component to be modeled is the valve, it is the brain of the hydraulic system that
operates the rest of the system. Traditional modeling of hydraulic systems are based on the famous
orifice equation that is found in all hydraulic and fluid mechanics books, Merrit published these
equations as shown in equation 3.12 [29] . The equations are listed for all the components in chapter

three.

7.2.2 Cylinder Modeling and Response

The equations for thy cylinder under the influence of the load are derived again by Merrit [29], where
extensive math and highly nonlinear equations are obtained. These equations were modified for the

IMV system in used in [45].

7.2.3 Compressibility Effect

Three locations contribute to the compressibility of the fluid in the system. The first equation
describes the compressibility between the pump and valve including the piping between the two. The
second describes the compressibility between the valve and the head chamber A including the piping
between them, and the third one is for the compressibility between the valve and the rod chamber B

including the piping between them [29].

7.2.4 Conservation of Mass
These are the equations that quantify the flow among the various components of the system,
that is the flow from the pump to both chambers, from both chamber to the tank, from the pump to the

tank, and the leakage of the flow between these components as shown by equations 3.14 [45].

7.2.5 Conservation of Momentum

This section models the dynamics of the cylinder with the loads acting on it in addition to the
friction force model inside the cylinder, equations 3.15 give the mathematical model [45].

7.2.6 State Space Representation

The system at hand is a single input system and the best representation of the equations is the

state space format

%= f(ou)

Our variables are the actuator position, speed, inlet chamber pressure, and the outlet chamber pressure
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Xy =X
X, =%
X; = PF,
Xy =Py

The derivation, solution, and control of such highly nonlinear complex system require special

mathematical skills, control experience, and sophisticated control algorithms.

7.3 Experimental Approach

The approach used is the black box approach described by the figure below. Given the inputs
which are the supply pressure from the pump and the commanded voltage, one should be able to
predict the full states of the system, i.e.; cylinder position, cylinder velocity, pressure in the head
chamber, and the pressure in the rod chamber, all this must be measured for different loads, then based
on the data collected general formulas should be obtained to provide the desired response for other
situations where the inputs are varied. The experimental setup consists of the position sensor that is
connected to a Tektronix oscilloscope, which in turn is connected to a laptop that can collect the data
from the sensor in real time, simultaneously, the readings of the pressure gauges of both chambers of

the hydraulic cylinder are recorded during each run.

Black Box

Approach

Figure 74. Experimental Approach illustration.
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7.3.1 Sensor Calibration and Modeling

This sections introduces the procedure used to model and calibrate the sensor used in this
approach. Although the calibration chart of the LVDT position sensor is provided by the manufacturer,

the decision is made to follow a standard approach to create our own calibration relation .

The first step was to determine the input voltage needed to operate the sensor and range of
signal output in response to the cylinder extension. Figure 78 show the experimental data obtained for

the setup.

Position Sensor Calibration
1400
% 1200
_2: 1000 Vsensor=112.72x - 105.52
% R?=0.9965
£ 800
e
& 600
v
§ 400
=
2 200
o
0 T T T T T T 1
0 2 4 6 8 10 12 14
Position ( inches )

Figure 75. Sensor calibration and sensor modeling.

7.3.2 Valve Modeling

The experimental approach proposed here does not even bother about any equation since the

dynamics of the valve are automatically found. The valve operation signal is first determined, which is



107

the voltage needed to activate the valve, it was found that this voltage is about 12.5 volts. The next step
was to find the input signals required to extend and retract the cylinder. Keeping in mind that electro
hydraulic valves have saturation limits, this must be taken into consideration, in other words, the valve
will open in response to the signal strength to a certain value, after that if the signal is increased there
will be no increase in the opening of the valve [12]. The starting point was at six volts, where no
response was obtained, then the voltage was increased to nine volts and there was an extension. There
was no load exerted on the cylinder at this point, and the input voltage was to be varied several times to
find the limits of operation of this valve.

The logical next thing to do is to find the limits of operation, a variation of voltages were used to
determine these limits, and after many attempts it turned that there are four limits, two for extension
and two for retraction, the valve extended in response to voltages between 6.25 volts and 12 volts,
while it retracted in response to voltages between 1.75 volts and 5.5 volts.

Two important observations are that the higher the voltage for the extension range the faster
the cylinder extended, and the lower the signal the slower the extensions happened, on the other end
of the retraction side, the higher the voltage on the retraction range the slower the extension occurred
while the lower the voltage the faster the cylinder retracted. This indicate that the rate of motion is
proportional to the difference between the signal and a reference signal value, and the bigger this

difference the faster the motion was.

7.3.3 Cylinder Modeling

The experimental approach takes a shortcut and avoids all this messy mathematics, so the next
step is to determine model the dynamics of the next component which is the hydraulic cylinder. The
cylinder represents the muscle of the hydraulic system, up to this point the analysis of the valve was
qualitative to some extent, in this section a quantitative approach is introduced. The load is introduced
and the effect of this load on the response, and the required input voltage to achieve a desired speed
and position is studied in details. The system setup is based on a load in the retraction mode, where a
load is exerted on the cylinder as a weight that must be pulled in the
retraction stroke of the cylinder, for this purpose a weight is attached to the piston rod through a pulley,
this load is left hanging under its own weight and it was made flexible to change the weight according to

the desired force to be studied. Figure 79 shows the system setup.
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Figure 76. The cylinder setup with variable loading conditions.

The response of the cylinder is measured by installing two pressure gauges on the head
chamber and the rod chamber, the ideal choice would be an electrohydraulic pressure gauge that would
collect continuous pressure data, but due to funding limitations dial pressure gauges with pressure limit

of 500 psi were installed.

Figure 77. The experimental setup of the hydraulic cylinder with gage pressure meters.
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The oscilloscope is capable of taking and storing 2500 data points for each run, which is more
than enough for collecting accurate data for our experimental runs. The data is stored in a spreadsheet
data file to be processed at a later time, where in each run the voltage corresponding to the position of
the cylinder is recorded versus the time, this means that we have accurate data for the position and
velocity of the cylinder, on the other hand it was noticed that both pressures for chambers A and B

were constant for each run, these pressures were recorded and tabulated for further analysis.

The data acquisition was set up so that five different loads are applied to the system,
corresponding to 0,20,40,60, and 80 pounds of weight, then for each load different commanded
voltages over the range of the linear response were commanded both for extension and retraction. The
full states then were recorded to establish formulas for future references, the position, the calculated
velocity and the tabulated pressures were then used to predict the desired loads and velocities in
response to a certain commanded voltage or the opposite, i.e., to calculate the desired commanded
voltage needed to move a certain load at a desired velocity or to a desired position and the pressure

difference between the two chambers.

TDS 1012 -1:13:11 PM 6/13/2013

Figure 78. The oscilloscope screen of the cylinder in extension at seven volts and zero loads.
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Figure 79 shows a sample data acquired for the extension stroke of the hydraulic cylinder in
response to a seven volt command signal with zero load. As one can see from the oscilloscope there are
four extensions at different times for the same voltage and load. This data is stored in an excel spread

sheet and the four extensions are processed and the position with time is found as shown in figure 78.

Extension Response to 7.0 Volts
with Zero Load

1.40E+00
1.20E+00
1.00E+00
8.00E-01
6.00E-01
4.00E-01
2.00E-01
0.00E+00

Time (seconds)

Position Sensor Reading { Volts)

Figure 79. Extension at seven volts and zero loading.

Figure 79 shows the first extension response to a seven volt command signal at zero load, the
sensor voltage is then translated into position which means a relationship between the position and

time is available, and velocity in turns is then known.
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7.4 Results and Discussion

Extension Velocity Response

4.2 Velocity= 2.0447 VVcom - 12.739
— 4 R2=0.974
235
£ 25
£ 2
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Figure 80. Velocity response of the cylinder to different commanded voltages in extension.

Retraction Velocity Response
6
—c « Velocity = -2.715 Vcom + 14.788
ED R2 = 0.9965
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Figure 81. Velocity response of the cylinder to different commanded voltages in retraction.

Figure 78 shows the screen snapshot of the oscilloscope for an extension test at commanded

voltage of 7 volts and zero load, it can be seen that there are three extensions with the signal and sensor
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volatages as PWM voltage signals against the time. This data is exported to an excel sheet for each trial
and the velocity for each scenario is calculated. A relationship for the velocity vs the commanded
voltage is then obtained for the extension and retraction trials, each one at different loading condition,
so in order to achieve a certain desired velocity at a certain loading condition the formula is used. For

the extension case the result obtained is :

Vatogiey = 2.045V,5,, — 12.74 (7.1)
and for the retraction the formula is:

Vatogiey = —2.715V, 5, + 14.79 (7.2)
It is clear from figure 80 that the relationship is linear, it represents the position vs time

multiplied by some factor, so to get the position the velocity relation is integrated with respect to time,

and since the relation is linear the position is just the velocity by time.

Table 5.Pressure response to commanded voltage at different load in extension.

Vcom Load Pa Pb Velocity Q
(volts) ((Ibs) | (psi) | (psi) (in/s) (GPM)

7.5 0 115 | 110 2.398 1.103
7.5 20 110 | 110 2.451 1.127
7.5 40 103 | 110 2.433 1.118
7.5 60 98 110 2.431 1.118

7.5 80 93 110 2.471 1.136




Table 6. Head chamber pressure response to commanded voltage in extension.

Load ( lbs )= 0 20 40 60 80
Vcom & Pa(psi) | Pa(psi) | Pa(psi) | Pa(psi) | Pa(psi)

6.75 155 145 140 135 130

7 125 120 115 110 105
7.25 120 115 110 102 95
7.5 115 110 103 98 93
7.75 113 108 100 93 92

8 110 105 100 95 90
8.25 105 100 95 90 85
8.5 95 90 85 80 75
8.75 95 90 80 72 65

9 80 75 70 65 60

Table 7. Rod chamber pressure response in extension

Load ( lbs )=> 0 20 40 60 80
V com 4 Pb(psi) | Pb(psi) | Pb(psi) | Pb(psi) | Pb(psi)

6.75 160 160 160 160 160

7 130 130 130 130 130
7.25 120 120 120 120 120
7.5 110 110 110 110 110
7.75 105 105 105 105 105

8 100 100 100 100 100
8.25 90 90 90 90 90
8.5 80 80 80 80 80
8.75 70 70 70 70 70

9 60 60 60 60 60

113
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Table 8. Head chamber response to commanded voltage in retraction.

Load ( lbs )= 0 20 40 60 80
Vcom & Pa(psi) | Pa(psi) | Pa(psi) | Pa(psi) | Pa(psi)

2.5 120 120 115 115 115

3 130 125 120 120 115

35 170 170 165 160 155

4 180 175 170 170 165

4.5 190 185 180 175 170

5 210 205 195 190 185

5.25 215 210 200 195 190

Table 9. Rod chamber response to commanded voltage in retraction.

Load ( Ibs )> 0 20 40 60 80
V com 4 Pb(psi) | Pb(psi) | Pb(psi) | Pb(psi) | Pb(psi)

2.5 150 160 160 170 170

3 160 160 170 175 180

3.5 220 220 230 230 230

4 230 230 230 240 240

4.5 240 240 240 245 245

5 260 260 260 260 260

5.25 265 265 265 270 270

Tables 6 and 7 show the pressure response to different commanded signals and different loads
in both chambers; head chamber A, and rod chamber B. The two tables can be interpolated or
extrapolated for any other conditions other than the data points that were tested with high accuracy, a
clear pattern for both chambers in for the two cases of extension and retraction can be observed and

used to predict the desired conditions.
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From table 5 it is noticed that the velocity of extension is independent of the loading condition
for a certain commanded voltage, this is not what expected about the response, where the velocity is
supposed to increase as the load is increased in traditional electrohydraulic valve. This problem seemed
as a glitch in the approach, so the manual of the valve was studied and it was found that the valve is a
flow compensated valve, which means that the valve opening is adjusted to allow a ceratin amound of

flow regardless of the loading condition, this turns to porve the validity of the approach.
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8 Conclusions and Future Work

The equations for the equivalent pressure and the supply pressure set point for the HSRE and
LSRE are the same with some advantages for using the HSRE for the regeneration mode in extension.
The first is that the control of the supply pressure Pg is much easier than the control of the return
pressure P, and the cavitation load of the HSRE is much higher than that of the LSRE, which means it is
safer to operate with the first mode. The same discussion applies to using the LSRR and HSRR; that is the
equivalent pressures, the supply pressure set point, and the cavitation load. It is suggested then to
reduce the six distinct modes to only four modes that can be used to achieve all possible combinations,
and to focus only on those four modes. This finding was made obvious due to the new formulation of
the equations as listed in tables two and three. A quick glance at the tables proves the validity of this
suggestion. In addition to the theoretical work of previous research is the introduction and the
derivation of the fourth CVM, which is the PHSRR mode. Based on previous analogy, it is suggested that
the focus should be on two CVM's: PHSRE and PLSRR.

The second contribution of this thesis is the introduction of a truly independent controller to
each valve used. The valves openings are then related to each other by some proportionality constant,
so the same controller was used for the valves used in any mode. In this research the PE mode is used
to prove that a simple controller such as the PID controller can be applied to each valve independent of
the others. The results presented in chapter six show the two simple yet totally different PID gains used
to control the two valves involved in powered extension under the IMV mode. The method used
compared the system response of an electrohydraulic system with a traditional valve to the response of
the same system using IMV. It was shown that the IMV has more flexibility despite its complexity; it

even gave better results than the traditional system at certain regions of the desired position curve.

The third and final contribution of this thesis is the introduction of an experimental approach to
model and control electrohydraulic systems when there is no enough data available. Like many
discoveries in science and engineering, this was proposed when the original plan did not go as planned.
The original plan was to verify the mathematical model of the system in the lab so it can be controlled
using full state feedback. When the work started to model the system, there were few parameters
missing and needed high performance equipment to measure. Due to the absence of funding, it was

necessary to use only what is available in the lab, so the idea was to come up with a method where a
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signal is sent to the system and a response is registered. Then to study the relation between the two
under different conditions, and the rest of the details are presented in chapter seven. The method

works for any system and under any conditions.

There are many venues to be explored in the future. Currently the research is undergoing on
two fronts; the first one is the mathematical and modeling of the system, and the second is the
experimental and practical front. Finding a linear model of this highly nonlinear system is the first
recommendation. A good amount of work has been conducted in this field, and results are about to be
obtained in the next few weeks. This will allow the use of more control strategies since the system can
be turned to a state space format. A proposed controller will be a full state feedback controller, pole

placement method, and integral control, which are all with reference input.

The most important work to be conducted in the near future is apply the control algorithm
proposed here to the IMV system and compare the results to the traditional system. An experimental

setup is being prepared at Birzeit University to achieve this goal.

A third proposal for future work is to improve the experimental approach using electrohydraulic
pressure gages instead of the dial gages. This will produce mathematical expression for the pressures in
the head and rod chambers of the cylinder instead of the pressure tables listed in the tables in chapter

seven.
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