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Abstract

This thesis presents the outcome of an investigation into the development of an existing
hydraulic control system known as Independent Metering towards Micro-Independent Metering
(MIM).

The Independent Metering system uses a different con�guration of the connection between
the main elements of the hydraulic systems when compared to a traditional hydraulic circuit
arrangement. These elements are pump, tank, and actuator. In a conventional control valve,
meter-in connects pump �ow to one side of the actuator, while meter-out connects the other side
of the actuator back to the tank, these metering features are physically linked. With Independent
Metering, these metering features are separated such that they can be independently controlled
with a potential resultant reduction of energy losses, improved controllability, but with the
increased complexity of the control system.

In a conventional Independent Metering system, a spool, poppet or cartridge valve is
generally utilised. However, in this research, a new stepped rotary �ow control valve is used
for the development of a novel con�guration that also meets the rules of Independent Metering.
The use of this valve alongside the electronic driving technique micro-stepping, commonly used
in electronically controlled electrical drives, improved the system controllability by introducing
a smoothing operation in the hydraulic system. This resulted in the new Micro-Independent
Metering algorithm which is one of the main contributions to knowledge in this research. To
develop the MIM system, the Model-Based Design technique including the system analysis,
modelling and simulation, software-in-the-Loop (SIL) simulation, and the hardware-in-the-
Loop (HIL) test, are used.

Mathematical model and performance analysis of the valve were conducted in this research.
The multi-step response analysis was used to evaluate the dynamical performance of the valve.
This indicated that the micro-step driving technique is more suitable for driving the valve as it
reduces the effect of the transient response due to friction, while increasing the resolution.

Root Locus Analysis (RLA) was used to study valve stability and the performance limita-
tions. The RLA demonstrated the effect of key parameters on the valve operation. For example,
the study show that the valve starts losing stability when the applied pressure drop exceeds 35
MPa.

A new algorithm was developed to formulate and apply the rules of the MIM system. The
algorithm includes an operational modes selection procedure, valve conductance calculation
procedure, anti-cavitation procedure, and close value detection (CVD) procedure. The proposed
CVD determines the stepper motor position based on a predetermined vector selection.
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A Software in Loop (SIL) simulation was used to study the model of a telehandler machine
boom cylinder. This indicated that the system is able to control the piston speed under variable
loading conditions by automatically implementing the suitable operation mode. Moreover,
a comparative analysis between the MIM model and the traditional IM model indicated that
the system is able to reject �uid disturbances that affect the speed and thus improve system
stability.

Finally, Hardware-in-the-Loop testing was performed on the system. This included imple-
menting the control algorithm on two linked processors to control four stepper motor driving
circuits. Using serial communications between the hardware and model of the system, the
control algorithm obtained the user input and performed an Independent Metering technique.
The performance was analysed by qualitatively observing the stepper motors rotation. This
showed the hardware platform had the ability to activate the control algorithm under variable
operating conditions.
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Chapter 1

Introduction

1.1 Backgrounnd

Hydraulic systems are extensively used in a variety of applications ranging from construction

and earth moving to industrial, military, and aerospace, due to their unique and valuable

characteristics. Compared to electrical actuators, hydraulic drives are characterized by high

load capabilities, high power to weight ratio and robustness (Parr, 2011) and (Mattila et al.,

2017). They are effective in applications with abrupt loading, frequent stops and variations.

However, hydraulic drives still suffer from some shortcomings, such as energy losses and

nonlinearities, which makes the control system more challenging (Mattila et al., 2017) and

(Edge, 1997). For example,52%of the consumed energy in mobile load sensing system is

losses as shown in Figure 1.1

To overcome the hydraulic drives drawbacks, Hydraulic individualization methodology is

used. It improves the power density, robustness and �exibility. Individualization can be split into

displacement and valve control (Weber et al., 2016). Typical displacement individualization

is shown in Figure 1.2. The most common technique, also the lowest level, is one pump

feeding several actuators. This approach is common in injection moulding machines (Yan,

2011). The second technique is mainly used in hydraulically driven machines. A Green

Wheel Loader was investigated by the Institute of Fluid Power at Dresden University of

technology (Schneider et al., 2016), and a Displacement Control Series-Parallel (DC S-P)

hybrid mini excavator was improved at Maha Fluid power research centre at Purdue University

(Hippalgaonkar and Ivantysynova, 2013), both implementing this second method. The third or

the last method/technology, shown in Figure 1.2, is used in high power applications where every

actuator has its own pump. These systems' main characteristics are lower energy consumption

rates, hence better fuel economy and fewer greenhouse gases. Their main drawbacks are

slower dynamics compared to servo actuators (Yan, 2011). Iterations were used to improve
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the response of this method using electronics (Habibi and Goldenberg, 1999) and (Ahn et al.,

2014).

Fig. 1.1 Losses in a hydraulic mobile machine controlled by traditional spool valve and variable
displacement valve (Ding et al., 2018b).

Fig. 1.2Illustrates different types of hydraulic drives individualization based on the use of pump and
motor (Weber et al., 2016).

Regarding individualization using hydraulic control valves, which is the main point of

this research, three main types of individualization are summarized in Figure 1.3. The �rst

approach is the common metering edge, which is the traditional control approach. Each actuator

is controlled by one valve. Due to the mechanical connection between the metering edges

of the actuator using traditional valves, the system has one degree of freedom which means

that one chamber pressure is controlled (Lübbert et al., 2016). This con�guration limits the
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system �exibility, but it increases the robustness (Eriksson and Palmberg, 2011). Iterations

were performed to adjust the traditional spool and by that control the meter-in and the meter-out,

but this was developed for a speci�c machine type with one optimized �ow rate. To improve

the ef�ciency and the energy saving, the trend was to break the mechanical connection between

the meter-in and the meter-out edges, which is why it is called Independent Metering (IM).

Different terms are used for the IM such as a separate metering, programmable valves, multi-

functional valves and separate meter-in separate meter-out control (Liu and Yao, 2002; Kong

et al., 2004; Eriksson, 2007). It is called programmable because it changes the control system

from the hydro-mechanical concept into an intelligent control system that relies on software.

Breaking the mechanical connection leads to many advantages and disadvantages as concluded

from several publications. (Sitte and Weber, 2013; Jansson et al., 1991; Opdenbosch et al.,

2011).

The main advantages are:

1. Independent control of the inlet and the outlet ori�ces.

2. Increase energy ef�ciency by allowing individual control paths or modes. This was

proved in the excavator manipulator by (Choi et al., 2015).

3. Application of simple valves.

4. Avoiding cavitation during a pulling load.

5. Flexible system con�guration.

6. Functionality Transfer from hardware to software. This is performed by integrating

sensors and intelligent software into the system.

7. An ability to apply advanced control methods.

The main disadvantages are as follows:

1. Increased component costs when compared to a simple system.

2. More complex controllers are required.

3. Switching between operation modes causes a sudden change in the velocity, because

selecting the modes is based on a rule based method.

4. Dif�culty in pressure compensator integration because of its slow dynamic performance.

(Vukovic and Murrenhoff, 2014).
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Fig. 1.3Hydraulic drive individualization based on valve structure, it shows the �exibility could be
obtained using independent metering and comparing to common metering edge (Weber et al., 2016).

Research on IM systems has been conducted using various approaches. Figure (1.4) is a general

statistical chart indicating the up to date developments in IM. The main scienti�c institutes

developing intelligent hydraulic systems and particularly IM technology are summarized in

Table (1.1). The research outputs and patents developed by these institutes and companies

are illustrated in Figure (1.5). The �rst improvement was parameters quantities decoupling

(Jansson and Palmberg, 1990). Many techniques have been applied to improve decoupling

such as the Linear Quadratic (LQ) technique and pressure feedback (Hippalgaonkar and

Ivantysynova, 2013) and (Nielsen, 2005). The effects of feedback linearization and open

loop control were investigated by Mattila and Virvalo (2000) and Hu and Zhang (2003). In

another approach, adaptive control was used in these systems by Liu and Yao (2002), Yao and

DeBoer (2002) and Lu and Yao (2014). Tabor developed a quasi-static mathematical technique

for the IM (Tabor, 2005b). Improving this model was achieved by inserting a continuous

mode switching (Shenouda, 2006). A signi�cant technology improvement for IM was by

inserting digital hydraulics (Laamanen and Vilenius, 2003). Every consumer, actuator, was

actuated by four digital �uid control units (DFCU) which contained an array of on/off valves

(Ketonen and Linjama, 2017a). There was also a new system based on a hybrid concept such as

STEAM (Steigerung derEnergieef�zienz in derArbeitshydraulikmobiler Arbeitsmaschinen).

(Hippalgaonkar and Ivantysynova, 2013) and (Vukovic and Murrenhoff, 2015). More reviews

about these studies are included in Chapter 2 of this thesis.
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Fig. 1.4Number of studies related to IM in the last three decades.

Fig. 1.5Contribution of the leading research institutes and companies to the IM development.
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Table 1.1Main academic institutes developing IM.

University Research Trends Sample of Studies
Institute of Hydraulic
and Automation at Tam-
pere University of Tech-
nology, Finland.

1. Digital Hydraulic.

2. Hydraulic Manipulation
Development.

1. IM Hydraulic System (Linjama
et al., 2015, 2016).

2. Hydraulic Manipulations
(Koivumäki et al., 2019).

Institute of Fluid and
Mechatronics Systems
at Linkoping University,
Sweden.

1. IM and Load Sensing
System.

2. Hybrid Hydraulic.

3. Real-Time-Simulation.

1. Load Sensing with IM (Axin,
2013; Dell'Amico et al., 2013;
de Brun Mangs and Tillquist,
2018).

Institute of Fluid power
at Dresden University of
Technology, Germany.

1. Hybrid Hydraulic
STEAM.

2. Developing Fluid-
Mechatronics system.

1. Independent Metering and De-
centralization for Energy Saving
(Lodewyks and Zurbrügg, 2016).

2. Hybrid Hydraulic System
(Vukovic et al., 2016).

The George W.
Woodruff School
of Mechanical Engi-
neering at Georgia
Institute of Technology,
USA.

1. Hydraulics Component
Development.

2. Intelligent Control of Hy-
draulic Manipulators

1. Poppet Valve Developments (Op-
denbosch et al., 2009b; Opden-
bosch et al., 2008).

2. Independent Metering System
(Shenouda and Book, 2005a,
2008).

State Key Laboratory of
Fluid Power and Mecha-
tronics System, Zhe-
jiang University, China
.

1. Development of Indepen-
dent Metering Switching
Methods.

2. Hydraulic Drive Motion
Improvement.

1. Independent Metering Mode
Switching (Ding et al., 2016).

2. Energy saving (Xu et al., 2015;
Ding et al., 2019).

Maha Fluid Power Cen-
ter, Purude University,
USA.

1. Hydraulic Components
Modelling.

2. Mobile Hydraulic Sys-
tems

1. Load Sensing with IM (Campanini
et al., 2017; DeBoer and Yao,
2001).

2. Modelling of Components (Liu
and Yao, 2006).

Key Lab of Advanced
Transducers and Intelli-
gent System , Taiyuan
University, China.

1. Hydraulic Manipulation
System.

2. Modelling of Hydraulic
System

1. Independent Metering Perfor-
mance Analysis Ge et al. (2015)

School of Mechanical
and Automotive Engi-
neering, University of
Ulsan, South Korea.

1. Independent Metering
Implementation.

2. Hydraulic Manipulation
Energy

1. IM Systems (Nahian et al., 2015).

2. IM Energy Saving (Park et al.,
2016).

Institute of Mechani-
cal Engineering, Illinois,
USA.

1. Dynamic and Control 1. Valve Performance (Zhang et al.,
2002b).
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The research reported in this thesis is based on an in-depth review of these systems and

the introduction of a novel hydromechatronics independent metering system. The term hy-

dromechatronics represents an integration between the hydraulic elements and the mechatronics

systems (Weber, 2018). This integration is a new industrial trend and that relies on software

implementations. Therefore, the proposed system meets the rules of the hydraulic independent

metering approach using a modern rotary �ow control valve, part of which was proposed by

Okhotnikov et al. (2017). The rules of the IM are controlling the hydraulic actuator velocity

and allow �uid regeneration and recuperation. Combined with advanced control, driving, and

communication techniques, (Figure 3.5), the new system represents the main theory of the

research milestone in this technology. The proposed system was termed as " Micro-Independent

Metering" (MIM), and the main reason for selecting this name will be explained in more de-

tail later in this thesis. However, it was primarily selected due to the stepper motor driving

technique used which was micro-stepping. Each step can be electronically divided into many

steps resulting in a more controllable operating system. More details about the MIM system

con�guration are introduced in Chapter 3. During this investigation, speci�c questions were

answered. They are included in the following section.

1.2 Research Questions

The aim of this research is to investigate the implementation of independent metering in a

hydraulic application using a new stepped rotary �ow control valve. The research questions are

as follows:

• Has micro-independent metering been applied for control of hydraulic applications?

(Chapter 2).

• What is the dynamical performance of the modern stepped rotary �ow control valve?

(Chapter 4).

• What will be the effect of replacing the traditional control valves conventionally used for

independent metering with a new stepped rotary �ow control valve? (Chapters 3 and 5).

• What will be the effect of the new con�guration on the actuator's velocity performance

comparing with the traditional con�guration? (Chapter 5).
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1.3 Aims and Objectives

The main aim of this research is to propose a novel control system using a new generation of

rotary valve that is independently operated compared to the spool valve which is conventionally

used in hydraulic applications. The system is characterized by using mechatronics techniques

to create an independent metering method for hydraulic applications. This integration replaces

the hydro-mechanical system by programmable control techniques that rely on electronics

components. The system can control the velocity of the hydraulic actuator, cylinder or motor,

according to the user requirements and adjustments. Also, it saves more energy compared to

the traditional systems by incorporating energy regeneration. To achieve this aim, there is a

need to :-

• Investigate the new valve dynamical performance and controllability.

• Investigate different independent metering architectures and select the most suitable

con�guration to replace the traditional valve with the new one.

• Research and investigate an advanced control algorithm that �ts this new con�guration.

Since stepped rotary valves are inserted in the system instead of the traditional valves,

the actuation technique must also be changed from the solenoid to stepper motors. This

change, although producing new advantages, increases the complexity of the system. To

do that a new control system needed to be designed. As illustrated in Figure 1.6, the

presented control system is an open loop and the driver closes the loop by observing the

output which is the actuator position. The system measures different pressure parameters

and uses them to produce calculated �ow rates according to the control algorithm that is

implemented in the system's processor.

Fig. 1.6The MIM programable control system
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• Investigate and develop an electronic system that performs the main control algorithm.

This new programmable control system relies on a combination of electronics, sensors

and software.

• Investigate the effect of the control system on the cylinder velocity performance.

The main objectives are as follows:

1. Develop a �ow control valve using the rotary ori�ce which was evolved by Okhotnikov

et al. (2017).

2. Design the valve model and study the dynamical response. Conduct root locus analysis

to study valve stability.

3. Design a control algorithm for the new IM con�guration. The traditional control al-

gorithm which was developed for the poppet valve is based on an in�nite number of

combinations between the used valves, but the valve in the new con�guration acts ac-

cording to �nite positioning, therefore the new control algorithm has to consider �nite

combination.

4. Design a simulation model for the system and implement different conditions to test the

system performance using the Software-in-Loop Simulation (SIL).

5. Design a Hardware-in-the-Loop (HIL) test platform which contains the electronics

controllers, motor drivers, communication, joystick, screens, and the system model.

6. Test the practical reaction of the system under different simulated operation conditions.

1.4 Constraints

The main constraints in the research are �nancial and lack of facilities such as some advanced

equipment. These limitations have been overcome using alternatives as follows:

• To evaluate the friction model of the rotary ori�ce, one rotary ori�ce was manufactured

using 3D printing. Therefore, the maximum pressure drop which was applied to the valve

during tests was 1MPa.

• Lack of a fast response and high resolution �ow meter where the ori�ce �ow rate and it's

model can be validated. To evaluate the �ow performance, the pressure drop was �xed at

0:25MPa, 0:5 MPa ,and1 MPapressure drops. At each pressure drop, the rotary ori�ce

rotated 10 degrees and the �ow was measured by a traditional �ow meter.
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• Lack of real time processor (Target Hardware) where the model can be uploaded and

interfaced with the electronic system. A qualitative study was performed using the HIL

test. The HIL used in the test contained a normal PC connected with Arduino processors

and many stepper motors with their drivers. The test was performed on determined

situations to reduce the effect of data communication problems between the PC and the

processors.

1.5 Contributions and Key New Knowledge

This investigation is about the design and analysis of a new hydromechatronics control system

using model-based design. The contributions to knowledge resulting from these investigations

are as follows:

1. This study investigated the frictions that exist in the rotary ori�ce and their effect on

the control of the new rotary valve. The multi-step response analysis of the rotary valve

model indicated that the friction torque of the new rotary ori�ce is affected by the initial

conditions at the rest points when using the full step driving technique. To reduce this

effect, the micro-stepping technique was introduced, usually common in electrical drives,

in order to drive the hydraulic valve. This has resulted in much smoother operation and

better controllability of the new hydraulic drives.

2. In this investigation, the root locus technique was used to investigate and analyse the

rotary valve stability. The study indicated that the new rotary valve can remain stable

throughout its entire range of operation with the pressure drop of up to35 MPa. In

addition, this analysis demonstrated that there is a direct relation between the distribution

of the system's poles due to the effect of the pressure drop and the friction coef�cient.

3. A Close Value Detection (CVD) technique was developed, as part of this investigation,

to create a link between the in�nite position method used in poppet valves and the �nite

number of possible positions using a stepper motor.

4. The MIM ( micro-independent-metering) system is able to handle and manage �uid

disturbances that can affect the �uid �ow into and out of the hydraulic cylinder. This in

turn has improved the control of the velocity of the hydraulic cylinder.
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1.6 Model Based Design Methodology

Due to the complexity of mechatronics systems, the Model Based Design was selected to

be the main approach for the project. This method is used in many applications such as

Aerospace, Mechtronics and Robotics (Toman et al., 2011) and (Lennon and Mass, 2008). For

hydraulic mobile machines, the model based design including HIL was developed in (Lim

et al., 2005) and (Prabhu, 2007). It has been used for independent metering development by

(Shi et al., 2018). The INCOVA company used this technique to develop an intelligent control

valve (Corey, 2019). It was also used for �ight control developments (Karpenko and Sepehri,

2009). Figure 1.7 shows the main steps of this methodology. It starts by determining the main

requirements, such as the controlled parameters performance and limitations. Next, forming

the system model or the plant model and the controller model to perform analysis using the

Model-in-the-Loop and the Software-in-the-Loop. After that, the integration of the models, at

the simulation platform, and the system hardware to start performing the Hardware-in-Loop

test. If some of the hardware components are not installed and substituted by their models, the

test is called a Model-in-the-Loop test as indicated by Plummer (2006).

Fig. 1.7The �owchart of the Model-Based design methodology

In this research, to regulate the system's speci�cations and requirements, the IM method-

ology was mathematically analysed. The response analysis of the valve nonlinear model was

performed and evaluated. The valve model containing the stepper motor model combined with

the rotary ori�ce model was used to analyze the driving techniques of the valve which could be

a full step driving technique or a micro-step driving technique.
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For the system modelling and analysis, a linear model for the stepped rotary �ow control

valve was developed to highlight the valve performance limitations that help to determine the

testing technique. At this stage, a root locus analysis was used to determine these limitations.

In the third and the fourth stages, the control algorithm was modelled using State-Flow.

This model helps to test the algorithm performance and improves it before moving into the code

development. This State-Flow design is used to control the valve in the Software-in-the-Loop

simulation. In the SIL simulation, joystick commands are implemented into the controller and

measurements for the four-valves were detected. The measurements include the opening angles,

the �ow rate, the cylinder position, the cylinder acceleration and the pressure changes inside

the cylinder chambers.

Regarding the model or hardware-in-the-loop stage, the hardware was designed to consist

of four stepper motors and their drivers controlled by two ARM processors which are connected

via serial communication to the model to analyse the system hardware performance.

1.7 Structure of the Thesis

This section shows the structure of the thesis. Figure 1.8 shows the main structure of the thesis.

• Chapter 1 Background of this research. It contains the main research points, the aim and

the objectives, the limitations, the methodology, and the key contributions to knowledge.

• Chapter 2 State of the Art of Independent Metering Technology. In this chapter, different

technologies and their interactions with the Independent Metering are reported. Moreover,

the IM techniques, operation modes, valves, control systems, and layouts are reviewed.

• Chapter 3 Proposed Novel IM system. This chapter describes the proposed system,

architecture, applications, advantages,and future potentials.

• Chapter 4 Independent Metering Mathematical Analysis. This describes the operation

of IM modes, the valve control, and the anti-cavitation procedure. These mathematical

models are used to build the control algorithm which is uploaded on the main control

unit such as the DSP processor. In this research, an Arduino board was selected for this

task because of its good performance and low price.

• Chapter 5 The Stepped Rotary Flow Control Valve Modelling and Performance Analysis

is about the new control valve. In the chapter, analysis of the design, performance, and

limitations are included. The performance was analysed using two methods which are

multi-step response and Root Locus.
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• Chapter 6 Software-in-the-Loop Simulation of the MIM System discusses the building

of a Software-in-the-Loop simulation of the system. This includes building a State-�ow

for the novel algorithm, testing the operation modes, and comparing the performance

with other systems to determine the main characteristics of the new design.

• Chapter 7 Hardware-in-the-Loop Testing of the MIM system covers the testing of the

system performance using the Hardware-in-the-Loop technique. This chapter includes a

hardware platform design and interfacing with the hydraulic model. The performance of

the IM operation modes is evaluated in this chapter.

• Chapter 8 is the conclusion and recommendations for the future work.

Fig. 1.8The structure of the thesis.



Chapter 2

State of the Art of Independent Metering

Technology

2.1 Introduction

This chapter provides an overview of the previous research on Independent Metering (IM)

technology. Firstly, it explores the electrohydraulic systems that have been developed to improve

the energy saving and controllability, and illustrates how they interact with the Independent

Metering. Secondly, it investigates in depth the IM system from different aspects including, the

IM valves, the IM operating modes, and the IM control systems. Thirdly, it represents the IM

operating modes and their switching techniques. Finally, it analyses the IM control systems

and their layouts.

For more than three decades, researchers from academia and industry have been developing

systems to improve both hydraulic equipment and machine performance. These improvements

range from pumps, valves, actuator and circuit con�gurations. The hydraulic circuits arrange-

ments include the traditional Open center valve, Load sensing, Digital Hydraulics, Hybrid

Systems, and the Independent Metering. These con�gurations have many interaction points

between each other as explained in Section 2.2. IM valves could be either a poppet or spool,

or a combination of the two types, and their implementations are summarized in Section 2.3.

Different control parameters can be used to develop an IM system. These parameters, which

are pressure, �ow, and speed, with their different control techniques are studied in Section 2.4.

In Section 2.5, the IM operation modes and their work principles are included. As there are

power and velocity limitations for every mode, selecting a suitable operation mode based on

these limitations is necessary, to meet the main aims of the IM technique which are saving

more energy and increasing controllability. The operation modes switching techniques are



2.2 Hydraulic Driving Systems 15

discussed in Section 2.6. The layouts of IM among different hydraulic machines and equipment

are investigated in Section 2.7.

This literature review relates to many sources which include industrial patents, especially

from the registered Caterpillar patents, original published articles from Web of Science and

the British Library, and different PhD studies from Georgia institute of technology, University

of Illinois, Purdue University, Tampere University of technology. Many keywords were used

during the research and some of them are Independent Metering, Separate Metering, Fluid

Decoupling, Individual Metering, and Programmable Hydraulics.

2.2 Hydraulic Driving Systems

As indicated in Murrenhoff et al. (2014), the three main requirements to improve hydraulic

machines' ef�ciency are as follows:

1. Reducing throttle losses,

2. Avoiding inef�cient operating points,

3. Recovering potential energy.

Different methods were used to satisfy these requirements. They are Load sensing (LS), digital

drive, holistic systems and independent metering. LS is one of the most common systems

in hydraulic applications (Dengler et al., 2011). It was mainly designed to save energy by

producing the required amount of �ow rate or pressure for the consumer (Krus, 1988). This

pressure is produced by a Variable Displacement Pump (VDP) based on the highest actuator

pressure feedback (Sakurai et al., 2002). The conventional LS systems were hydro-mechanical.

The shortcomings of this traditional system are poor damping and inconvenient performance

(Hansen, 2009; Lovrec et al., 2009). The insertion of electronics was performed by Casappa

and Walvoil about 30 years ago (Lettini et al., 2010). An example of practical implementation

of electronic load sensing control was performed by HUSCO International, Inc (Jackson et al.,

2006). LS systems can be split into two main categories, Open-Centre (OC) and Closed Centre

(CC) Hydraulic systems. The OC uses a �xed displacement pump, and the CC uses a variable

displacement pump (Dell, 2017). The former has more losses than the latter, especially when

the load pressure is high and the required �ow rate is small (Scherer et al., 2013). Adding

a pressure compensator to the CC leads to the Load Sensing Pressure Compensated LSPC

technique which is shown in Figure 2.1. The pressure compensator reduces the in�uence of the

pressure to the controlled �ow. The LSPC's drawbacks are oscillations and a pressure margin

which are produced in the mechanical system by the compensator due to the produced poor

damping and increased dynamic complexity. The pressure margin or control pressure is an
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extra pressure needed to be produced by the pump. The pump pressure should be more than

the demand from the most loaded actuator. This margin keeps the pressure level at the pump

higher than the pressure drop by the pressure compensator (Eriksson and Palmberg, 2011).

Fig. 2.1Load sensing pressure compensated (LSPC) circuit where a variable displacement pump uses
the pressure feedback to produce the required �ow and pressure (Eriksson and Palmberg, 2011).

A conventional spool valves controlled load sensing system still suffers from throttle losses

due to the mechanical connection between the inlet and the outlet (Murrenhoff et al., 2014). This

connection is illustrated in Figure 2.2. To reduce these losses the mechanical connection should

be broken and this leads to the IM technology (Smith and Mather, 2008). Combining both

systems IM and LS is a suitable approach to save more energy and produce better controllability.

It also transfers functionality from hardware to software, reduces the work cycle time, and

implements electronically tunable operation modes (Liu et al., 2016; Ding et al., 2018b).

An advanced practical implementation using both systems was developed by Caterpiller

Inc (Kleitsch, 2017). Also, an algorithm was developed for the combined systems when check

valves are not used between the valve arrangement and the pump (Huang and Lunzman, 2003),

and an algorithm when the required velocity �ow is more than the pump �ow (Aardema and

Koehler, 1999).
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Fig. 2.2The mechanical connections between the actuator meter-in and meter-out due to the traditional
spool valves. LS represents the load sensing signal, Ps and Qs represent the main pressure and �ow
sources from the pump (Murrenhoff et al., 2014).

Digital hydraulics is a term describing the digitalization of hydraulics. The main idea is to

replace the continuous variable with a discrete one. This covers different hydraulic equipment

such as valves, motors, accumulators and pumps (Huova, 2015). For example, a digital

pump-motor was used to implement a digital hydraulic power management system (DHPMS)

(Heikkilä and Linjama, 2013). A Digital Flow Control Unit (DFCU) is a unit that connects a

group of on/off valves in a parallel layout and their response is presented proportionally. These

valves are not prone to leakage are reliable and are insensitive to oil contamination. Using the

digital valves to form an IM system adds extra advantages to the traditional IM that uses poppet

or spool valves (Ketonen and Linjama, 2017b). Digital hydraulics can be controlled by three

main techniques as follows (Laamanen and Vilenius, 2003) and (Karvonen et al., 2014):

1. Pulse number modulation (PNM).

2. Pulse code modulation (PCM).

3. Fibonacci number.

The main drawbacks of digital �uid systems are as follows:

1. Larger overall size comparing with traditional valves.

2. The cost which depends on the application.

3. Noise and pressure peaks.
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4. The �ow control is based on a number of discrete steps rather than in�nite control due to

the number of valves in the digital array.

The Institute of �uid power drive and controls in Aachen, Germany, produced a new

con�guration for a hydraulic excavator called STEAM. It aims to reduce the valve control

losses as well as the engine losses by hybrid architecture (Vukovic et al., 2016) and (Vukovic

et al., 2013). The main fundamental principles concluded for the STEAM systems are as

follows:

1. Using a constant pressure system saves more energy.

2. Using an intermediate pressure line reduces throttle losses.

3. Availability of regeneration and recuperation increases the energy ef�ciency.

The architecture of the STEAM system offers the following advantages:

1. Constant pressure system enables a �xed-point operation for the internal combustion

engine (ICE) in the machine.

2. Using three pressure lines increases the number of operating states for each cylinder.

The main drawback of STEAM systems is poor controllability as the system is based on

different pressure lines (Vukovic et al., 2014), which produces high oscillation during switching

between the pressure levels (Dengler et al., 2011).

The mentioned technologies aim to save more energy and they intersect with IM. For

example, IM was implemented using the digital hydraulic concept. STEAM systems can be

applied by using IM. Also, a variable displacement pump can be used with IM. To conclude,

independent metering, as mentioned before, is based on breaking the mechanical connections

between metering ports. This requires different valves rather than the traditional spool type.

2.3 Independent Metering Valves

Generally, hydraulic valves used to implement IM can be classi�ed into 3/3 and 2/2 valves

(Eriksson and Palmberg, 2011). These are used to make different forms of decoupling between

the input and the output. Decoupling can be mechanical or functional, as summarized in Figure

2.3 (Weber et al., 2016). The mechanical decoupling is based on changing the valve kind

from 3=3 or 4=3 into 2=2 proportional valves which lead to different con�gurations of IM. The

functional decoupling relies on the switching and proportional valves, where the functionality

depends on the switching valve direction combined with �ow controlled by proportional valves.

The common con�gurations of the IM are the mechanical decoupling 3 and 3+SC. Additional

valve enables a precise control of direct cross port �ow.
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Fig. 2.3Two types of decoupling which are mechanical and functional. These techniques are used for
Independent Metering con�guration (Weber et al., 2016).

The �rst iteration to implement IM using 4/3 valves was by Monsun-Tison (Eriksson, 2010),

and the system was called MONTI. An example of IM con�guration using two 4/3 valves is

Caterpiller patent (Crosser, 1992). Then, the application of 3/3 valves were introduced by

EATON company. 2/2 valves were developed by many companies such as Deere, Moog and

Caterpillar (Smith and Mather, 2007). These valves are cartridge poppets and are widely used

for IM control. The schematic design of the Valvistor valve is shown in Figure 2.4. It's work

principle is similar to the electronic transistor where a pilot circuit drives a larger main �ow.

The main difference betweenPb andPa generted byQp movesmm which is the main poppet

for a distancexm. The pilot stage which contains Pulse Width Modulation (PWM) solenoid

controls theQp �ow. A block arrangement containing four valves for every actuator was
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developed by Caterpillar (Smith, 1999) and (Hajek Jr and Tolappa, 2004). A programmable

valve is a term that represents a con�guration of a �ve electronically controlled poppet valves

developed by Liu and Yao (2004). This valve performance was evaluated by Zhang et al.

(2002a) and Eriksson (2010) and, their model was developed by Liu et al. (2002). After the

manufacturing process of the independent metering arrangement which contained four of these

valves, a deviation in their performance was noticed which affects the IM system overall and to

overcome this a calibration algorithm was used (Yoo et al., 2009). A novel auto-calibration

state-trajectory control method for IM uses a four poppet valve con�guration or a Wheatstone

Bridge developed by Opdenbosch et al. (2011) to adjust the deviation in valves performance.

Inserting electronics and sensors to IM valves improves the controllability and overall system

performance. HUSCO's INCOVA developed a brand of this con�guration (EATON, 2010).

Figure 2.5 shows the con�guration of a twin spool valve architecture. Using electronics and

sensors in these hydraulic systems increase the failures due to the harsh environment, and to

overcome this drawback, EATON improved a failure operational control algorithm (Rannow,

2016). The digital hydraulic approach used a Digital Flow Control Unit (DFCU). Different

kinds of valves are used for digital hydraulics. These are bi-stable on/off valves improved by

Uusitalo, a monostable needle improved by Karvonen and a wide array of digital hydraulic

systems improved by Bucher Hydraulics (Karvonen, 2016). These valve arrangements can

be used for IM as simulated by Ketonen and Linjama (2017b). Table (2.1) includes the IM

valves that have been produced to implement in the independent metering system in the mobile

machines.

Fig. 2.4The main schematic of electrohydraulic poppet valve whereQp is the pilot �ow, mm is the main
poppet,PP is the pilot pressure,Pa is the main pressure source,Q2 is the feedback control pressure,Qb

is the total �ow Zhang et al. (2002a)
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Fig. 2.5The Eaton's Ultronics™ twin independent spool valve (EATON 2010). 1 - main stage valve
block, 2 - independent spool for metering, 3 - pilot valve, 4 - low power voice coil actuator, 5 - centring
spring, 6 - pilot spool, 7 - position sensor, 8 - thin �lm pressure sensor, 9 - embedded micro electronics

Table 2.1Manufactured �ow control valves for the independent metering applications

Manufacturer Product Flow Rate Hysteresis Response

Time

Pressure

Drop

EATON EPV10(EATON,

2019).

30L=min < 4% 35 ms 200 bar

BUCHER WS22GD(BUCHER,

2016).

30L=min < 5% 20 ms 350 bar

EATON CMA90(EATON,

2016b).

90L=min sub-micron 24 ms 25 bar

EATON CMA200(EATON,

2016a).

200L=min sub-micron 24 ms 35 bar

HUSCO EHPV(International,

2019).

75;150;800

L=min

very Low 100 ms 15 bar

To summarize, different valves have been used to implement IM. Table (2.2) (Ding et al.,

2018b), represents the main characteristics of these valves. The next section is a review of the

control methods for comprehensive IM con�gurations.
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Table 2.2Different types of �ow control valves and their characteristics

Characteristic Spool Poppet Digital
Flexibility Low Medium High

Flow accuracy High Medium Low
Redundancy Low Medium High

Manufacturing cost High Medium Low
Anti-leakage Low Medium High

Sensitive to contamination High Medium Low

2.4 Independent Metering Control Systems

Inserting software control as a main part of the hydraulic system introduces intelligent control

techniques. A hydraulic programmable control system contains three main levels which are

illustrated in Figure (2.6) (Xu et al., 2015). The upper level is the mode switching level which

allows energy regeneration and recuperation. It performs the mode switching to select the most

ef�cient mode which allows energy regeneration and recuperation. The selecting technique

relies on the system's status such as pressure and velocity. In the lower level, the selected

valves in each mode are activated to produce a �ow rate which controls the cylinder speed. The

primary level is to control the pump pressure and �ow (Ding et al., 2018b). This review focuses

on the upper and lower levels.

Fig. 2.6The main three control levels of programmable hydraulic control system (Ding et al., 2018b).

For the lower level, different control parameters can be used for independent metering as

shown in Figure 2.7. These parameters can be separated into �ow, pressure difference and
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displacement control. As the �ow and displacement controls rely on electronic sensors, they do

not exist in hydro-mechanical types that use pure mechanical components.

Fig. 2.7Different control parameters implemented for the IM, where PPC-Primary pressure compensator,
SPC-secondary pressure compensator, EH-Electrohydraulic, P-Pressure, F-Flow, and D-displacement
(Weber et al., 2016).

As the separation of actuator metering increases the degrees of freedom, different control

strategies can be applied and investigated on the system. Three main control systems can be

implemented for IM as shown in Figure 2.8 (Weber et al., 2016).

The �rst approach which is Feed-forward control, is mainly used in mobile machinery, and

the operator closes the loop (Weber et al., 2016) and (Eriksson, 2010). The second type is closed

loop feedback control, Single Input Single Output (SISO), to ensure that the output follows the

trajectory command. The last one which is Multiple Input Multiple Output (MIMO), is a closed

loop control system. It is used to control more than one target variable where different states

are controlled at the same time. These states are coupled together. The decoupling between

them can be performed using MIMO control. A study of MIMO control approaches and the

pressure compensator effect was conducted by Sitte and Weber (2013). Different iterations were

performed to decouple these factors. Decoupling between the actuator velocity and pressure

was achieved using a combined pump and valve control (Pedersen et al., 2013). The aim of

the study by Jansson et al. (1991) was to decouple the response and the pressure level in the

hydraulic actuator using four ori�ces. Some researchers designed decoupling between the

velocity and pressure in the hydraulic actuator and this requires velocity feedback (Jansson

et al., 1991). This control approach achieved a good decoupling, but it depends on the quality of
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Fig. 2.8Different control approaches for the Independent Metering (Weber et al., 2016).

the velocity feedback signal. AH¥ loop-shaping approach without taking measures to dampen

the system was investigated (Pedersen et al., 2013). Conversely, the pressure compensator is

an important component reducing cross-talking or the coupling between two valves (Sitte and

Weber, 2013) and (Eriksson, 2010). Moreover, a �atness-based control algorithm was used to

allow manipulation of the cylinder speed and the pressure level separately. It was used in the

inner layer for the continuous mode switching technique within the Modicieny approach (Kolks

and Weber, 2016b) and (Kolks and Weber, 2016a). On the other hand, load oscillation appears

during movement using the separate meter-in separate-meter out (SMISMO) system, precisely

when the load was stopping after moving. An optimal approach based on the Hamiltonian

method was developed by Rath and Zaev (2017).

Regarding single loop controllers, PID controllers are widely used to activate valves

with their �ow maps. The Fuzzy PID controller was improved and enhanced the dynamic

performance of two stage servo valves to form an independent metering system (Zhong et al.,

2017). Also PID controllers are used to activate variable displacement pumps (Xu et al., 2015).

It was used for velocity and pressure control for actuators in multifunction systems (Hansen

et al., 2011) and(Borghi et al., 2014). It was also used to improve performance for a hydraulic

excavator (Zhang et al., 2009).

Adaptive control is an approach that changes the controller in real time. This maintains the

desired level of a control system especially when the parameters of the model are uncertain or

nonlinear as in hydraulic systems (Watton, 2009). Adaptive control was used for the �ve valves

scheme (Liu and Yao, 2008) and (Yao and DeBoer, 2002). Usually, IM is con�gured using four

valves which is called a Wheatstone Bridge. The additional valve enables precise control of

direct cross port �ow. This control technique was included in an improved hybrid system using

a three-level control system and an accumulator (Lu and Yao, 2014). Moreover, the indirect
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adaptive robust dynamic surface control (IARDSC) method was developed to enhance the

performance of the IM system by reducing the internal uncertainties and external disturbances

using indirect adaptive robust controller (IARC), while the dynamic surface control (DSC) was

used to deal with the inherited explosion of terms (Chen et al., 2018). As the IARC is good for

constant parameters estimation, it's performance is poor when parameters are changing quickly.

The effect of fast parameters change produces an explosion of the term and that is used to

overcome it (Chen et al., 2017). Vibration is one of the drawbacks of the IM method due to the

lack of damping on meter-out. A hybrid control method combining dynamic pressure feedback

and an active damping controller was designed, and a pole-zero assignment approach was

implemented to capture the optimal damping under a large range of operating conditions (Ding

et al., 2017). Shi et al. (2018) developed a method to improve the positioning of a cylinder

attached to independent metering valves. The approach is to split the IM operation modes

into extension, retraction, and positioning. The positioning mode aims to improve the cylinder

position despite the energy consumption. In this mode, the two valves are the inlet and the

outlet. They are linked and controlled simultaneously, similar to the traditional spool valve.

Finally, to save more energy, IM implements different modes of operations which are the topic

of the next section.

2.5 Independent Metering Operation Modes

For the high level of programmable hydraulics, the independent metering structure allows

different operating modes which reduce power consumption. These operation modes represent

certain �uid paths in and out of the actuator. Also, they are variable due to load changes and

supplied pressure. Some of these modes, such as regeneration, were not achievable using 4/3

valves (Shenouda and Book, 2005b). The main scheme used by Shenouda and Book (2005b)

and Alkam (2014) was the Wheatstone Bridge as shown in Figure 2.9.

This con�guration allows �ve modes which are as follows:

1. Power extension mode (PE).

2. Power retraction mode (PR).

3. High side regeneration extension mode (HSRE).

4. Low side regeneration extension mode (LSRE).

5. Low side regeneration retraction Mode (LSRR).

The power extension mode is performed by supplying the �uid from the pump to the actuator

head chamber using the inlet port, while the �uid is drained from the actuator to the tank
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Fig. 2.9The main IM diagram used by Shenouda (Shenouda, 2006) whereKsa is the valve between the
pump line and the cylinder head chamber,Kat is the valve between the tank line and the cylinder head
chamber,Ksb is the valve between the pump line and the cylinder rod chamber, andKbt is the valve
between the pump line and the cylinder head chamber.

using the outlet branch. The next operation mode is power retraction. Its the opposite of the

power extension mode. These two modes are illustrated in Figure 2.10 and they are the most

energy-consumable modes.

Regeneration modes are separated into high side and low side. The High Side Regeneration

Extension Mode (HSRE) is shown in Figure 2.10. The high side regeneration is achieved when

the �uid is passed from the rod chamber to the head chamber using the high connection point of

the bridge. The recirculated �ow is not enough, so the difference is supplied by the pump itself.

The power extension mode provides more force than the high side regeneration extension while

HSRE can achieve more speed than power extension (Shenouda, 2006).

The low side regeneration appears when �uid regeneration is performed at the low point

connection. Low side regeneration has two types which are low side regeneration retraction

mode and low side regeneration extension mode. These modes are shown in Figure 2.10. The

latter occurs when the load is lowered and in helped by the gravity. The �rst mode occurs when

the load is lowered using its gravity and the outlet �uid is fed into the head chamber.

As shown in Figure 2.11, different terms for the operation modes were de�ned based on the

meter-in, meter-out, and the pump activation (Eriksson, 2010). These terms are as follows:

1. Recuperative mode: The energy is gathered only from the load to actuate actuators such

as pumps and motors.

2. Neutral: No energy is needed to perform the operation.
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Fig. 2.10The �ve operation modes of the independent metering

3. Regenerative: When the lower �ow is required from the pump, �ow is mainly obtained

from the actuator with a high load.

4. Normal mode: This mode occurs when all the �ow is obtained from the pump.
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Fig. 2.11Main operation modes as indicated by Eriksson (2010)

There are other terms for the modes in Figure (2.11) as indicated in Kolks and Weber

(2016b). The terms of the Normal mode, Neutral mode, Regeneration mode, and Recuperation

mode, respectively, are the Normal mode, the Low-Pressure Regeneration mode, the High-

Pressure Regeneration mode, and the Reverse mode. Figure 2.12 shows valve activation in

every control mode based on a �ve valve architecture. These modes, with their valves, are used

to implement the Modiciency technique which is discussed in Kolks and Weber (2016b).

Fig. 2.12Valve architecture for Modiciency technique. The hpREG is for the high pressure regeneration
mode, lpREG is for the low pressure regeneration mode, Nm is the normal mode, the Xm is the reverse
mode, the suf�x (sc) is for the short circuit, and the suf�x (f) is for additional pressure obtained from the
supply pressure line. (Kolks and Weber, 2016b)
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The STEAM system introduced a different division based on operating states. The operation

state refers to each discrete valve setting while the operating mode is a composition of the state

and the load (Vukovic et al., 2013). Figure 2.13 shows the discrete operating states for STEAM

systems using low, medium and high-pressure lines.

Fig. 2.13STEAM system operation modes where P: pressure, L: low, H:high, M: medium anda : ratio.
(Vukovic et al., 2013)

In IM, operation modes are separated into four quadrants as shown in Figure 2.14 (a) and

their power division in red2.14 (b), (Ding et al., 2016).

These quadrants are separated as follows:
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(a) Operation mode based on quadrants divisions (b) Limits for the modes division

Fig. 2.14Limitation for the operation modes in IM (Ding et al., 2016)

1. This quadrant has two operation modes which are power extension and high side regener-

ation retraction mode. The limits for PE are implemented by Equation 2.1, and for HSRE

by Equation 2.2 (Xu et al., 2015).

[FPE;VPE] =
h
Ps;max:Aa;

qs;max

Aa

i
(2.1)

whereFPE is the power extension force,Ps;max is the pump's pressure,qs;max is the pump's

�ow, and Aa is the head chamber pressure (Xu et al., 2015).

[FHSRE;VHSRE] =
h
Ps;max:(Aa � Ab);

qs;max

(Aa � Ab)

i
(2.2)

whereFHSRE is the high side regeneration force,VHSRE is the high side regeneration

velocity, andAb is the rod chamber area.

2. The low side regeneration retraction limits are in Equation 2.3. This mode relies on the

returned �uid from the cylinder. If extra velocity is required, in limited applications, then

the pump can be used to supply extra �uid as indicated in Equation 2.4. (Xu et al., 2015).

[FLSRR;VLSRR] =
h
Fl ;

qLSRR

Ab

i
(2.3)

[FLSR;VLSR] =
h
Fl ;

qs;max

Ab

i
(2.4)

whereFL is the load force,qLSRRis the recirculated �ow in this mode.
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3. The limits of the power retraction mode PR according to Xu et al. (2015) are,

[FPR;VPR] =
h
Ps;max:Ab;

qs;max

Ab

i
(2.5)

4. Low side regeneration extension (LSRE) limits according to Xu et al. (2015) are,

[FLSRE;VLSRE] =
h
Fl :Ab;min(

qLSRE1

Aa
;
qLSRE2

Ab
)
i

(2.6)

The LSRE mode velocity depends on the returned �uid and the overruning load value

(Xu et al., 2015).

qLSRE1 = CqAv(Umax)

s
2:(Pr � Pb)

r
(2.7)

qLSRE1 = CqAv(Umax)

s
2:( Fl

Ab � Pr )
r

(2.8)

whereCq is the valve conductance coef�ceint,Av is the ori�ce opening area,Pr is the tank

pressure,Pb is the rod chamber pressure, andr is the �uid density.

Shenouda designed three valve modulation modes. These modes are continuous and

they include the �ve discrete modes discussed previously by Shenouda (2006). They are the

powered high side regeneration extension mode (PHSRE), the powered low side regeneration

retraction mode (PLSRR) and the powered low side regeneration extension mode (PLSRE). As

indicated in the same source, this method can achieve smoother velocity control and higher

force capability compared to discrete modes.

Regarding STEAM systems, division is based on states as illustrated previously in Figure

2.13. These divisions could be regeneration, recuperation, resistive �oat or assistive �oat. It

is normally dif�cult to apply all these divisions and this is based on the actuator type and

dimensions (Vukovic et al., 2014).

2.6 Mode Switching Methods

Mode switching should occur when the mode capability, including velocity and power, is no

longer suf�cient. A suitable mode switching is used to minimise losses and decrease switching

problems such as switching instability and unsmooth switching (Ding et al., 2016). Many

algorithms were developed for mode switching. As these modes directly affect the performance

of the actuator, smooth and fast switching is crucial. A selection method based on cylinder
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force, velocity and required force using an adaptive robust controller (ARC) was improved

(Liu and Yao, 2002) and (Yao and DeBoer, 2002). A mode switching using a �tness function

was implemented (Shenouda and Book, 2005b). This function receives problem parameters as

inputs and the suggested solutions to select the optimum solution. It should be able to utilise

fast computing speed and quantitatively measure the suggested solutions. Also, continuous

mode switching using three valves simultaneously was discussed (Ding et al., 2016). A Mode

transition, based on meter-in or meter-out control, was developed as shown in Figure 2.15

(Eriksson, 2010). Meter-out control uses a meter-out valve to control the speed and has two

operation modes which are recuperation mode and a neutral mode. Changing between these

two modes depends on if the load is higher or lower than the pump pressure. When neither of

these operation modes can be used, the system will start using oil from the pump. This is called

meter-in control which represents the right part of Figure 2.15. Please refer to Figure 2.11.

Moreover, the mode switching technique for the STEAM system relies on two pressure lines

(YUAN et al., 2014) and (Dengler et al., 2012). This technique is based on a �nite state machine.

The main idea is to split the modes into three groups, namelyQH , QM, andQl . TheQH is the

high pressure group,QM is the medium pressure group, andQl is the low pressure group. Each

group contains three states, for instanceQM includesQMP;HP, QMP;MP, andQMP;LP.TheMP is

the medium pressure,HP is the high pressure, andLP is the low pressure. The principle of the

mode switching is to keep the pressure in one chamber and change it in the other to prevent

interference between set of states in the same group as shown in Figure 2.13. For example,

in the groupQM, the head chamber valve was �xed on pressure lineMP during changes and

the transition was for the rod chamber pressure betweenHP,LP andMP according to the state

power capability. The change betweenQH , QM, andQL was performed by �xing the rod

chamber valve and adjust the head chamber valve.
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Fig. 2.15Mode switching or transition between meter-in and meter-out control. Eriksson (2010).

On the other hand, the technique used for switching in the Modiciency approach is based

on controlling the velocity and pressure level using MIMO control. This technique allows for

continuous mode switching based on modes illustrated in Figure 2.12. The continuous mode

switching is shown in Figure 2.16.
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Fig. 2.16Mode switching division for the Modiciency system con�guration (Eriksson, 2010).

A bumpless mode switching algorithm is used to overcome discrete switching problems

(Ding et al., 2016). This algorithm contains two parts which are dynamic dwell-time and bi-

directional latent tracking loop. The dynamic dwell-time is used to reduce transient instability

by slowing the transformation into suf�cient time. The time value is obtained based on the

Multi-Lyapunov function. The bidirectional latent tracking loop aims to solve unsmooth

switching by eliminating the discontinuity of control signals. With regard to digital valve

systems that can be used to implement independent metering, Linjama has improved a stepwise

change in valve states (Linjama et al., 2008).The next section is about different IM layouts.

2.7 Independent Metering Layouts

In general, the combination between hydraulic circuits and IM has different forms (Figure 2.17)

as follows:

a) Combination between traditional hydro-mechanical load sensing and IM. In this con�g-

uration, the pump is driven hydro-mechanically and poor damping is one of the main

system shortcomings.

b) Combination between the electronic load sensing system and IM valve con�guration.

The electronic load sensing relies on an Electronic Controlled Pump (ECP) to control the

circuit pressure and �ow.
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c) Combination of the closed circuit with IM to eliminate the throttle losses (Gong et al.,

2019). The drawback of this con�guration is a functional failure under overload condi-

tion (Ivantysyn and Weber, 2014). Hence, an electronic controlled pump open circuit

combined with IM was introduced by Heybroek (2008).

d) The last con�guration which includes using an accumulator as an energy storage unit

that allows reuse of the �uid during operation (Lu and Yao, 2014).

Fig. 2.17The possible different combinations between IM and hydraulic circuits (Ding et al., 2018b).

Tabor designed a control system con�guration for four valve independent metering as

shown in Figure 2.18. The control system is based on a microprocessor that coordinates the

work between different control portions which are a pressure controller, a function controller

and a system controller (Tabor, 2005a). The function controller reads the pressure from the

meter-in, meter-out, source pressure, and the tank pressure. The system controller is responsible

for reading the pressure and speed commands, then it selects the operation modes and identi�es
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the required �ow rates for each valve (21-24) in Figure 2.18. Also, cavitation is observed

during operation, if it appears the controller loses its functionality.

Finally, the pressure controller is used to control the pressure from the pump and the tank in

order to save energy and prevent cavitation. The practical implementation of a similar IM valve

control system combined with a pump control algorithm was performed on a 20-ton excavator

by Hyundai Heavy Industries Co., Ltd (Lee et al., 2016) and indicated a saving of energy of up

to 10 % compared to conventional excavator which relis on normal spool valves.

Fig. 2.18Tabor control scheme for four valves IM Tabor (2005a)

A structure for mobile machines with a common pressure compensator was developed

using the minimum number of sensors and simple control algorithms (Lübbert et al., 2016). It

was developed to be more acceptable to industry, as illustrated in Figure 2.19. Its main strategy

is to control the velocity from the meter-in using an open loop approach. The meter-out is

controlled using closed-loop feedback. To overcome the nonlinear relationship between the

meter-out signal and the pressure compensator throttling which is inherent in the system due to

the closed-loop feedback, the meter-out value should rely on the head chamber pressure which

can be determined from the pressure drop value on the pressure compensator.
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Fig. 2.19A pressure compensated control scheme (Lübbert et al., 2016)

For a hybrid system, a three-level control system was designed (Lu and Yao, 2014). This

control system aims to combine the operations between the main pressure source, the ac-

cumulator and the actuators to reduce the power consumption and increase controllability

using adaptive control. For STEAM systems, RWTH Aachen university improved a control

system using two proportional 2/2 valves and six switch valves for each actuator (Vukovic and

Murrenhoff, 2015). This system is shown in Figure 2.20.

Fig. 2.20STEAM system con�guration for hydraulic excavator (Vukovic and Murrenhoff, 2015)

A system that is able to adapt to load �uctuation was designed (Dengler et al., 2011). Every

actuator contains two 3/2 switching valves and one proportional valve. The proportional valve
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is to control the piston movement while the switch valves are used to connect the proportional

valve to the pressure lines as shown in Figure 2.21. The oscillation due to the pressure line

switching can be reduced by a step change of the switching valves.

Fig. 2.21Valve control concept with intermediate pressure line (Dengler et al., 2011)

A meter-out control with a pressure compensator was improved by Vukovic and Murrenhoff

(2014). This system, which is illustrated in 2.22, was an improvement because most of the

manufacturers do not offer bidirectional poppet valves.

Fig. 2.22Meter-out control with the pressure compensator (Vukovic and Murrenhoff, 2014)

A �ow on demand concept which was developed to reduce the losses in load sensing

systems relies on joystick commands or the valve position in contrast to LS that depends on
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the highest consumer pressure (Scherer et al., 2013) and (Axin, 2015). Combining a �ow on

demand concept with independent metering leads to better ef�ciency and controllability (Wydra

et al., 2017). As illustrated in Figure 2.23, the controller receives signals from the joystick and

the valve positions via Controller Area Network (CAN) communication to control the variable

displacement valve. The accumulator is used to allow energy regeneration.

An example of load sensing combined with pressure compensation and independent meter-

ing is shown in Figure 2.24. This con�guration includes two pressure compensation methods

which are the Meter-In Pressure Compensation (MIPC) and the Meter-Out Pressure Compen-

sation (MOPC). The pressure reducing valve is used between the metering valves block and

the LS part to reduce the required pressure from the pump to as minimum as possible and this

relies on the pressure sensors 1 and 2. The feedback pressure values 3 and 4 are used to form a

closed loop control signal for the controller 2.

Fig. 2.23Flow on demand circuit combined with IM system, the highlighted part represents the �ow on
demand circuit Wydra et al. (2017)
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Fig. 2.24Hydro-mechanical pressure compensated load sensing circuit with independent metering
con�guration. Liu et al. (2016)

Independent metering has been used to drive motors in hydraulic mobile machines. For

example, IM is used to drive the swing part of a hydraulic excavator similar to the driving

technique that was developed by Ge et al. (2017, 2015). The study showed that IM improved

the dynamic performance of the excavator swing by controlling the throttle ori�ce size. A

control algorithm was developed by Caterpiller to control the swing motor in order to save

extra energy (Linerode, 2004). Also, an accumulator was attached to the swing motor to allow

energy regeneration as investigated by Thompson et al. (2014). A �ow matching technique for

hydraulic excavator swing was developed by Huang et al. (2018). This technique reduces the

energy losses by producing the required �ow by the motor, and improves the system dynamics

by a separate control of the throttles for a high inertia component.



2.8 Independent Metering Challenges 41

2.8 Independent Metering Challenges

There are many drawbacks that prevent IM systems from being used widely in industrial

applications. In general, these challenges can be classi�ed as follows:

1. Mode Switching. The independent metering control algorithm relies on a rule-based

transition between many operating modes. This transition contributes to two main

types of discontinuity which are the valve control signal and the system dynamics. The

effects of the valve control signal disruption are a velocity oscillation and pressure peaks

(Shenouda, 2006). A tracking algorithm based on online and of�ine controllers has

been developed to reduce the effect of the control signal interruption. To overcome the

dynamics problems, which are the actuator motion instability and velocity oscillation,

a continuous mode switching technique was developed by Shenouda (2006), but this

solution suffers from extra power losses. However, the possible solutions to this problem

can be listed as follows:

• Slowing the system reaction. This allows the controller to react to the pressure after

instability decay, but this technique slows down the system.

• Slow down the valve using a step-wise or a ramp signal, but this technique slows

down the system. (Linjama, 2011).

• A dwell time technique which detects the signal and executes after suf�cient time

period that allows decaying the pressure instability to decay. However, the ef�ciency

of this method depends on selecting a suitable time.

2. Oscillation. Hydraulic actuator oscillation is an important point to investigate. Inde-

pendent metering reduces energy losses by enlarging the ori�ces, but this reduces the

controllability and produces velocity oscillation due to lack of damping at the enlarged

ori�ces. Also, changing between different operation modes with different dynamic char-

acteristics is another source of oscillation. A high pass �lter and Proportional Derivative

PD regulator are used to improve the damping and other parameters such as stability

margin and vibration reduction for a multi-actuator system (Cheng et al., 2018).

3. Coupling. The independent metering system transfers the electrohydraulic drives into

MIMO systems. For the coupling between the pressure and velocity, in the IM systems,

many techniques were developed as discussed in Section 2.4. Each method has some

shortcomings, and a new decoupling strategy is an important point to investigate.

4. Pump/Valve Coordinate Control.IM grants a separation of control of �ow and pressure

which requires a coordinate control between the pump �ow and the IM valves. Many
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iterations have been developed and one of them is to fully open the meter-out valve

and control the meter-in, but this increases throttle losses by the meter-in. Another

solution is to make the meter-in fully open and control the �ow using an electronically

controlled pump (Liu et al., 2017). This technique prevents implementing the pressure

compensation method which is important for IM systems. Another method is to fully

open the meter-in and combine the control with the meter-out (Ding et al., 2018a). This

method relies on many modes with different dynamic characteristics, so this technique

affects the system dynamics overall. This represents an important research point where

further study on new systems that combine energy saving and system dynamics can be

performed.

5. Safety and Reliability.Using systems that included software, electronics, and smart

valves increases the fault percentage of these systems (Weber, 2018). This is a very

important aspect to investigate. Faults in independent metering systems can be classi�ed

into:

• Function fault: it appears if one of the IM valves lost performance or one of them

encounters performance deviation. There are three main techniques developed to

overcome this fault which are model-based, intelligent control, and neural networks

(Bian et al., 2011). The model-based is not suitable for IM applications due to the

high non-linearity in �uid applications. A neural network fault detection algorithm

was developed by Opdenbosch et al. (2013).

• Accuracy lost: it appears if one of the sensors lost functionality. A con�gurable

controller is a solution used to deal with sensor faults in IM systems, similar to that

used in Siivonen et al. (2009).

• Stability lost: during mode switching, the system may suffer from a lose of stability.

Different iterations have been introduced such as step-wise or dwell time control.

These solutions have some drawbacks that affect system dynamics. So, new methods

or techniques is an important sector of IM to investigate.

2.9 Summary

This chapter reviews IM technology and its related systems. It represents the background of

this research hypothesis which is to develop a new con�guration of IM using a stepped rotary

�ow control valve. This part of the research discussed different hydraulic systems such as Load

Sensing, Digital hydraulics, STEAM systems, and Independent Metering. It illustrated the

main characteristics of these systems and how they interact with each other. For example, IM
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can be attached to a variable displacement pump, or a digital valve unit can be used to con�gure

IM. Moreover, the STEAM system is IM with an additional pressure line.

Different control parameters and techniques have been investigated. The control parameters

are pressure, velocity, and �ow. The effective control parameter is the pressure because the

harsh environment burdens the performance of the velocity and �ow sensors. Many control

techniques can be used with IM such as SISO, MIMO and feedforward or open loop. The

open loop is mainly used in hydraulic mobile applications where the driver closes the loop by

observing the machine performance.

The IM operation modes and their switching techniques have been researched. There are

�ve operation modes for IM with speci�c power and speed limitations. These modes are namely,

PE, PR, HSRE, LSRR, and LSRE. They were developed to be used during the machine duty

cycle to save energy by allowing �uid regeneration. Many techniques were developed to switch

between the modes, and selecting the switching technique depends on the IM con�guration.

Each technique has some advantages and some drawbacks.

The IM system is considered as a programmable hydraulic system which relies on software

control. IM has three operation levels which are 1- Mode selecting level, 2- valve activation

level, 3- pump pressure and �ow control level.

To summarize, the up to date research about Independent Metering can be classi�ed into

1. Independent metering valves.

2. Independent metering con�gurations which can be four or �ve valves.

3. Operation modes and switching techniques.

4. Control layouts and their effect on the hydraulic actuator velocity.

5. The control techniques such as adaptive and MIMO control.

Based on a thorough review of these categories, the valves used for developing independent

metering are spool, poppet, and digital type. The poppet type is able to make a complete

separation between the meter-in and the meter-out of the cylinder. However, the industrial

introduction of this valve has been very low due to stability and �ow accuracy shortcomings.

This research investigates replacing the poppet valve by a rotary control ori�ce driven by a

stepper motor. This substitution can produce a new con�guration of independent metering

which is expected to increase IM controllability and to grant advanced options for the machine

user. The next chapter discusses in more detail the construction, characteristics and, applications

of the new proposed system.



Chapter 3

Proposed Novel Independent Metering

3.1 Introduction

Utilizing the rotary �ow control ori�ce developed by Okhotnikov (2018) to form an Independent

Metering con�guration is a novel concept which led to a universe system in the �eld. The new

system has many characteristics resulted in a wide range of industries and applications that this

system can be applied to.

A hydraulic `system' would typically comprise of some prime mover driving a pump, a

control valve to direct the �ow, a number of either rotary or linear actuators that perform the

work, and various other ancillary pieces of equipment that enhance and protect the system and

the machine. The proposed system here, Micro-Independent Metering (MIM), has two main

parts which are a modern control valve designed for high pressure hydraulics and a signi�cant

improvements in the electrical and electronics systems in term of high precision remote control

of such control valve.

This control package of the MIM aims to enhance some exiting technology combined with

new state of the art algorithm that signi�cantly improves the performance and controllability of

the machines that uses it in terms of high precision, stability, damping, and smoothness of the

operation even when controlling heavy or high inertia systems. This new control algorithm

combined with the new design of the rotary valve made the creation Micro- Independent

Metering of large high power hydraulic system a reality.

The perceived advantage of this MIM to large heavy machinery is to improve control-ability

of the machine, speci�cally when a number of services are selected simultaneously. It aims to

do this in a more electrically ef�cient way and provide a level of power, speed and accuracy,

which is probably only currently available in high cost, electrically driven high end systems.

Also it enables remotely piloted system minimising the need for skilled operator. Another

signi�cant improvement can come from the potential improvement is vehicle fuel ef�ciency
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using intelligent system that recognises actual and instantaneous operating needs and being

able to control and regulate the system accordingly.

This part of the thesis introduces a description of the MIM system in Section 3.2. The main

characterstics and key features of the MIM are included in Section 3.3. Section 3.4 is about the

possible applications of the MIM system. Then the hydromechatronics circuit studied in this

thesis is illustrated in Section 3.5. The summary is in Section 3.6.

3.2 MIM System Architecture

The MIM system comprises two major elements. The �rst is the control valve, the second is the

control system. The control valve has a rotary spool in a housing as opposed to the long used

linear spool. The rotary spool is controlled by a stepper motor and as the spool rotates a pair of

equal and opposite ori�ces open or close depending on the rotation of the spool. This variance

in ori�ce size allows �ow to pass from the pump to the chosen actuator. At the same time a

second rotary valve, again controlled by a stepper motor, allows oil from the other side of the

actuator to pass back to tank. The circuit is completed by two further valves which operate the

reverse motion to move the actuator in the opposite direction. As each valve is independently

controlled then a set of `standard' valves can be used to operate any function. These rotary

spools are designed to minimise losses within the valve, but all valves are identical within a

given �ow range.

The circuit is completed by two further valves which operate the reverse motion to move

the actuator in the opposite direction. As each valve is independently controlled then a set

of `standard' valves can be used to operate any function. These rotary spools are designed to

minimise losses within the valve, but all valves are identical within a given �ow range. The

stepper motor, however, rotates in discrete steps and it can be reasonably assumed that one

discrete step may vary the ori�ce by too great a difference and cause a step change in actuator

speed. This is unacceptable and two novel approached are applied here to remedy that. One is

the unique pro�le of the spool opening which no matter how larger steps the opening is gradual

and linear. The other is the introduction of micro stepping where a step can be broken down

into much smaller steps. This is where the introduction of a new technology that split those

`discrete' steps into much smaller steps hence better controlling the rate of change of the ori�ce

size to suit the application. In a practice the rotation of the control valve spool could be made

up of standard steps using standard stepper motor steps but in critical situation where slow

opening or stability is important requiring metering, micro steps can be used. This feature of

the new system is programmable and can be adapted for use in wide variety of applications.

Also, it can be adjusted in real time operation.
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The architecture of control system is in such a way that allows �exibility of the modes

of operation. It can be con�gured for or both direct and remote control of the valve and the

actuators. In practice, the rotary valve movement is in response to a direct input, primarily by

the operator, or the supervisory computer. However it is reasonable to assume that modi�cations

to that rotary spool movement are possible in response to other factors based on for instance

sensors in the system, positions and operation of other actuators, load balancing, optimised

control per engine speed, safety requirements, etc.

The new proposed control system can be set to maintain the desired actuator speed regardless

of changes in system operating conditions. It should be noted here that this `�ow balancing'

feature is available, but in a different form, in more expensive and complex systems. However,

what is proposed here will make the system simple and affordable and with the advantage of

having the ability to interface with other sensory or actuator system with the aim of replacing

an existing control system.

The control system proposed here is portable and can be transferred across wide range of

platforms according to the user requirements. With user friendly interface, the user can easily

select the type of application and the required parameters to allow the system to perform the

required task.

A typical example of the proposed system is shown in Figure (3.1). As shown, the system

has different interfacing techniques and capabilities. It can be used online or via local industrial

web. The powerful control system can handle different components/actions simultaneously.

The multitasking operation of this system is its key advantage specially multiple components

are employed at the same time.
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Fig. 3.1The main con�guration of the Micro-Independent Metering System.

3.3 MIM System Characteristics

The system being developed here is an integration of different advance technologies and

theories. The key features and bene�ts of which are :-

• Interfacing: The system has a user friendly interface that allows the user to select for a

suitable application and associated parameters. Also, the system is able to communicate

with other components on that machine to fully advantage control, ef�ciency, and safety

requirements.

• Parameterization: This system is able to perform duties precisely. As it uses the micro-

stepped rotary valve to control the movement of the actuator either directly or indirectly,

the effect of pressure variation on the performance can be sensed and controlled, which

is not generally available in the case of the traditional actuators.

• Miniaturization: The new valve is more compact in size and that is due to the new

design and construction of the rotary valve ori�ce combined the a stepper motor which

requires less space less than the traditional valve, especially the spool or servo type.
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• Expansion: The system has the ability to be expanded so that one control system can

handle all valves within an application and this is one of the main advantages and

attractions of the proposal. The actuators can use different advanced communication

techniques making it transportable across different applications. The wired/wireless

communications allows the actuator to be subsystem of other systems. It can be activated

or adjusted via the internet or Laptop using USB or mobile Phone.

• Portability: The accompanying software is an important and integral part of this actuator

control system. The control parameters can easily be updated or adjusted through

a graphical user interface. It can be easily inserted/loaded into any pre-con�gured

system. For example it can be easily inserted into a production line in a factory. The

communication with the main control unit can be any form of �eld bus such as CAN as

would be anticipated in this case.

• Simplicity: The system relies on a minimum number of sensors hence optimising

reliability and ef�ciency.

• Safety: Selecting the stepper motor helps to detect the failure in the system. The stepper

motor performs better than servo motor in electronics system failure cases. Any fault

is potentially faster to be detected and can directly change the stepper into a locking or

other mode. In such situation, the control system can safely redirect the �ow into other

pipes to reduce the effect of any failure in any other part of the system.

• Applicability: Since the actuator valve system is a combination stepper motor and rotary

control valve, it has much better power to weight ratio than equivalent `electrical only'

systems. Moreover, the advanced applied techniques in the actuator controller aim to

perform the required task with the least possible power consumption.

• Competitive Pricing: The rotary control valve has some clear manufacturing cost

advantages due its simple construction and use on some off the shelf components.

3.4 MIM System Applications

• Infrastructure

Infrastructure industry is full of examples of electrohydraulic applications used on

vehicles such as earth moving and mechanical handling applications. The proposed

system is expected to improve the performance and accuracy as it will replace traditional

valves with advanced ones. As shown in Figure 3.2, every cylinder in any mobile
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machine can have the control valve (IMV Unit) positioned on or close to the Hydraulic

Actuator, each IMV Unit being fed by a ring main hydraulic supply, and all the units are

connected to the main control unit via some communication, either wired or wireless.

This con�guration potentially allows easy replacement of any components on the machine

just by plug-in. Diagnosis and maintenance is potentially easier than with traditional

systems because faults can be detected online from any place just by connecting the

machine to the web, and due to the simple construction of the system diagnosis is very

trusted. While this feature of online diagnosis is not new, it is an important feature to add

to the total possibilities with the new technology.

Fig. 3.2The distribution of valves units on excavator surfaces.

In addition to what is stated above, the MIM allows the integration/interaction of the

control system with other technologies in these machines, such as AI, Image Recognition

(Figure 3.3 (a)), and Internet of Things (IOT), which are the basic requirements for

creating fully automated machines or tractor system of the future (NEWS, 2018). The

most signi�cant bene�ts of this system is the smoothness of operation while maintaining

the performance. Using this technique, the user can select the level of smoothness of

the piston movement as an option. For example a bucket cylinder, particularly when

linked to other sensors The smoothness technique can be used in grading and levelling

for piping installations as shown in Figure (Figure 3.3 (b)).
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Fig. 3.3(a) Image recognition in hydraulic excavator, (b) The grading operating of excavator.

• Robotics

Electrohydraulic is an important actuator that is used in robotic industry Davliakos et al.

(2018). The governmental sector, Innovate UK indicates that one of the most important

sectors in the UK is the robotics where about £93 million were directed to support it.

While many robots are simply `pick and place' or moving through a prede�ned set of

movements, there are expected applications which would involve extreme environmental

applications requiring combining Arti�cial Intelligent techniques. The proposed system

is able to implement AI procedures or works with systems that rely on AI (UK, 2018).

Also it accurately moves the manipulator of the robot in applications other than `pick

and place'.

• Manufacturing

Plastic and metal manufacturing are applications where electrohydraulic systems are used.

For example, Computerised Numerical Controller (CNC) machine using electrohydraulic

actuator. The MIM system could be expected to be installed in 3D printers, particularly

larger versions which can be used for buildings of the future, where whole buildings are

being created using 3D printing techniques on site in a variety of materials (Figure 3.4).
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Fig. 3.4Illustration of large scale 3D printers.

• Defence and Security Systems

Based on the ministry of the defence and security resources, the hydraulic and electrical

operation combined with control systems are one of the main priority technologies in this

century (Britain, 2006). Different examples of the applications in the defence systems

can use this actuator. For example, the hard launchers, radars, jet engines, and autopilots

planes require this kind of actuators.

3.5 Main MIM Con�guration

In hydraulic mobile machines, many actuators work simultaneously. Each actuator with its

own attached control valves is called a surface. For example, (Figure 3.5) has three surfaces

and one of them is shown in details. The cylinder (4) is controlled by four valves. Each valve

contains driver, motor and rotary ori�ce which are (1), (2), and (3), respectively. The �uid is

pressurized using the �xed displacement pump (9). The return line drains into the tank (12).

The unloader valves (13) and (14) are used to control the pressure produced by the pump. A

pressure relief valve (8) is used here to protect the hydraulic circuit. The system relies on

pressure feed-backs to control the actuator velocity and saves more energy by implementing the

�uid �ow regeneration techniques. The pressure measurement points are (5), (6), (7), and (15).

The diagram shown in Figure 3.5 represents the main system used through this investigation.
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Fig. 3.5The diagram of the MIM system. 1- motor driver, 2- stepper motor, 3- rotary ori�ce, 4- cylinder,
(5,6,7,15)- pressure sensors, 8- pressure relieve valve, 10- control unit, 11- joystick, (12,13)- unloader
valves, 9- �xed displacement pump, and 14- tank

3.6 Summary

This chapter presented the proposed concept of Micro-Independent Metering. MIM is a

novel con�guration of electrohydraulic systems. It is based on the integration of a new rotary

hydraulic control valve with a programmed electronics control system that included a novel

algorithm. This new control system contains the motor driving technique micro-stepping,

which splits the full step into smaller steps resulted in a smoother operation without pressure

ripples. MIM main key features are included here to show the potentials of such a system

in industrial applications. The applications of this system including heavy-duty machinery

were also discussed in this part. To start the development of such a system, two investigation
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phases have been followed. The �rst one is to develop the stepped rotary �ow control valve and

analyse its performance. The second is to develop a programmable control system that meets

the IM requirements. To grasp the IM conditions and requirements, a study of the mathematical

description of IM is necessary and it is the topic of the next chapter. Also, a study of the

performance of the suggested valve is in Chapter 5.



Chapter 4

Independent Metering Mathematical

Analysis

4.1 Introduction

As previously mentioned in Chapter 2, independent metering is a technique to separately

control the meter-in and the meter-out of the hydraulic cylinder. It has �ve operation modes

which are Power Extension, Power Retraction, High Side Regeneration Extension, Low Side

Regeneration Retraction, and Low Side Regeneration Extension. At least four valves are

required to operate one cylinder. Figure 4.1 illustrates the four valve independent metering

con�guration which will be studied through the thesis. The four valves are termed byKsa, Ksb,

Kat, andKbt. As shown by Figure 4.1,Ksa connects the pump line to the cylinder head chamber,

Ksb connects the pump line to cylinder rod chamber,Kat connects the tank line to the cylinder

head chamber, andKbt connects the tank line to the cylinder rod chamber. In each mode, two

valves are operated to perform independent metering and this allows energy regeneration. The

number of degrees of freedom is increased and this improves the actuator controllability. This

chapter represents an overview of the mathematical model of the IM operation modes and

their valve control developed by Tabor (2004, 2005a,b) and studied by Shenouda and Book

(2005b), Alkam (2014). The mathematical model is based on the assumption that the system

is quasi static which means that the plant dynamic change is slow and the capacitance of the

cylinder chamber and hydraulic lines are neglected. This assumption will be used for the

modes mathematical modelling and the valve control analysis. This chapter represents the

background of the control system developed in this research. Section 4.2 is the mathematical

representation of each operation mode including the overall produced �ow rate in the cylinder

and the �ow rate produced by each valve. Section 4.3 explains the valve control in each
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mode. The anti-cavitation procedure is explained in Section 4.4 of this chapter and �nally, the

summary is in Section 4.5.

Fig. 4.1The four valves independent metering con�guration

4.2 The Mathematical Model of the Operation Modes

4.2.1 Power Extension Mode

In this mode, the active valves areKsa which directs the �uid from the pump to the head

chamber A; andKbt which directs the �uid from chamber B to the tank (Figures 4.1 and 2.10).

The equivalent representation of the power extension circuit is shown in Figure 4.2 where the

simpli�ed circuit has equivalent pressurePeq and equivalent overall valves conductance or �ow

rateKeq. These two parameters are used to develop the mathematical representation for every

mode.
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Fig. 4.2The equivalent circuit for the power extension mode (Liu et al., 2016).

According to Merritt (1967), the pressure difference and �ow rate across the valves can be

considered as follow,

DP1 = Ps � Pa (4.1)

DP2 = Pb � Pr (4.2)

qin = Ksa
p

DP1 = Ksa
p

Ps � Pa = Aa �x (4.3)

qout = Kbt

p
DP2 = Kbt

p
Pb � Pr = Ab �x (4.4)

wherePS is the pump pressure source,Pa is the head chamber pressure,Pb is the rod chamber

pressure,Aa is the head chamber area,Ab is the rod chamber area,x is the piston displacement,

Pr is the tank pressure,qin is the meter-in �ow, andqout is the meter-out �ow.

The Newton's second law indicates that theå F = mawhich can be represented as follows,

PsAa � PrAb = DP1Aa + ( PaAa � PbAb) + DP2Ab (4.5)

More analysis about the manipulation of this Equation is attached in Appendix (A). By dividing

the cylinder chambers areas,R= Aa=Ab.

RPs � Pr = RDP1 + ( RPa � Pb) + DP2 (4.6)

(RPs � Pr ) + ( � RPa + Pb) = RDP1 + DP2 (4.7)
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The equivalent pressurePeq of the circuit, based on Equations 4.3, 4.4, and 4.7, is,

Peq = ( RPs � Pr ) + ( � RPa + Pb) = R
q2

in

K2
sa

+
q2

out

K2
bt

(4.8)

whereqin is the meter-in �ow, andqout is the meter-out �ow rate.

By dividing Equations 4.3 and 4.4,

R=
qin

qout
(4.9)

Peq =
R3q2

out

K2
sa

+
q2

out

K2
bt

= q2
out

"
R3K2

bt + K2
sa

K2
saK

2
bt

#

(4.10)

By rearranging the Equation 4.10, the parametersqout, Keq, andPeq are as follow:

qout =
KsaKbtq

(R3K2
bt) + K2

sa

:
p

Peq = Keq
p

Peq (4.11)

Keq =
KsaKbtq

(R3K2
bt) + K2

sa

(4.12)

Peq = ( RPs � Pr ) + ( � RPa + Pb) (4.13)

By combining Equations 4.4 and 4.11 the �ow conductance is represented by,

Keq =
Ab �x

p
Peq

=
Ab �x

p
(RPs � Pr ) + ( � RPa + Pb)

(4.14)

whereKeq is the equivalent conductance,Ab is the cylinder rod chamber area,�x is the piston

displacement,Peq is the equivalent pressure,R is the ratio between the cylinder's two chambers'

areas,Ps is the pump pressure,Pr is the tank pressure,Pa is the head chamber pressure, andPb

is the rod chamber pressure.

Based on the Equations 4.12 and 4.14, theKeq relies on both valves working simultaneously,

and it's value represents all the possible combination of the valves conductance, �ow rates, to

achieve the required piston speed. It also relies on the values of the supply pressure, return

pressure, and both chamber pressures. To stop the piston, at least one of the two valves should

be closed completely.
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4.2.2 Power Retraction Mode

The analysis developed for the PE mode can be applied here for the PR mode. In this mode the

two valves used to achieve the required speed areKsb which controls the �ow from the pump

to the rod chamber B; andKat which controls the �ow from the head chamber A to the tank

(Figures 4.1 and 2.10). More details about the PR mode mathematical representation can be

obtained from Shenouda (2006) and Tabor (2005a). The equivalent conductance of the two

valves is,

Keq =
KsbKatq

K2
at + R3K2

sb

(4.15)

The equivalent pressure is,

Peq = ( Ps � RPr ) + ( � Pb+ RPa) (4.16)

By combining the equivalent pressurePeqand the equivalent conductanceKequsing the Equation

4.4, the equivalent conductance is,

Keq = �
Ab �x

p
(Ps � RPr ) + ( � Pb + RPa)

(4.17)

whereKeq is the equivalent conductance,Ab is the cylinder rod chamber area,�x is the piston

displacement,Peq is the equivalent pressure,R is the ratio between the cylinder's two chambers'

areas,Ps is the pump pressure,Pr is the tank pressure,Pa is the head chamber pressure, andPb

is the rod chamber pressure.

4.2.3 High Side Regeneration Extension

The HSRE mode is implemented using the two valvesKsa andKsb (Figures 4.1 and 2.10). The

same analysis can be performed here to obtain the equivalent pressure and conductance, and

further details about this mode mathematical analysis can be obtained from Shenouda (2006)

and Tabor (2005a). The equivalent conductance of the two valves is,

Keq =
KsaKsbq

R3K2
sb+ K2

sa

(4.18)

The equivalent pressure is,

Peq = ( R� 1)Ps+ ( � RPa + Pb) (4.19)
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By combining the equivalent pressurePeqand the equivalent conductanceKequsing the equation

3.4, the equivalent conductance is,

Keq =
Ab �x

p
Peq

=
Ab �x

p
(R� 1)Ps+ ( � RPa + Pb)

(4.20)

whereKeq is the equivalent conductance,Ab is the cylinder rod chamber area,�x is the piston

displacement,Peq is the equivalent pressure,R is the ratio between the cylinder's two chambers'

areas,Ps is the pump pressure,Pr is the tank pressure,Pa is the head chamber pressure, andPb

is the rod chamber pressure.

4.2.4 Low Side Regeneration Extension

The same analysis from the power extension section is applied here for the HSRE, but the

valves used areKat andKbt to achieve the required speed (Figures 4.1 and 2.10). Further details

on this mode mathematical analysis can be obtained from Shenouda (2006),Tabor (2005a), and

Alkam (2014). The equivalent conductance of the two valves is,

Keq =
KatKbtq

R3K2
bt + K2

at

(4.21)

The equivalent pressure is,

Peq = ( R� 1)Pr + ( � RPa + Pb) (4.22)

By combining the equivalent pressurePeqand the equivalent conductanceKequsing the Equation

3.4, the equivalent conductance is,

Keq =
Ab �x

p
Peq

=
Ab �x

p
(R� 1)Pr + ( � RPa + Pb)

(4.23)

whereKeq is the equivalent conductance,Ab is the cylinder rod chamber area,�x is the piston

displacement,Peq is the equivalent pressure,R is the ratio between the cylinder's two chambers'

areas,Ps is the pump pressure,Pr is the tank pressure,Pa is the head chamber pressure, andPb

is the rod chamber pressure.

4.2.5 Low Side Regeneration Retraction

The same analysis form the power extension section is applied here for the HSRE, but the used

valves areKat andKbt to achieve the required speed (Figures 4.1 and 2.10). Further details on
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this mode mathematical analysis can be obtained from Shenouda (2006),Tabor (2005a), and

Alkam (2014). The equivalent conductance of the two valve is,

Keq =
KatKbtq

R3K2
bt + K2

at

(4.24)

The equivalent pressure is,

Peq = � (R� 1)Pr + (+ RPa � Pb) (4.25)

By combining the equivalent pressurePeq and the equivalent conductanceKeq using the

Equation 4.4, the equivalent conductance is,

Keq = �
Ab �x

p
Peq

=
Ab �x

p
� (R� 1)Pr + ( � Pb + RPa)

(4.26)

whereKeq is the equivalent conductance,Ab is the cylinder rod chamber area,�x is the piston

displacement,Peq is the equivalent pressure,R is the ratio between the cylinder's two chambers'

areas,Ps is the pump pressure,Pr is the tank pressure,Pa is the head chamber pressure, andPb

is the rod chamber pressure.

4.3 Valve Control

A general form of the overall conductance through the cylinder that is using both valves in

every mode is implemented by the following equation,

Keq =
KaKbq

K2
a + R3K2

b

(4.27)

where theKa can be eitherKsa or Kat, andKb can be eitherKsb or Kbt based on the selected

operation mode. The equivalent conductance of both valves in every mode, is a combination of

different openings of these valves. The number of combinations is in�nite according to Tabor

(2005b), and it depends on the dimensions of the cylinder, mainlyR which is the ratio between

the two chamber surfaces areas. The plot of the possible combinations between valves with

R= 1:3405 selected by Shenouda (2006), is shown in Figure 4.3.
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