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ABSTRACT 

 

Axial piston pumps with variable volumetric displacement are often used to control 

flow and pressure in hydraulic systems. The displacement control mechanism in these 

pumps occupies significant space and accounts for significant cost in the pump design.  

Fixed displacement pumps have lower cost and a more compact design but suffer from 

significant energy consumption disadvantage due to the need for flow and pressure control 

by throttling flow and bypassing unused flow to pressures below the discharge pressure.  

An inlet metering valve (IMV) controlled pump marks a recent development in pumping 

technology for hydraulic systems. In this design, an inlet metering valve restricts inlet flow 

reducing inlet pressure so that the specific volume of the fluid is increased as it enters a 

fixed displacement pump. By altering the specific volume of the working fluid, the inlet 

metering valve permits precise control over the pump discharge flow.  This study presents 

a theoretical model for inlet metering pump efficiency. The work considers additional 

sources of energy loss unique to the inlet metering system.  Experimental results associated 

with inlet metering pump efficiency are presented. A comparison of the theoretical model 

and the experimental results is also included. It is determined that the current efficiency 

model accurately predicts efficiencies determined using experimental data. In addition, a 

velocity control system is considered which utilizes the inlet metering valve controlled 

pump. The stability and the performance of the velocity control system were studied for 

the open-loop and the closed-loop with a PID, H∞, and a two degrees of freedom 

controllers. The simulation showed that the velocity control system is stable and has good 

performance characteristics. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

            Several methods are used to transmit power from the place where it is generated to the 

place where it is needed. One of these methods is the hydrostatic transmission shown in Fig.1.1. 

In this method, a high-pressure hydraulic fluid is used to transmit the power. High power density, 

flexibility, small size, in addition to the ability to continuously change the amount of transmitted 

power are the advantages of the hydraulic systems. When a single pump is used for a range of 

duties, it should be sized to meet the greatest output demands. This means that the pump will be 

oversized and will operate inefficiently for the other conditions. For this reason, controlling the 

discharge flow rate results in reducing the energy losses and increasing the system life. Discharge 

flow rate can be controlled by using a variable displacement pump (Fig.1.2). In variable 

displacement pumps, a swash plate is used to adjust the flow delivered by the pump by controlling 

the angle of the swash plate. Variable displacement pumps are expensive and complicated. Another 

way to regulate the flow is by using a fixed displacement pump and unloading valve that is placed 

downstream from the pump to throttle or recirculate the excess flow. In this technique, a significant 

amount of hydraulic energy is lost as heat which increases the fluid temperature and reduces the 

system efficiency [1]. To avoid the valve losses, a variable speed drive could be used as a means 

of controlling the flow rate. However, variable speed drives usually have a slower response than 

valve controlled systems especially for large systems where the inertia effect is high. Also, using 

continuously variable speed drive could result in an excessive vibration level, and the likelihood 

of operation under the resonance condition is greatly increased [2]. In recent years, new methods 
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for achieving flow control have been developed such as with the use of high-speed switching 

valves [7-8]. Switched hydraulic systems require high-speed valves. In the present study, an inlet 

metering valve is placed upstream from a fixed displacement piston pump is used to control the 

pump flow rate. The next section will provide a detailed description of this system. 

 

Fig.1.1: A schematic of hydrostatic transmission [35] 
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Figure 1.2.  Variable Displacement Pump [29]. 

1.2 System description 

        The inlet metering pump system is shown in Fig. 1.3. This system includes a charge pump, 

an inlet metering valve, and a fixed displacement piston pump with check valves at the inlet and 

the outlet.  A spring is used to hold the piston down so that it follows the motion of the cam profile.  

The piston pump requires check valves at both the inlet and outlet for operation.  The charge pump 

supplies fluid at a constant inlet pressure.  There is a pressure drop across the inlet valve and an 
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increase in volume in the space between the valve and the pump piston as the piston moves 

downward.  This increase in volume results in some combination of partial vaporization of the oil 

and dissolved air coming out of solution with the oil. 

As the pump operates, the volume trapped between the inlet valve and the piston increases 

and the fluid pressure, P, decreases causing the check valve to open.  In the volume between the 

inlet valve and the piston, the fluid partially vaporizes or dissolved air to comes out of the solution 

effectively increasing the specific volume of the fluid.   Fluid accumulates upstream from the first 

check valve.  As the line upstream from the check valve is filled, the check valve opens and the 

piston volume fills with the liquid/gas/vapor mixture.  This occurs when the piston is in the bottom 

dead center position.  As the camshaft rotates, it forces the piston head upwards.  The size of the 

internal piston volume decreases, which results in an elevated pressure and closing of the inlet 

check valve.  The increased pressure condenses the fluid and forces the trapped air back into 

solution.  After the fluid pressure reaches a pressure of Pd the second check valve opens and the 

fluid travels downstream at a flow rate of Qd.  Then the second check valve closes as the cylinder 

pressure decreases when the piston moves downward and the process continues with new fluid 

entering the control volume.   

1.3 Velocity control system 

The velocity control system for a linear actuator that utilizes an inlet metering system is shown in 

Figure 1.4. The system consists of an inlet metering system, a four-way directional valve, and a 

linear actuator. The four-way directional valve is always wide open to one of the actuator ports. It 

is used to guide the flow of the inlet metered pump (IMP) to one of the actuator ports, as required, 

according to the desired direction of the velocity of the hydraulic cylinder. The flow from the other 

port of the actuator is returned to the tank through the four-way directional valve. 
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1.4 Contributions of the present work 

The main objective of this work is to make an assessment of the feasibility of using an inlet 

metering pump within standard hydraulic circuits to replace axial piston pumps by conducting tests 

and analysis of performance and efficiency.  The specific objectives are as follows: 

1. Create a model of the inlet metered pump to determine its theoretical performance and to 

understand the physical phenomena involved in the pump dynamics and performance. 

2. Test the inlet metered pump in the lab to determine the performance of the pump in terms of 

efficiency and to validate the model. 

3. Analyze test data and model so that we can make conclusions about the performance of the 

pump and feasibility of using the pump in hydraulic systems. 

4. Disassemble the pump after testing to search for any signs of significant wear possibly due to 

cavitation. 

5. Make recommendations about the future use of the inlet metering system concept. 

6. Design a velocity control system that utilizes the inlet metering system. 

1.5 Dissertation outline 

This dissertation is divided into seven chapters. Chapter one presents a background on flow 

control techniques and a description of the inlet metering system with an application on the 

hydraulic control systems. In chapter two, works carried out by other researchers on the flow 

control methods are reviewed and discussed. The analysis and modeling of the inlet metered pump 

flow, torque and efficiency are developed in chapter three. This chapter also presents the way of 

nondimensionalization of the model. The experimental setup details and the test conditions are 

described in chapter four. Chapter five presents the design of the inlet metering velocity control 

system. Open-loop and closed-loop analysis are also discussed in this chapter. The validation of 
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the model and the results from the experimental and theoretical analysis are presented in chapter 

six. Finally, a list of conclusions from this work followed by some recommendations for future 

work is presented in chapter seven.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



9 
 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

           This chapter aimed at providing an overview of the available literature that is relevant to 

this study. It reviews various ways that are used to control the flow rate of a pump using variable 

and fixed displacement pumps. Due to the similarity between the inlet metering system and the 

fuel injection system in the diesel engines, a review of the published studies for the diesel injector 

system will also be presented in this section. A review of available literature on cavitation 

phenomenon is also presented in this chapter to provide a good understanding of this phenomenon 

that might be associated with the inlet metering systems. The chapter ends with a summary of the 

reviewed literature.                                       

2.2 Variable displacement pumps 

           Many investigations have been done to design and analyze the variable displacement 

machines. Displacement controlled systems are energy efficient [3]. Wilson [4] developed a model 

for volumetric and torque efficiencies. His model included viscous torque and low Reynolds 

number leakage equations. The high Reynolds number leakage was taken into account by the 

model developed by Schlosser [5]. In order to extend the previous model to include the variable 

displacement machines, Thoma [6] developed a model introducing the frictional coefficient. 

Equations for the swash plate dynamic were derived and written in a linearized form in the model 

developed by Aker and Zeiger [7]. The effect of oil entrapment behind the valve plate was studied 

by Aker and Zeiger [8]. They discussed the effect of swashplate angle, pump speed, and discharge 

pressure, in addition to the entrapment angle on instantaneous pressure and torque by solving the 
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dynamical equations of motion. In their analysis, they divided the pressure distribution into six 

regions depending on the angular position of the piston. Their results showed that the peak 

pressures vary as the pump angular speed or the swashplate angle varies. The entrapment angle 

was shown to have no effect on the peak pressure, but it affects the pressure recovery time and the 

torque. 

Kaliafetis and Th. Costopoulos [9] studied the characteristics of a standard variable 

displacement axial piston pump with a pressure regulator. They derived the governing equations 

for the system and used computer simulation to determine the parameters that affect the pump 

operating pressure. Their results were compared with the manufacturer’s curve and showed good 

agreement. They concluded that the outlet pressure is mainly affected by the control valve position 

which affects the piston pressure and on the pistons areas.  

Closed form equations that may be used for a variable displacement design were provided 

in a study developed by Manring and Johnson [10]. They discussed the effect of changing the 

volume of the actuator and the hose, the controller flow gain, and the leakage. In their model, they 

assumed that the inertia and damping of the swash plate are negligible compared to the stiffness 

of the control actuator.  

The damping mechanism on the swashplate that is caused by the piston pressure was 

studied by Zhang et al. [11] by assuming a pressure profile for a variable swashplate angle. A 

linearized model of the hydrostatic transmission with details of the pump dynamics was developed 

by Manring, N.D. and Luecke, G.R [12] which does not need to use experimental data -- the 

modeling parameters may be determined from the geometry of the transmission. A third order 

system was produced from the dynamics of the pump, the motor, and the hose. The stability of the 

system was discussed using the Routh-Hurwitz criterion.  
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The forces and moments exerted on the swash-plate of an axial piston pump were studied 

by Manring [13,14]. He derived equations for the forces needed to control the swashplate motion 

and the pressure carryover angle. For a proper operation of the pump, these forces should be 

overcome by the controller. An equation for the instantaneous torque on the pump shaft was 

derived in terms of pump geometry, piston accelerations. The average torque was shown to be a 

function of the pressure carryover angle.  

Manring [15] studied the idealized and the actual flow ripple of a swash-plate axial piston 

pump. The idealized case was performed by neglecting the leakage flow and the fluid 

compressibility that were taken into account in the actual case. The ripple height and the ripple 

frequency were studied for pumps with odd and even number of pistons. He stated that the pumps 

designed with even and odd number of pistons have almost the same flow ripple.  

Shi and Manring [16] used the principles of tribology to derive an expression for the 

effective coefficient of friction by using the Stribeck curve to develop a model for the torque 

efficiency. They compared this model with traditional models. The comparison showed an 

improvement in their model over the previous ones.  

The effect of the valve plate design and the optimal timing on the pump efficiency, the 

noise, the pressure ripple, and the forces exerted on the swash-plate was addressed by several 

researchers [17-23]. They stated that the pump volumetric efficiency is affected by the valve plate 

design and the optimal timing. The results showed that the optimal timing, which is not symmetric 

for the inlet and the discharge, can eliminate the dynamic pressure ripples and reduces the noise.  

Lee and Hong [24] performed a study on the effect of coating the cylinder barrel of a bent 

axis piston pump with CrSiN on the torque efficiency of the pump that is used for an electro-
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hydraulic actuator. The pump in these systems exhibits unsteady conditions because it operates 

only when error compensation is needed. These unsteady conditions cause wear on the valve plate. 

Their results showed that the coated cylinder barrel has much lower friction coefficient compared 

to the original cylinder. The friction coefficient of the coated cylinder was shown to be independent 

of the normal load while it is proportional to the normal load in case of the original cylinder. An 

improvement of 1.3 percent in the torque efficiency was achieved by coating the cylinder barrel. 

Josep M. Bergada et al. [25] experimentally measured the gap between the barrel and the 

plate of an axial piston pump. The thickness of the film between the barrel and the plate was shown 

to be decreasing as the temperature or pressure increases. Significant leakage was shown to occur 

in the barrel-plate clearance. The experiments showed that mixed lubrication is presented in most 

of the studied cases especially at high temperature. The barrel dynamics exhibit two main 

frequencies; the first one is a result of the torque resulting as the piston passes the pressure kidney 

port while the second one is resulting from the contact between the metals.  

A scale-independent design strategy was reported by Scott and Andrew [26]. They used 

Buckingham theory to define dimensionless parameter groups and substituted the groups into the 

dynamic equation for developing a dimensionless model that uses a successful market pumps 

design to find information that is independent of the product dimensions. Eight different pumps 

were used to generate the data required for this model. The limited amount of data limits the 

amount of design information that can be covered by this method.  

A nonlinear pressure control model of a self-supplied variable displacement axial piston 

pump was introduced by W.Kemmetmuller et al. [27]. They derived a two degree of freedom 

nonlinear model with feedback and feedforward control in addition to a load estimator in order to 
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achieve a solution for the unknown variable load. Lyapunov’s theory was used in their model to 

determine the system stability. Their results proved the robustness of the control model.  

A study that performed by Zhiru et al. [28] examined the flow ripple generated in an axial 

piston pump in a similar way that was done by Manring [15] but for conical barrel design. They 

concluded that the flow ripple depends on the swashplate angle and the conical barrel angle. The 

conical barrel pump was shown to have a slight increase in the output flow and decrease in the 

inertia compared the cylindrical barrel pump under the same operating conditions. The frequency 

analysis showed an additional order which caused undesired noise and vibration.  

A comprehensive experimental and simulation study of a swash plate dynamics was done 

by Maiti and Narayan [29]. The torque on the swash plate that results from the piston, the return 

spring, the control piston and the viscous damping has been included in the model. The model the 

linearized for the piston torque for simplification purposes. The results showed that the pump has 

a slow response at extreme positions of the swash plate. In addition, the returning spring 

characteristics have a significant effect on the dynamic behavior.  

Coombs [30] studied the efficiency of hydrostatic efficiency for variable displacement 

pump with variable displacement motor. His work shows that maximum efficiency can be 

achieved even when the motor does not operate at the maximum possible displacement. He 

compared the efficiency in his model with the efficiency model of a fixed displacement motor for 

controlling the swing circuit of a Caterpillar 320D excavator.  

Xiuye and Hiayan [31] studied the kinematics of an axial piston pump using Matlab 

simulation. The simulation results were compared to the theoretical analysis. They stated that the 

displacement, velocity, and acceleration relative to the swash-plate is simple harmonic while the 
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piston moves in an elliptic trajectory relative to the swash-plate. They also reported that the 

instantaneous pump flow rate is depending on the piston motion which is affected by the 

swashplate angle.  

Manring [32] developed a complete model for the overall efficiency of hydrostatic 

transmission for variable displacement pump and motor. More recently, Manring et. al. [33] 

discussed the speed limitations of an axial piston machines. The first perspective that was studied 

was the Cylinder block tipping which occurs as a result of operating under the conditions of low 

pressure, high displacement, or high speed. These conditions occur when the cylinder-block spring 

fails to counteract imbalance of centrifugal inertial effects as a result of the piston reciprocation 

and try to separate the cylinder block from the valve plate resulting in a fluid seal between them. 

The second perspective that was investigated was the cylinder block filling. It occurs at high-speed 

operation when the cylinder is filled partially with fluid vapor. The last perspective studied in this 

study was the slipper tipping which means separating the piston from the slipper as a result of the 

tensile force that is generated as the piston starts the transition from the discharge to the inlet port 

caused by the same conditions that cause the cylinder block tipping. All the speed limitations were 

scaled by the inverse cube root of the volumetric displacement of the original machines. New 

machines were produced by using the scale laws which were shown to be identical for the three 

speed limitations.  

In order to reduce the cost of the displacement-controlled actuation systems, Busquets and 

Ivantysynova [34] developed a design that uses a single pump for multiple actuators to reduce the 

number of pumps needed and eventually the cost is reduced. In this system, a set of on/off 

switching valves are used to direct the flow to/from the actuator. A feedforward controller has 

been designed to improve the system performance.  
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Manring [35] has developed a model to generate an efficiency maps for hydrostatic 

transmission. His model was similar to his previous model [32] with some modifications 

concerning the input torque where the friction torque was divided into two parts, the side load 

within the machine and the normal load. The results that were presented in a nondimensional form 

showed that the efficiency is nearly independent of neither the output torque nor the speed under 

certain operating conditions.                                                                                                                                           

2.3 Fixed displacement pumps 

             Generating a variable flow source using a fixed displacement pump and unloading valve 

was studied by several researchers [36,37]. They presented a way in which a variable flow source 

is achieved using a fixed displacement pump and unloading valve downstream from the pump. In 

addition to the low cost and the complexity of this system, it has a longer life compared to the 

variable displacement pump because the pump in this system is unloaded under zero flow 

condition which reduces the force exerted on the pump under zero or low flow conditions. They 

studied the losses resulted from switching power, compressing and decompressing the oil, and the 

metering when switch pumping between the system and the tank. Their results showed that the 

main losses were due to transition during the valve opening and closing. It is also shown that 

switching the unloading valve on and off does not cause the pump to be shock loaded.  

A velocity control system for a linear actuator using a feedforward plus PID (FPID) 

controller was designed by Zhang [38]. In this design, the flow is controlled using directional 

throttling valve. The system nonlinearity was compensated by the feedforward loop while the 

velocity tracking error was compensated by the PID controller. The results show that the R-squared 

resulted from the FPID controller is 15% lower than that resulted from the feedforward loop and 

45% lower than that from the PID controller. The results also show that using the FPID controller 
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improves the stability and the performance of the system.  Variable flow can also be generated 

using a variable speed fixed displacement pump.  

Gibson [39] introduced a method of determining the flow of a variable speed centrifugal 

pump using the flow/head characteristics of the pump. The results showed that for high static head 

conditions, the head is very sensitive to the speed and requires less than five percent speed variation 

to cover the whole flow rate range.  

Çalişkan, H., et al. [1] studied a position control of a hydraulic system using a variable 

speed drive to control the flow according to the system requirements. Kalman filter was applied 

for noise reduction in the feedback signal. The model outputs were compared to open loop and 

closed loop frequency and step response to depict the dynamic performance of the system. The 

losses of this system were compared to the losses of the valve controlled hydraulic system. They 

stated that only 38.5% of the power produced by the pump could be transmitted to the system in a 

valve controlled hydraulic system.  

Hu et al. [40] conducted simulation and experimental study to control the load velocity for 

a hydraulic system using variable speed drive. They used a compound algorithm to meet the system 

requirements. The compound algorithm consists of PD-controller and feedforward-feedback 

control. The experiments were performed on a hydraulic elevator test rig. They studied the transfer 

function and frequency-domain of the system. The results showed that the frequency and damping 

of the large inertia hydraulic speed-control system are low. They also stated there is a steady-state 

error of velocity when using unity-feedback control without compensation.  

An approach for controlling pressure using an inlet metering pump, which uses a fixed 

displacement pump to provide a variable flow for a water hydraulic system, was introduced by 
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Wisch [41]. A nondimensional analytical model was developed that relates the inlet metering valve 

opening to the discharge flow of the pump. The pressure was shown to exhibit a first order 

response. 

2.4 Switched systems 

Brown [42] introduced a new technique of controlling system flow rate or the pressure 

using a switched inertance device. In this technique, the flow is controlled using an extremely fast 

valve to switch the flow between the tank and the load. For simplicity, it was assumed that the 

valve switches instantaneously in this study. An experimental study on the design of a rotary fluid 

switch that is needed to accomplish the required pulse-width modulation at a high frequency is 

developed by Brown et al. [43]. The efficiency of the rotary valve was shown to be higher than 

that of the standard servo valve for moderate flow conditions. The study stated that a design of the 

tank-side chamber with air pockets reduces the cavitation associated with these systems.  

Johnston et al. [44] presented an experimental and simulation study on a switched inertance 

hydraulic system for flow and pressure control in a way that is similar to an electrical switched 

inductance. They studied two modes of switched inertance hydraulic system which are flow and 

pressure boosters by changing the connections at the inlet and outlet of the system. The results 

showed that using a switched inertance system could provide flow and pressure less or more than 

the inlet flow and pressure respectively as required. The results also showed that the four-port 

design of the of the switched inertance system better control characteristics and higher efficiency 

than a four-port closed-center valve.  

In order to meet the requirement of the high switching frequency of the switched inertance 

system, a high-speed rotary valve has been introduced by Pan [45]. They experimentally studied 

the characteristics of the rotary valve for the steady state and dynamic conditions. The effect of the 
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frequency and switching ratio on the pressure, flow, and the efficiency has been studied. The 

results showed that under the optimal frequency conditions, the efficiency increases as the 

switching ratio increases. They stated that the inertance switching system has a promising 

performance.  

The problem of noise associated with these systems was discussed in a study developed by 

Pan et al. [46]. In this study, a controller, that uses a flow booster with a bypass was designed for 

the purpose of canceling the pressure pulsation that causes the noise. The results showed that using 

this design can reduce the pressure pulsation. It was also shown that increasing the booster size 

reduces the noise. However, of the frequency, flow and pressure are limited due to the limitations 

of the hardware.  

Scheidl et al. [47] developed a model for a hydraulic buck converter using time-frequency 

domain simulation. The time domain has been applied to switching and check valves while the 

frequency domain has been applied to the pulsating waves in the pipe. The complexity of the check 

valve behavior was reduced by replacing the valve pressure and flow rate with a single variable 

which generated a system of nonlinear equations. The system of the nonlinear equations was 

solved using Newton-Raphson algorithm.  

Pan et al. [48] developed an analytical model for three-port switched inertance system 

using lump and distributed parameter models. The efficiency and performance of the system were 

studied. The system efficiency was modeled as a function of delivery flow rate, flow loss, 

resistance, and the pressure difference. The results showed that the pressure loss increases as the 

delivery flow increases.  
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To improve the estimation of the system efficiency and the accuracy of the system 

dynamics modeling, Pan et al. [49] developed an enhanced model the includes the valve dynamics, 

leakage, and nonlinearity. The model was also validated against experiments. The results of the 

improved model showed that the flow loss increases as the delivery flow increases. It was also 

shown that the flow loss associated with the enhanced model is greater than those associated with 

the original basic model. 

2.3 Fuel injection systems 

           Since the inlet metering pump uses similar principles of the fuel injection systems, a review 

of some of the available literature on the fuel injection systems and the cavitation associated with 

it is found in this section. The problem of vibration and noise resulted from the fuel pressure 

pulsation in the fuel injection system was treated by the experimental research that was done by 

Ito, and Miyoshi [50]. In this steady, a damper was used to avoid what is called “water hammer 

phenomenon’’ in the pipes leading the fuel to the engine that is caused by the excessive fuel 

pressure variation.  

Miyaki, M. et al. [51] developed a design for electronically controlled common rail 

injection system called ECD-U2 system that is capable of controlling the fuel quantity and pressure 

independently. The system operates at 120MPa. The flow out of the high-pressure pump is 

controlled a pressure control valve which, accordingly, controls the rail pressure. A three-way 

valve was designed to adjust the nozzle back pressure to control the nozzle lift. A simpler design 

was conducted by Rinolfi, R. et al. [52] using a two-way solenoid valve instead of the three-way 

valve in the previous design to control the fuel injection. Detailed design of the two-way solenoid 

two-way valve was developed by Stumpp, and Ricco [53]. In this design, the flow of the radial 

piston high-pressure pump is controlled by the two-way solenoid valve.  
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A new design of a common rail fuel injection system for a high pressure that is up to 

160Mpa and a wide range of engine speed was developed by Guerrassi, et al. [54] which is called 

Locus Diesel Common Rail system. The system consists of a high-pressure pump, rail, injectors, 

in addition to an electronic control unit. The pump pressure is controlled by a pressure control 

valve while the fuel quantity is controlled by an inlet metering valve. This design provides engine 

stability improvement in addition to the ability to use multiple injections each stroke.  

A comprehensive model of the vaporization process of the fuel at high pressure was 

introduced by Zhu and Reitz [55]. The continuous thermodynamic concepts were used to consider 

the effect of the high pressure on the vaporization process of the fuel droplet in the gas and diesel 

engines. The effect of fuel type was also studied. Furthermore, the study investigated the influence 

of using two components fuel and compared the results to the single component fuel case. The 

results showed that there is a significant effect of using multicomponent fuel on the system 

performance, especially for high volatility fuels.  

Balluchi et al. [56,57] developed a hybrid model to control the rail pressure for the common 

rail injection systems. The model was compared to the one based on the mean value, and it was 

shown to have better performance. The model also can handle the delay and the interaction 

between the system components. In addition, the high-pressure pump efficiency was studied and 

was shown to be proportional to the discharge pressure.  

Ryu et. al. [58] investigated the cavitation phenomena in a fuel injection pump during the 

process of fuel delivery using optical visualization method. They used twelve pumps with different 

parts geometries in the study. Two types of cavitation were observed. The first type is a fountain-

like cavitation that occurs before the end of the fuel delivery, and it causes a plunger damage. The 

second type is a jet cavitation which occurs after the spill end, and it causes a barrel damage. Their 
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results showed that cavitation could be reduced by decreasing the area of the perpendicular impact 

with the jet. This can be achieved by using a conical spill port.  

The problem of fuel evaporation in the injection systems for the small engines, in which 

the injector acts as a pump, was dealt with by the study conducted by Allen, et al. [59]. This design 

provides escaping path for the fuel vapor from the injector to the fuel tank. The injector in this 

design is immersed in the fuel so that the flow restrictions are reduced by getting rid of the injector 

casing which improves the efficiency of the system.  

While the traditional fuel metering systems consist of pumping device and metering valve, 

a study conducted by Schwamm, [60] aimed to reduce the complexity of the fuel metering system 

in aero engines by either controlling the pump speed electronically and getting rid of the metering 

device or reducing the complexity of the valve itself. The study results showed that this modified 

design has higher performance, faster response, and 20-40% lower cost than the traditional 

systems.  

The effect of the nozzle geometry, injection pressure and back pressure on the cavitation 

in a diesel injection system was studied experimentally and numerically by He, et al. [61]. Quasi-

Newton and Universal Global Optimization methods were used to predict a correlation between 

the cavitation number and the critical conditions at which the cavitation starts. It was found that 

the discharge coefficient is proportional to the cavitation number.  

Duan et al. [62] developed a new design of a fuel injection system by adding control 

orifices that are adjusted by a control piston in order to develop a system with a fast response. The 

new system performance was compared to that of the conventional one. The nonlinear cavitation 

model was used with a dynamic grid to study the cavitation associated with both systems 
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numerically using CFD technique. Then, the numerical results were compared with the 

experimental results for the validation purpose. 

2.6 Cavitation 

Cavitation is a Phenomenon that has a strong impact on hydraulic characteristics in 

hydraulic machines [63]. It happens when the liquid pressure drops below the vapor pressure [64]. 

Cavitation damage is caused by bubbles collapsing near the surface [65]. Wang [66] studied the 

cavitation phenomena the axial piston pumps. The study included optimization of the valve plate 

design in order to reduce the cavitation. The optimization was accomplished by modifying the 

geometry of the valve plate so that enough fluid flows into the piston internal volume to keep the 

pressure higher than the vapor pressure. Analytical relationship has been developed that relates the 

cavitation to the valve plate geometry. The results showed that the cavitation increases as the 

pumping speed increases.  

Many researchers have studied the cavitation resistance of materials and recommended 

different cavitation resistant materials. Ceramic has been shown to have good cavitation resistance 

[67 and 68]. CrB2 was also found to have excellent corrosion resistance properties [69].  

Poliarus, et al. [70] experimentally studied the corrosion and cavitation wear resistance of 

new composites based on NiAl and NiTi. The new composites may be used in hydropower 

equipment that are exposed to aggressive environments and cavitation conditions. The results 

showed that the new composite (NiTi-30wt.% CrB2) has better cavitation resistance than NiTi. 

The dynamics of the cavitation bubbles interaction in an acoustic field was studied by 

Liang et al. [71] using a sonication recording system. In addition, the cavitation bubbles interaction 

dynamics was studied theoretically using Keller-Miksis model. Both the experimental and 
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theoretical results showed that the cavitation bubbles interaction plays a major role in the cavitation 

bubbles dynamics. The results also showed that the bubble sizes have a strong effect on interacting 

bubbles oscillation.  

Wang et al. [72] investigated the effect of filling the defects in carbon steel coated by 8 

wt.% yttria stabilized zirconia with epoxy on the cavitation resistance. The results showed that 

filling the cavities of the coating with epoxy greatly improves the cavitation resistance. A 

comparison study of cavitation resistance was performed by Bordeasu et al. [73]. Cavitation 

resistance of steel with different content of carbon (0.03% - 0.1%), chromium (2%-24%) and 

nickel (0.5%-10%) was tested. The results showed that steel with the content of 0.1% carbon, 12% 

chromium and 6% nickel has the best cavitation resistant properties in the studied range. 

2.7 Literature Review Summary 

Numerous studies have been done on providing a variable flow source that has high 

efficiency, good performance, and low cost. Different techniques have been studied to meet those 

requirements. Although variable displacement pumps are efficient and have good performance, 

they are expensive and complicated. On the other hand, traditional valve controlled systems are 

less expensive because they use fixed displacement pumps. However, the energy dissipated, as 

heat, that is associated with these systems is high due to the high pressure drop across the valve. 

Variable speed drive is another option that is used to achieve variable flow. For large systems, the 

inertia effect is high which limits the speed of the response of these systems. Recently, inertance 

tube switch systems have been studied as an alternative flow control technique. Noise and flow 

ripple are problems that are associated with these systems. Switched systems also require 

extremely fast valves to switch the flow between the tank and the load. 
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In this work, a new flow control technique was studied and analyzed. The new technique 

uses an inlet-metering valve to manipulate the flow of a piston pump in a way similar to the inlet 

metering system in the fuel injection systems. This work builds on previous analytical work [41] 

aimed at modeling and analysis of an inlet metering pump used in a pressure control system.  The 

pump used in this system is fixed displacement pump which reduces the cost and complexity of 

the system. Since the inlet metering valve is placed upstream from the pump, the energy dissipated 

across the valve is minimized due to the arbitrarily small pressure drop. In addition, the inlet-

metering system has good performance and does not require an extremely fast valve. Models for 

the flow, torque, and efficiency of this system have been developed in this study and validated 

against experimental data collected from an experimental setup. A design of a velocity control 

system that utilizes the inlet metering system was also a part of this work. Due to the fluid 

vaporization associated with this system, a cavitation problem may exist. Cavitation resistant 

material may be used to build the parts that might be exposed to cavitation conditions as suggested 

by the literature. However, studying the cavitation phenomenon is beyond the scope of this work. 
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CHAPTER 3 

INLET-METERED PUMP EFFICIENCY 

3.1 Introduction 

            A general definition of the machine efficiency is the ratio of output power to the input 

power. The overall efficiency of the system is a combination of the volumetric efficiency and the 

mechanical efficiency. The volumetric efficiency is a measure of the flow losses while the 

mechanical efficiency is a measure of the torque losses. The flow loss is a combination of 

compressibility loss, low Reynolds number loss, and high Reynolds number loss. The torque losses 

consist of frictional loss, starting torque loss and the torque associated with the vaporization and 

condensation of the fluid. In this chapter, the models of the flow, torque, and efficiency of the 

inlet-metered pump shown in Fig. 3.1 are presented. 
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Figure 3.1: Inlet Metering Valve and Fixed Displacement Single Piston Pump System 
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3.2 Modeling and Analysis 

According to the efficiency definition mentioned above, the pump efficiency may be 

written as: 

𝜂 =
Пout
Пin

=
𝑃𝑑𝑄𝑑
𝑇𝜔

                                                                                                                                     (3.1) 

Here we are assuming that the power supplied to the system is shaft power and the output is the 

fluid power.  The power supplied due to fluid entering the pump at the inlet (𝑃1𝑄1) is neglected 

when the inlet volume pressure, 𝑃1, is extremely low as it is when inlet flow is less than the rate 

of change of the inlet volume of the pump. The energy generated by the charge pump is entirely 

wasted and not considered in the efficiency analysis.  Note that the wasted energy due to charge 

pump can be made very small by selecting a low charge pressure, 𝑃𝑖, at the inlet at the expense of 

having a correspondingly large inlet valve orifice area capability to maintain a desired inlet flow. 

Models for the flow, torque, and efficiency are presented in the next sections. A nondimensional 

version of the model is presented in the last section of this chapter for the purpose of generalization 

and simplification. 

3..2.1 Flow Model 

The mass discharge flow from the machine is the difference between the flow enters the pump and 

the leakage losses calculated using the continuity equation, 

�̇�𝑑 = �̇�𝑖 −𝑚𝑙̇ ,                                                                                                                                        (3.2) 

where �̇�𝑑 is the mass discharge flow of the pump, �̇�𝑖 is the ideal mass flow rate which is equal to 

the pump input flow, and 𝑚𝑙̇  is the leakage flow at the pump discharge. Since �̇� = 𝜌𝑄, Eq. (3.2) 

can be rewritten as, 
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𝑄𝑑 =
𝜌𝑖
𝜌𝑑
(𝑄𝑖) − 𝑄𝑙.                                                                                                                                   (3.3) 

The density ratio may be determined from the following equation [33], 

𝜌 = 𝜌oExp (
𝑃

𝛽
),                                                                                                                                       (3.4) 

where 𝜌o is the density at zero pressure and β is the fluid bulk modulus which was assumed to be 

constant. Note that in Eq. (3.4), the symbol, P, is used for pressure in general -- this equation would 

not apply to the pressure, P, inside the cylinder due to the prevalence of undissolved gases (air). 

Then, the ratio of the fluid density at the pump inlet, 𝜌𝑖, and the fluid desity at the pump discharge, 

𝜌𝑑, is defined as follows for the inlet and discharge pressure volumes: 

𝜌𝑖
𝜌𝑑

= Exp (
𝑃𝑑
𝛽
)  ≈ 1 −

𝑃𝑑
𝛽
= 1 − 𝑘0𝑃𝑑 ,                                                                                             (3.5) 

where 𝜌i and 𝜌d are the fluid densities at the inlet and the discharge respectively and k0 accounts 

for the effect of fluid compressibility.  The ideal volumetric flow rate, 𝑄𝑖, associated with the fixed 

displacement pump with an inlet metering valve will be modeled using the orifice equation,  

𝑄𝑖 = 𝐴𝑣𝐶𝑑√
2(𝑃𝑖 − 𝑃1)

𝜌
                                                                                                                           (3.6) 

where 𝑃𝑖 is pressure of the charge pump, P1 is the pressure at the exit of the inlet metering valve 

which has been assumed to be approximately zero, 𝐴𝑣 is the valve metering area, and 𝐶𝑑 is the 

discharge coefficient. Equation (3.6) is valid as long as the ideal discharge flow does not exceed 

the maximum flow for a given pump speed i.e. the flow is not restricted by the product pump speed 

and displacement volume and it is a function of only the valve opening. This means that the valve 

area has a maximum value such that, 
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𝐴𝑣 ≤
𝑉𝑑𝜔

𝐶𝑑√
2𝑃𝑖
𝜌

.                                                                                                                                            (3.7) 

Once the valve opening area exceeds the condition in Eq. (3.7), the ideal flow is simply the product 

of the volumetric displacement and the pump speed. The internal leakage flow loss is modeled as 

a combination of high and low Reynolds number flows and is given by 

𝑄𝑙 = 𝑘1
1

𝜇
𝑃𝑑 + 𝑘2√𝑃𝑑 .                                                                                                                            (3.8) 

where 𝑘1 and 𝑘2 are the low Reynolds and the high Reynolds number leakage coefficients, 

respectively. Substitution of Eq. (3.5) into Eq. (3.4), substituting that result along with Eq. (3.6) 

into Eq. (3.8) gives the discharge flow, 

𝑄𝑑 = (1 − 𝑘0𝑃𝑑)𝐴𝑣𝐶𝑑√
2𝑃𝑖
𝜌
−𝑘1

1

𝜇
𝑃𝑑 − 𝑘2√𝑃𝑑  .                                                                              (3.9) 

Three key coefficients are used in the description of volumetric flow rate: fluid compression, K0, 

the low Reynolds number leakage, K1, and the high Reynolds number leakage, K1.  Notice that the 

flow is only a function of valve opening area if losses are neglected.  Note that there is a limitation 

on the inlet flow and therefore discharge flow cannot exceed the product of the volumetric 

displacement and pump shaft speed.   

        The valve opening area, Av, is given in (3.10) and was obtained from flow versus voltage data 

due to an experiment where the discharge pressure was very low with the inlet pressure held 

constant. The computed valve area is plotted versus voltage and compared to a curve fit in Fig. 4. 

The quadratic polynomial that relates the valve opening area (m2) to the voltage, V, is shown in 

Eq. (3.10): 
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𝐴𝑣 = 0.97 × 10−7𝑉2 +  2.29 × 10−6𝑉 − 0.54 × 10−6                                                                (3.10) 

3.2.2 Torque Model   

The torque required by the inlet metering pump is a combination of four components; ideal 

torque, 𝑇𝑖𝑑𝑒𝑎𝑙, torque required to force the trapped air out and to condense the fluid vapor, 𝑇𝑐, 

friction torque, 𝑇𝑓, and the starting torque, 𝑇𝑠, which includes the constant torque resulting from 

the spring that holds the piston down. Then, the total torque can be written as: 

𝑇 = 𝑇𝑖𝑑𝑒𝑎𝑙 + 𝑇𝑐 + 𝑇𝑓 + 𝑇𝑠                                                                                                                     (3.11) 

The ideal torque may be written as the output power divided by the pump speed, 

𝑇𝑖𝑑𝑒𝑎𝑙 =
𝑃𝑑𝑄𝑑
𝜔

=
𝑃𝑑𝐴𝑣𝐶𝑑√

2𝑃𝑖
𝜌

𝜔
                                                                                                          (3.12)  

The torque required to compress the partially vaporized fluid and to force air out of or into the 

fluid solution was found to have a linear relationship with the difference between the pump 

maximum and actual flows [74] and can be written as  𝑇𝑐 = 𝜓(𝑄𝑚𝑎𝑥 − 𝑄𝑑) where 𝜓 is a constant 

and its value depends on the working fluid. If Eq. (3.6) is used as an approximation for the 

discharge flow, the compression torque becomes, 

𝑇𝑐 = 𝜓(𝑉𝑑𝜔 − 𝐴𝑣𝐶𝑑√
2𝑃𝑖
𝜌
)                                                                                                               (3.13) 

The friction torque is [33] 

𝑇f = 𝑇ideal. 𝜇s                                                                                                                                           (3.14) 

where µs is the coefficient of friction existing within the machine. The coefficient of friction is 

modeled by Stribeck curve (Fig.2) as follows: 
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𝜇s = 𝐴′Exp (−𝐵′
𝜇𝑈

𝑊
) + 𝐶′√

𝜇𝑈

𝑊
                                                                                                       (3.15) 

Where 𝐴′, 𝐵′, and 𝐶′ are constants, 𝜇 is the fluid viscosity, U is the sliding velocity, and W is the 

load per unit length. The left hand side of (3.15) is represented by the solid line of the Stribeck 

curve while the terms on the right hand side are represented by the two dashed lines of the curve.                                                                                                                                                                                                           

 

Figure 3.2: Stribeck curve [35] 

The sliding velocity U is replaced by the pump angular velocity, ω, multiplied by the cam shaft 

radius, r as shown in Eq. (3.16) below: 

𝑈 = 𝜔𝑟                                                                                                                                                     (3. 16) 

Furthermore, the weight per unit length W is replaced by the force caused by the average pressure 

on the piston divided by the journal bearing width. The instantaneous volume of the fluid in the 

piston internal volume can be determined by first assuming the camshaft profile (Fig. 3.3) as 

follows: 
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Figure 3.3: Piston volume and pressure 

𝑉(𝛿) = [
1

2
(1 − 𝑐𝑜𝑠 2𝛿)] 𝑉𝑚𝑎𝑥                                                                                                            (3.17) 

where 𝜹 is the range of angles in which the fluid is pressurized and 𝑉𝑚𝑎𝑥 is the maximum fluid 

volume. The volume of the oil entering the piston internal volume during the inlet stroke is 

determined using Eq. (3.18): 

𝑉𝑖 = ∫ 𝑄𝑖𝑛
𝜋

2𝜔
0

𝑑𝑡 =
𝜋

2𝜔
𝐴𝑣𝐶𝑑√

2

𝜌
𝑃𝑖                                                                                             (3.18) 

The maximum piston internal volume can be calculated by integrating the maximum flow over the 

time of the inlet stroke as follows: 

𝑉𝑚𝑎𝑥 = ∫ 𝑄𝑚𝑎𝑥
𝜋

2𝜔
0

𝑑𝑡 =
𝜋

2𝜔
𝑉𝑑𝜔                                                                                                (3.19) 

Plugging in Vmax into Eq. (3.20) and setting V(𝜹)=Vi  
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𝛿 =
1

2
cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
)

                                                                                                        (3.20) 

The average pressure on the piston, �̅�, is needed to determine the force exerted on the piston and 

it is the calculated using Equation (3.21): 

�̅� =
𝛿

𝜋
𝑃𝑑                                                                                                                                                    (3.21) 

Substitution of Eq. (3.20) into Eq. (3.21) gives the average pressure, 

�̅� =
𝑃𝑑
2𝜋

cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
)

 .                                                                                                  (3.22) 

Multiplying the average pressure by area of the piston, 𝐴𝑝, allows for computation of the average 

force, 

𝐹 = �̅�𝐴𝑝 = 
𝑃𝑑
2𝜋

cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌𝑃𝑖

𝜔𝑉𝑑
)

 𝐴𝑝.                                                                              (3.23) 

Dividing the force from (3.23) by the cam shaft journal bearing width, l, gives the load per unit 

width, 

𝑊 =
𝐹

𝑙
=  

𝐴𝑝
𝑃𝑑
2𝜋 cos

−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌𝑃𝑖

𝜔𝑉𝑑
)

 

𝑙
.                                                                                 (3.24) 
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Equations (3.16) and (3.24) are substituted into (3.15) to give an expression for the coefficient of 

friction, 

𝜇s = 𝐴Exp

(

 
 
 

−𝐵′
𝜇𝜔𝑟𝑙

𝐴𝑝
𝑃𝑑
2𝜋 cos

−1(1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
))

 
 
 

+ C′

√
  
  
  
  
  μωrl

𝐴𝑝
𝑃𝑑
2𝜋 cos

−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
)

 

                                                                (3.25) 

 

Equation (3.25) can be rewritten as 

μs = AExp

(

 
 
 
 
 
 

−B
ω

𝑃𝑑cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
)

 

)

 
 
 
 
 
 

+ C

√
  
  
  
  
  ω

𝑃𝑑cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌𝑃𝑖

𝜔𝑉𝑑
)

 

          (3.26) 

where B = B′
2𝜋μrl

𝐴𝑝
   and  C = C′√

2𝜋μrl

𝐴𝑝
, Substituting Eq. (3.26) into Eq. (3.14) allows gives the 

torque resulting from the internal friction, 
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𝑇𝑓 = 𝑇𝑖𝑑𝑒𝑎𝑙

[
 
 
 
 
 
 
 
 

𝐴Exp

(

 
 
 
 
 
 

−𝐵
𝜔

𝑃𝑑cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌𝑃𝑖

𝜔𝑉𝑑
)

 

)

 
 
 
 
 
 

+ 𝐶

√
  
  
  
  
  𝜔

𝑃𝑑cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
)

 

]
 
 
 
 
 
 
 
 

                                                                       (3.27) 

 

Substitution of Equations (3.12), (3.13), and (3.27) into Eq. (3.11) gives the total torque, 

𝑇 =
𝑃𝑑𝐴𝑣𝐶𝑑√

2𝑃𝑖
𝜌

𝜔
+ 𝜓(𝑉𝑑𝜔 − 𝐴𝑣𝐶𝑑√

2𝑃𝑖
𝜌
)

+
𝑃𝑑𝐴𝑣𝐶𝑑√

2𝑃𝑖
𝜌

𝜔

[
 
 
 
 
 
 
 
 

𝐴Exp

(

 
 
 
 
 
 

−𝐵
𝜔

𝑃𝑑cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌𝑃𝑖

𝜔𝑉𝑑
)

 

)

 
 
 
 
 
 

+ 𝐶

√
  
  
  
  
  𝜔

𝑃𝑑cos−1

(

 1 −
2𝐴𝑣𝐶𝑑√

2
𝜌 𝑃𝑖

𝜔𝑉𝑑
)

 

]
 
 
 
 
 
 
 
 

+ Ts.                                                             (3.28) 
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3.2.3 Model Nondimensionalization 

To generalize the model, the equation parameters are normalized about selected reference 

conditions. Nondimensionalizing the equation also gives a simpler form of the equations with 

reduced number of parameters. The following definitions were used to nondimensionalize the 

equations: 

 𝜔 = �̂�𝜔𝑟,      

𝑄𝑑 = �̂�𝑑𝑉𝑑𝜔𝑟,  

 𝑃𝑑 = �̂�𝑑𝑃𝑑𝑟,   

 𝑃𝑖 = �̂�𝑖𝑃𝑖𝑟,   

𝐴𝑣 = �̂�𝑣
𝑉𝑑𝜔𝑟

𝐶𝑑√
2𝑃𝑖𝑟
𝜌

, 

and 

𝑇 = �̂�𝑃𝑑𝑟𝑉𝑑. 

The subscript (r) refers to the reference condition that was chosen such that, Pdr=25 MPa, ωr=2500 

RPM, and, Pir=2 MPa.  The volumetric displacement is Vd=1.3375×10-6 m3 per radian of the pump 

shaft rotation Applying the above definitions, the flow in Eq. (3.9) can be written in a 

nondimensional form as: 

�̂�𝑑 = �̂�𝑣√�̂�𝑖 − �̂�0�̂�𝑣�̂�𝑑√�̂�𝑖 − �̂�1�̂�𝑑 − �̂�2√�̂�𝑑                                                                                   (3.29) 

where  

�̂�0 = 𝑘0𝑃𝑑𝑟𝐴𝑟√𝑃𝑖𝑟, 
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�̂�1 = 𝑘1
𝑃𝑑𝑟

𝜇𝑉𝑑𝜔𝑟
, and  

�̂�2 = 𝑘2
√𝑃𝑑𝑟

𝑉𝑑𝜔𝑟
. 

Similarly, the torque equation (3.28) is written in nondimensional form as 

�̂� =
�̂�𝑑�̂�𝑣√�̂�𝑖

�̂�
+ �̂� (�̂� − �̂�𝑣√�̂�𝑖)

+
�̂�𝑑�̂�𝑣√�̂�𝑖

�̂�

[
 
 
 
 

�̂�𝐸𝑥𝑝

(

 
 
−�̂�

�̂�

�̂�𝑑 cos−1 (1 −
2�̂�𝑣√�̂�𝑖
�̂�

)
)

 
 

+ �̂�
√

�̂�

�̂�𝑑 cos−1 (1 −
2�̂�𝑣√�̂�𝑖
�̂�

)
]
 
 
 
 

+ �̂�𝑠,                                                                    (3.30) 

where �̂� = 𝜓
𝜔𝑟

𝑃𝑑𝑟
, �̂� = 𝐴, �̂� = 𝐵

𝜔𝑟

𝑃𝑑𝑟
, �̂� = 𝐶√

𝜔𝑟

𝑃𝑑𝑟
, and, �̂�𝑠 =

𝑇𝑠

𝑃𝑑𝑟𝑉𝑑
. 

The coefficients �̂�, �̂�, �̂�, �̂�, and �̂�𝑠 are determined from experiments. Equation (3.30) may be 

rewritten as: 

�̂� =
�̂�𝑑�̂�𝑣√�̂�𝑖

�̂�
+ �̂� (�̂� − �̂�𝑣√�̂�𝑖) +

�̂�𝑑�̂�𝑣√�̂�𝑖
�̂�

[�̂�𝑋 + �̂�𝑌] + �̂�𝑠 ,                                               (3.31) 

where 

𝑋 = 𝐸𝑥𝑝

(

 
 
−�̂�

�̂�

�̂�𝑑 cos−1 (1 −
2�̂�𝑣√�̂�𝑖
�̂�

)
)
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and 

𝑌 =
√

�̂�

�̂�𝑑 cos−1 (1 −
2�̂�𝑣√�̂�𝑖
�̂�

)

 

 

Equation (3.1) can then be nondimensionalized to give a nondimensional expression for the pump overall 

efficiency, 

η =
𝑃𝑑𝑄𝑑
𝑇𝜔

=
�̂�𝑑�̂�𝑑

�̂��̂�
.                                                                                                                                (3.32) 
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CHAPTER 4 

EXPERIMENTAL SETUP 

4.1 Introduction 

This chapter aimed at presenting the details of the experimental setup. The description of 

the inlet-metering system prototype used in this work is presented in this chapter. Details of the 

study-state and transient tests that are performed in this study are also presented. In addition, 

photos of the inlet-metering system prototype components with their details are also found in this 

chapter. 

4.2 Test Setup 

The IMP was tested using the hydraulic circuit given in Fig. 4.1 with Caterpillar Hydo 

Advanced 10 oil.  In the circuit, there are several flow, pressure, and temperature sensors. A 

pressure-controlled pump generates the inlet flow. The discharge flow of the inlet-metered pump, 

IMP, travels through parallel paths with a flow control valve or a relief valve.  After the valves, 

the flow is returned to the reservoir.  More details are given in Fig. 4.1 such as sensor locations.  

The descriptions of the sensors are given in Table 4.1. The IMP is driven by a variable speed drive 

(a synchronous AC motor controlled by a variable frequency voltage source). Test speeds ranged 

from ~3 rpm up to 2500 rpm.  Most tests were conducted with the relief valve and supply pressures 

set at constant values with the flow control valve closed. The inlet-metering valve, IMV, (flow 

control inside the dashed box in Fig. 4.1) was controlled by a modified Caterpillar engine 

controller. The controller was modified by Caterpillar engineers so that the IMV position 

command could be manipulated by an external voltage signal. This voltage signal was generated 

by a PC based data acquisition system.   
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 The data acquisition was accomplished using a PC with data acquisition expansion card.  

The expansion card has a 32 channel 16-bit analog input and 4 channel counter timer capabilities.  

The analog inputs were used to obtain valve feedback, pressure, and temperature signals while the 

counter timers were used to interpret the digital flow meter signals. The system also has analog 

output capabilities which were used to generate voltage signals sent to the Caterpillar engine 

controller to manipulate the IMV opening.  Serial (RS-232) communication was used to obtain 

torque measurements. Speed signals were not acquired using the computer but instead read from 

a digital readout. Speed signals were found to not vary significantly due to the speed regulation 

capabilities of the motor drive system. The drive has very high inertia and extremely steep torque 

rise with decreasing speed. 

 There were additional measurements utilized in some tests. The acceleration of the pump 

housing was measured using a Caterpillar knock sensor (P/N 195-2431). The pump head 

temperature was also measured using a temperature sensor built into the fuel pump head manifold.   
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Figure 4.1.  Inlet metering pump testing circuit diagram 
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Table 4.1 Measurements 

Symbol Description Identifying Information 

Pd Discharge Pressure BT91760CC-102-15-002 (Setra) 

Pi Inlet Pressure UB020867 40 (Setra) 

Qi Inlet Flow KY18435224 (Gear type) 

Qd Discharge Flow KY18438224 (Gear type) 

T Applied Torque 48202V(1-3) (Himmelstein +/-1000 in-lb) 

𝜔   Motor Speed Same as torque 

V Inlet Valve Voltage NI DAQ card 

Th Head Temperature Sensor integrated into pump 

Ti Inlet Temperature Same as inlet pressure 

Td Discharge Temperature Same as discharge pressure 

 

The experimental setup is shown in Fig. 4.2. The installed pump is shown in Fig.4.3. 

Various hoses and manifolds were used to complete the hydraulic circuit setup. In Fig. 4.3, the 

pump is seen attached to a tube with an adapter that contains the torque sensor. This tube is bolted 

to the 200 hp electric motor. The lubrication line can be seen connecting to the pump housing near 

the point where the housing meets the adapter. This lubrication line is connected to the charge 

pump through a pressure reducing valve set at 50 psi (344 kPa). The lubrication system primarily 

supplies fluid flow to the journal bearings that supports the motor driven cam that drives the piston 

displacement. The flow from these journal bearings leaks into the pump case and then directly into 

the adapter tube containing the torque sensor. This flow is carried away by a small impeller pump 

and returned to the reservoir. This is a nonconventional setup that allows for testing of the pump 
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which was originally designed to receive lubrication pressure from an engine lubrication system.  

The engine lubricant was designed to flow back into the engine crankcase where the pump would 

normally be attached.   

 

Figure 4.2. Inlet metering system experimental setup 
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Figure 4.3. Installed pump connected to the torque sensor housing and hydraulic hoses. 

4.3 Steady State Testing 

For steady state tests, inlet pressure, discharge pressure, IMV voltage, and pump speeds 

were set in combinations for 10-second periods. Pump speeds were set to 200, 500, 1000, 1500, 

and 2500 rpm. The inlet pressure was set to 2, 2.5, 3, and 3.5 MPa. The discharge pressure was set 

to 2, 5, 10, 20, and 25 MPa.  Note that the pressure settings were made while the pump was 

operating with the maximum IMV valve command and varied when the pump flow varied with 

the valve command. The valve voltage command was set to 0, 0.5, 1, 2, 3, 4, and 5 volts. 

For each test, pressure and speed settings were made – and a MATLAB SIMULINK® 

program was used to vary the voltage in steps from zero to 5 volts holding at each level for 10 

seconds.  Note that the steady state testing data also includes some transient information due to the 

step changes in IMV voltage. After the tests were completed, the average values for each 10 second 

period were computed and stored for later analysis. In total, there were over 600 different test 

conditions obtained. Table 4.2 summarizes the steady-state test conditions. 
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Table 4.2. Data collection points associated with experiments. 

Pump inlet pressure [MPa] Pump discharge pressure [MPa] Pump shaft speed [RPM] 

2.0 2.0, 5.0, 10.0, 20.0, 25.0 200, 500, 1000, 1500, 2500 

2.5 2.0, 5.0, 10.0, 20.0, 25.0 200, 500, 1000, 1500 

3.0 2.0, 5.0, 10.0, 20.0, 25.0 200, 500, 1000, 1500 

3.5 2.0, 5.0, 10.0, 20.0, 25.0 200, 500, 1000, 1500 

 

4.4 Transient Testing 

Transient testing was completed using dynamic signals for the IMV voltage command.  

These signals include modulation, step, and chirp signals.  Pressure and speed settings were held 

constant. Quasi-steady tests in the form of voltage modulations were also completed. The IMV 

voltage was modulated from zero to 5 volts while holding speed and pressures constant. Chirp 

signals were supplied to the IMV valve command to validate the model for different dynamic 

conditions. The frequency range included 0.1 to 30 Hz. Additional step responses were measured 

while the flow control valve was opened. This allowed for a dynamic response in the pressure 

signal when flow varied due to a step change in the IMV valve command.    

4.5 Inlet-metering valve and Pump Components 

The photos of the pump components are given in the following figures with their 

description.  Both inlet and discharge poppet valves have springs that hold them closed in addition 

to pressure forces.  The spring on the inlet poppet is captured within a screw in housing. The inlet 

poppet spring was found to be especially stiff and was held open for the photograph (the stiffness 

was not measured).  The IMV is a rotary actuated valve driven by a servomotor (motor is not 
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shown).  In the photos, it can be seen that there is no damage visible on any components. There is 

damage on the journal bearing inserts, possibly due to initial startup or poor lubrication. Poor 

lubrication could be due to using hydraulic oil for lubrication rather than engine oil that is present 

when the pump is used in engine fuel pumping applications. In addition, it was noted that there 

was an extremely large amount of air in the lubrication oil flow exiting the pump crank case. The 

air in the fluid would have degraded the lubrication in the journal bearing.   

 

Figure 4.4. Piston side view (length of largest diameter is 59 mm, overall length is 103 mm) 
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Figure 4.5. Piston crown 

 

 

Figure 4.6. Pump cylinder 
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Figure 4.7. Cylinder head with inlet check on the side and discharge check valve placed on top. 

The discharge poppet (Fig. 4.7) is designed to have damped motion to help slow closing 

speeds in the fuel pump application.  It is believed that this damped design contributes to flow 

moving back into the pump cylinder during the intake phase of the pump operation. This is 

believed to reduce the volumetric efficiency significantly. Redesigning the discharge check valve 

would likely improve the volumetric efficiency of the pump. Much less damping is needed in the 

discharge check valve for a hydraulic system due to the dramatically lower pressures at the pump 

discharge.  For example, in a hydraulic system pressures of around 30 MPa are needed compared 

to 300 MPa in the fuel pump application. Due to the lower pressures in a hydraulic system, much 

less damping could be utilized to reduce volumetric losses while still protecting the valve from 

damage due to rapid closing. 
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Figure 4.8. Inlet poppet (held open). 

 

 

Figure 4.9. Discharge poppet. 
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Figure 4.10. Discharge poppet seat. 

 

 

Figure 4.11. Cam lobe. 
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Figure 4.12. Journal bearing insert in the pump housing end cap. 
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Figure 4.13. IMV sub assembly. The round part of the keyhole shape has a diameter of 7.5 mm.  

The flat part of the keyhole shape has a diameter of 5mm. The inner part of the valve rotates 

changing the size of the triangular flow area. 
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Figure 4.14. IMV disassembled. The dimensions of the triangle portion in the valve are 

approximately 2.7 mm x 8 mm. 

 

Figure 4.15. Case drain for lubrication flow, highly aerated. 
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CHAPTER 5 

VELOCITY CONTROL SYSTEM DESIGN 

5.1 Introduction 

Hydraulic linear actuators are used to convert the pressurized fluid energy into mechanical 

energy that is used to move loads linearly. Hydraulic actuators are used in many motion control 

applications such as in off-highway machinery, aircraft, automotive, and industrial machinery. The 

velocity of hydraulic actuators is controlled by manipulating the flow entering the actuator.  This 

chapter presents a theoretical model and methods for designing a velocity control system for a 

hydraulic actuator using an inlet metering pump system to control the fluid flow to a hydraulic 

cylinder. The velocity control system for a linear actuator is shown in Figure 1. The system consists 

of an inlet metering pump system, a four-way directional valve, and a linear actuator. The four-

way valve is a wide open switching valve and it is used to switch the flow direction to one of the 

actuator ports depending on the desired direction of the hydraulic cylinder. The discharge flow is 

supplied to one of the actuator ports, as required, using a four-way directional valve. The flow 

from the other port of the actuator is returned to the tank through the four-way directional valve. 
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Figure 5.1: Velocity Control System for a Linear Actuator 

5.2  Modeling the system 

The following assumptions are made for creating a model for the system.  Let 𝑃𝐴 =

𝑃𝑑, assuming that the size of directional valve orifice is large enough so that there is no 

restriction on the flow through the valve which means that the pressure drop through the 

passages and directional control valve are small.  The system is modeled as if there is one 

volume extending from the discharge check valve to the piston surface. Since this is a piston 

pump, flow from a single piston would be discontinuous. However, we assume that multiple 

pistons would be used and therefore only consider the average flow and do not model any 

flow ripple or discontinuity (to be considered in future work). The governing equations 

include the equation of motion of the linear actuator and the pressure rise rate equation. The 

equation of motion can be written as: 

𝑚�̈� + 𝑏�̇� + 𝑘𝑦 −𝑚𝑔 = 𝜂𝑎𝑓𝑃𝑑𝐴𝐴 − 𝐹𝑜 − 𝐹                                                                            (5.1) 

For steady state conditions, = �̇� = �̈� = 0 , 𝐹 = 0 and 𝑃𝑑 = 0, then, 𝐹𝑜 = 𝑚𝑔. In this 

analysis, we will consider 𝐹𝑜 = 𝑚𝑔 for all cases. Also, the load spring is usually not included 
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in analysis where the goal of which is controlling the velocity [75], i.e., k=0. So, the equation 

of motion becomes, 

𝑚�̇� + 𝑏𝑣 = 𝜂𝑎𝑃𝑑𝐴𝐴 − 𝐹                                                                                                               (5.2) 

where the cylinder velocity, 𝑣 = �̇�. The pressure rise rate equation is written as: 

�̇�𝑑 =
𝛽

𝑉𝑜 + 𝐴𝐴𝑦
(𝑄𝑖 − 𝑘1𝑃𝑑 − 𝐴𝐴𝑣)                                                                                             (5.3) 

where 𝑄𝑖 is the inlet flow which is equal to the ideal discharge flow of the inlet-metered 

pump and defined in Eq. (5.4). 

𝑄𝑖 = 𝐶𝑑𝐴𝑣√
2𝑃𝑖
𝜌
                                                                                                                              (5.4) 

The relationship between valve area and flow through the inlet metering pump given 

in Eq. (5.4) was derived in Chapter 3. The leakage coefficient, 𝑘1 was assumed to have a 

constant value and to account for leakage in the cylinder and other flow losses such as in the 

pump. A reasonable value for the leakage coefficient is 𝑘1 =
𝑄𝑚𝑎𝑥

10𝑃𝑚𝑎𝑥
. 

Equation (5.3) may be linearized using the following nominal conditions: 𝑦𝑜 = 𝑣 =

𝑄𝑑𝑜 = 𝑃𝑑𝑜 = 0.   The linearized equation for the pressure rise rate is, 

�̇�𝑑 =
𝛽

𝑉𝑜
(𝑄𝑖 − 𝑘1𝑃𝑑 − 𝐴𝐴𝑣)                                                                                                          (5.5) 

Substituting Eq. (5.4) into Eq. (5.5) gives: 

�̇�𝑑 =
𝛽

𝑉𝑜
(𝐶𝑑𝐴𝑣√

2𝑃𝑖
𝜌
− 𝑘1𝑃𝑑 − 𝐴𝐴𝑣)                                                                                       (5.6) 
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In order to generalize the model, all the quantities in Eqs. (5.2) and (5.6) are normalized 

about reference conditions. Eq. (5.2) can be nondimensionalized using the following 

reference conditions: 

𝑃𝑑 = �̂�𝑑𝑃𝑑𝑟,  𝑣 = 𝑣𝑣𝑟   𝐴𝑣 = �̂�𝑣𝐴𝑟 , 𝑃𝑖 = �̂�𝑖𝑃𝑖𝑟 and 𝑡 = �̂�𝜏. 

Using these reference conditions, Eq. (5.6) can be written as: 

𝑑(�̂�𝑑𝑃𝑑𝑟)

𝑑(�̂�𝜏)
=
𝛽

𝑉𝑜
(𝐶𝑑𝐴𝑟√

2𝑃𝑖𝑟
𝜌

�̂�𝑣√�̂�𝑖 − 𝑘1�̂�𝑑𝑃𝑑𝑟 − 𝐴𝐴𝑣𝑟𝑣)                                                 (5.7) 

Multiplying Eq. (5.7) by 𝜏/𝑃𝑑𝑟 gives: 

�̇̂�𝑑 =
𝜏𝛽

𝑉𝑜𝑃𝑑𝑟
𝐶𝑑𝐴𝑟√

2𝑃𝑖𝑟
𝜌

�̂�𝑣√�̂�𝑖 −
𝜏𝛽

𝑉𝑜
𝑘1�̂�𝑑 −

𝜏𝛽𝑣𝑟
𝑉𝑜𝑃𝑑𝑟

𝐴𝐴𝑣                                                        (5.8) 

Let 

𝜏 =
𝑉𝑜
𝛽𝑘1

 

then, that the nondimensional pressure rise equation can be written as: 

�̇̂�𝑑 + �̂�𝑑 = 𝜉1�̂�𝑣√�̂�𝑖 − 𝜉2v̂                                                                                                            (5.9) 

where the nondimensional groups 𝜉1 and 𝜉2 in Eq. (5.9) are defined as 

𝜉1 =
𝐶𝑑𝐴𝑟√

2𝑃𝑖𝑟
𝜌

𝑃𝑑𝑟𝑘1
, and 

𝜉2 =
𝜏𝛽𝑣𝑟𝐴𝐴
𝑉𝑜𝑃𝑑𝑟

. 
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Similarly, using the reference conditions mentioned above, Eq. (5.2) may be written in 

nondimensional form as: 

𝑚
𝑑(𝑣𝑣𝑟)

𝑑(�̂�𝜏)
+ 𝑏𝑣𝑣𝑟 = 𝜂𝑎𝑓𝑃𝑑𝐴𝐴 − 𝐹                                                                                           (5.10) 

Dividing Eq. (5.10) by 𝑃𝑑𝑟𝐴𝐴 gives: 

�̂��̇� + �̂�𝑣 = 𝜂𝑎𝑓�̂�𝑑 − �̂�                                                                                                                (5.11) 

where 

{
 
 
 
 

 
 
 
 �̂� =

𝑚𝑣𝑟
𝑃𝑑𝑟𝐴𝐴𝜏

�̂� =
𝑏𝑣𝑟
𝑃𝑑𝑟𝐴𝐴

�̂�𝐴 =
𝐴𝐴
𝐴𝐴

= 1

�̂� =
𝐹

𝑃𝑑𝑟𝐴𝐴 }
 
 
 
 

 
 
 
 

                                                                                                                           (5.12) 

5.3 Stability Analysis 

From Eqs. (5.9) and (5.11) the dynamic system equations can be written in state-space 

matrix form, i.e., 

�̇� = 𝐴𝒙 + 𝐵𝒖 and  𝑦 = 𝐶𝒙 + 𝐷𝒖. 

Let 𝒙 = [�̂�𝑑  𝑣]
𝑇
, 𝒖 = [�̂�𝑣 �̂�]

𝑇
 and 𝒚 = 𝑣.  By examining Eqs. (5.9) and (5.11), the 

matrices A, B, C, and D can be found to be,  

𝐴 = [

−1 −𝜉2
𝜂𝑎
�̂�

−
�̂�

�̂�

], 
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𝐵 =

[
 
 
 𝜉1√�̂�𝑖 0

0 −
1

�̂�]
 
 
 
, 

𝐶 = [0 1], and 

𝐷 = 0. 

For stability analysis, the characteristic equation can be computed, 

det(𝑠𝐼 − 𝐴) = 𝑠2 + (
�̂�

�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

) = 0 

 The coefficients in the characteristic equation are: 

{
 
 

 
 

𝑎𝑜 = 1

𝑎1 =
�̂�

�̂�
+ 1

𝑎2 =
�̂� + �̂�𝐴

2
𝜂𝜉2

�̂� }
 
 

 
 

                                                                                                                   (5.13) 

Routh stability criterion was used to determine the system stability. According to that 

criterion, the system is stable if the following condition is satisfied:   

𝑎𝑖 > 0 where i = 0, 1 and 2.   

For real world systems, all the parameters in Eq. (5.13) are positive which means that the 

system is always stable for any realistic selection of the parameters and no further stability 

analysis is needed.  

5.4 Performance Analysis 

Two cases were considered in the performance analysis of the system. In the first 

case, the valve dynamics was neglected assuming an extremely fast valve actuator and the 
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controller was designed based on the dynamics of the rest of the system for both open-loop 

and closed-loop cases. In the second case, the valve dynamics was included in the 

performance analysis. A valve that has the same characteristics of the valve used in the IM 

system test setup was considered. PID, H∞, and two degrees of freedom controllers were 

designed. Extremely fast valve was assumed next to verify that the assumption of neglecting 

the valve dynamics in the first case is valid. 

 

 

5.4.1 No Valve Dynamics 

The block diagram of the open-loop system with a disturbance force is shown in Fig. 

5.2. The system transfer function that relates the output velocity to the input valve opening 

area neglecting disturbance can be written as follows: 

𝑣𝐴

�̂�𝑣
=

𝜂𝑎𝜉1/�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

                                                                                      (5.14) 

Also, the transfer function that relates the output velocity to the disturbance force can be 

written as: 

𝐺𝑑(𝑠) =
𝑣𝐹

�̂�
=

−
𝑠 + 1
�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

                                                                     (5.15) 



60 
 

 

Figure 5.2: Block diagram of the open loop system 

The analysis shows that in order for this system to respond to inputs or initial 

conditions without oscillations, the poles of Eq. (5.14) must be real which means that the 

following condition must be satisfied: 

(
�̂�

�̂�
+ 1)

2

> 4(
�̂� + 𝜂𝑎𝜉2

�̂�
)                                                                                                       (5.16) 

The condition in Eq. (5.16) cannot be met unless a significant amount of damping is added to the 

system, which significantly reduces the system efficiency. An alternative way to satisfy the 

condition in (5.16) is to design a controller. The controller reduces the deviation between the 

actual plant output and the desired value to zero or a small value by comparing the two values 

and producing a control signal that reduces the deviation [76]. A feedback controller will be 

designed to reduce or eliminate the system oscillations (and any overshoot) and to have low 

velocity reference tracking error. 

5.4.1.1 Proportional controller design 

The system with P-controller is shown in Fig. 5.3. The transfer function of the system 

with the disturbance force neglected is shown in Eq. (5.17). 

𝑣𝐴 𝑣 

 

𝑣𝐹  

+ 𝜂𝑎𝜉1/�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 �̂�𝑣 
+ 

−
𝑠 + 1
�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 
�̂� 
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Figure 5.3: Block diagram of the system with P controller 

𝑣𝐴

R̂
=

𝜂𝑎𝜉1𝐾𝑝/�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2 + 𝜂𝑎𝜉1𝐾𝑝
�̂�

)

                                                                   (5.17) 

In order for the system to have no oscillation, all poles of Eq. (5.17) should be real valued -

- and the inequality condition in (5.18) must be met. 

(
�̂�

�̂�
+ 1)

2

> 4(
�̂� + 𝜂𝑎𝜉2 + 𝜂𝑎𝜉1𝐾𝑝

�̂�
)                                                                                    (5.18) 

It is clear that the performance criterion (Inequality (5.18)) cannot be satisfied by changing 

the value of the proportional controller. Therefore a proportional-derivative controller will 

be considered next. 

5.4.1.2 Proportional-Derivative controller design 

𝑣 

 

𝑣𝐹  

+ + 

- 

R̂ 𝑣𝐴 𝜂𝑎𝜉1/�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 
𝐾𝑝 

+ 

−
𝑠 + 1
�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 
�̂� 
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Figure 5.4 shows the block diagram of the closed-loop system with PD-controller. 

The PD controller will be designed with the goal of eliminating oscillations and overshoot 

and limiting steady-state tracking error due to a reference input to a specified value. In order 

to avoid the sharp response of the sudden change in the step input signal, the derivative 

controller is moved from the closed-loop forward path to the feedback path [77].  The transfer 

function of this system without disturbance force is shown in Eq. (5.19). 

 

Figure 5.4: Block diagram of the system with PD controller 

𝑣𝐴

�̂�
=

𝜂𝑎𝜉1𝐾𝑝
�̂�

𝑠2 + (
�̂�
�̂�
+
𝜂𝑎𝜉1𝐾𝑑
�̂�

+ 1) 𝑠 + (
�̂� + 𝜂𝑎𝜉1𝐾𝑝 + 𝜂𝑎𝜉2

�̂�
)

                                               (5.19) 

Setting the DC gain of this system equal to (1-e) where e is the controller tracking error 

gives: 

𝜂𝑎𝜉1𝐾𝑝

�̂� + 𝜂𝑎𝜉1𝐾𝑝 + 𝜂𝑎𝜉2
= 1 − 𝑒                                                                                                     (5.20) 

- 

+ + 

- 

𝑣𝐹  

𝑣 

 

+ 

−
𝑠 + 1
�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 
�̂� 

�̂� 

𝑣𝐴 

𝜂𝑎𝜉1/�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 
𝐾𝑝 

𝑠𝐾𝑑  

+ 
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Solving for 𝐾𝑝 gives: 

𝐾p =
(1 − 𝑒)(�̂� + 𝜂𝑎𝜉2)

𝑒𝜂𝑎𝜉1
                                                                                                           (5.21) 

Letting the error be e = 0.01 and using the values for the other parameters defined in Table 

5.1 yields 𝐾𝑝 = 100.76. 

In order for the poles of Eq. (5.19) to be real, the following condition must be satisfied: 

(
�̂�

�̂�
+
𝜂𝑎𝜉1𝐾𝑑
�̂�

+ 1)

2

> 4(
�̂� + 𝜂𝑎𝜉1𝐾𝑝 + 𝜂𝑎𝜉2

�̂�
)                                                                 (5.22) 

Solving for 𝐾𝑑 and using the variable values from Table 5.1 gives 𝐾𝑑 > 10.7. In the 

simulation, 𝐾𝑑 was chosen to be 11. 

The block diagram of the overall system with a disturbance force and a PD controller 

shown in Fig. 5.4 could be rearranged as shown in Fig. 5.5: 

 

Figure 5.5: The block diagram of the overall system with PD-controller 

The overall closed-loop disturbance response transfer function with PD control is, 

- 

+ 
�̂� 

1 +
𝑠𝐾𝑑
𝐾𝑝

 

𝑣 

𝜂𝑎𝜉1/�̂�

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)

 
𝐾𝑝 

−ቀ
𝑠 + 1
�̂�

ቁ

𝑠2 + (
�̂�
�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2
�̂�

)
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𝑣

�̂�
=

−ቀ
𝑠 + 1
�̂�

ቁ

𝑠2 + (
�̂� − 𝜂𝑎𝜉1𝐾𝑑

�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2 − 𝜂𝑎𝜉1𝐾𝑝
�̂�

)

                                                  (5.23) 

Now, using the previously defined values for the parameters and the controller gains, 𝐾𝑑 and 

𝐾𝑝, calculated earlier, gives, 

lim
𝑠→0

𝑣

�̂�
=

−ቀ
𝑠 + 1
�̂�

ቁ

𝑠2 + (
�̂� − 𝜂𝑎𝜉1𝐾𝑑

�̂�
+ 1) 𝑠 + (

�̂� + 𝜂𝑎𝜉2 − 𝜂𝑎𝜉1𝐾𝑝
�̂�

)

= 0.001 

This is one tenth the size of the error specification, e, indicating that the controller can reject 

steady disturbances well, as track steady reference signals. 

5.4.2 Including the Valve Dynamics 

If the valve dynamics model is included in the simulation, the closed-loop block diagram 

of the overall system becomes as shown in Fig. 5.6. 

 

 

where 𝐾(𝑠), 𝐺𝑣(𝑠), 𝐺𝑝(𝑠), and 𝐺𝑑(𝑠) are the non-dimensional transfer functions of the controller, 

the valve, the plant, and the disturbance respectively. 

𝑣 

 

𝑣𝐹  

+ + 

- 

�̂� 𝑣𝐴 
𝐺𝑝(𝑠) 𝐾(𝑠) 

+ 

𝐺𝑑(𝑠) 
�̂� 

𝐺𝑣(𝑠) 

Figure 5.6: Overall system block diagram 
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The transfer function of the valve used in the experimental setup of the inlet metering 

system has a second order response which can be expressed as shown below, 

𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

=
𝑘𝑠𝑒

−𝑠𝑡𝑑𝜔𝑛
2

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛2
                                                                                                                     (5.24) 

where Vin is valve input voltage, 𝑉𝑜𝑢𝑡 is the valve feedback voltage, 𝑘𝑠is the static gain of the valve, 

𝜉 is the valve damping ratio, 𝜔𝑛 is the valve natural frequency, and the exponential quantity 

represents the valve time delay. The valve characteristics in Eq. (5.24) are found from the 

experimental data using curve fitting (Fig. 5.7) and they are listed in Table 5.2. The relationship 

between the valve feedback voltage, 𝑉𝑜𝑢𝑡, and the valve metering area, 𝐴𝑣, can be approximated 

by a linear relationship as shown in Eq. (5.25). 

𝐴𝑣 = 𝑘𝑣. 𝑉𝑜𝑢𝑡                                                                                                                                           (5.25) 

where kv is the constant of proportionality and was found from the experimental data. The value 

of kv is found in Table 5.1. From Eqs. (5.24) and (5.25), the valve transfer function can be rewritten 

as: 

𝐴𝑣
𝑉𝑖𝑛

=
𝑘𝑣𝑘𝑠𝑒

−𝑠𝑡𝑑𝜔𝑛
2

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛2
                                                                                                                       (5.26) 

Equation (5.26) can be nondimensionalized to give the non-dimensional valve transfer function, 

𝐺𝑣(𝑠), shown in Eq. (5.27). 

𝐺𝑣(𝑠) =
�̂�𝑣

�̂�𝑖𝑛
=

𝑘𝑣𝑘𝑠𝑉𝑟𝑒
−𝑠�̂�𝑑�̂�𝑛

2

𝐴𝑟(𝑠2 + 2𝜉�̂�𝑛𝑠 + �̂�𝑛2)
                                                                                              (5.27) 

where �̂�𝑛 = 𝜔𝑛𝜏 is the nondimensional natural frequency of the valve, �̂�𝑑 = 𝑡𝑑/𝜏 is the 

nondimensional time delay of the valve, τ is the time constant defined earlier, and 𝑉𝑟 is the 
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reference input voltage. The values of 𝑘𝑣, 𝑉𝑟 and τ are found in Table 5.1. The calculations showed 

that the valve dynamics is slower than the dynamics of the rest of the system. However, the 

difference in the dynamics speed between the valve and the rest of the system is not enough to 

neglect the dynamics of the rest of the system and design the controller according to the valve 

dynamics. That is being said, no order reduction could be performed. The open-loop response has 

a large overshoot with oscillations and a large steady state error with respect to the expected output 

in the absence of a disturbance. A controller was considered to reduce the overshoot, the number 

of oscillations, and the steady state error. 

 

Figure 5.7: The inlet metering valve dynamics curve fit 
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5.4.2.1 Limitation Imposed by the Time Delay 

 The time delay introduces a serious limitation on the controller performance that can be 

achieved. The reason for that limitation is that the effect of the change of the input on the output 

will be delayed by the by an amount of time that is equal to the time delay. The time delay limits 

the closed-loop bandwidth frequency to be less than the reciprocal of the time delay [79]. 

Mathematically, this can be expressed as shown in Eq. 5.28. 

�̂�𝑏 <
1

�̂�𝑑
                                                                                                                                                    (5.28) 

where �̂�𝑏 is the nondimensional bandwidth frequency. From Eq. (5.36) the bandwidth frequency 

limitation can be found to be: 

�̂�𝑏 < 4.17 

5.4.2.2 PID Controller design 

PID controller was considered first. Auto-tuning was used to determine the controller 

gains. The resulting controller gains are 𝐾𝑝 = 0.12, 𝐾𝑑 = 0, and Ki=0.8.  

If an extremely fast valve actuator is assumed, the controller can be designed based on the 

dynamics of the rest of the system. The procedure in Section 5.4.1.2 can be used to design a PD 

controller for the system with extremely fast valve using PD controller designed based on the 

dynamics of the rest of the system. The valve characteristics were 𝜉=0.8, ω=8500 rad/s, and a time 

delay of τ/100 s. That gives the controller gains which are, in this case, 𝐾𝑝 = 83 and 𝐾𝑑 = 3.5. 

The simulation showed that the response of the system in this case is similar to the case discussed 

earlier where valve dynamics is neglected. 
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5.4.2.3 H∞ Controller Design 

The analysis showed that the system with the valve dynamics would respond to 

disturbances with overshoot and oscillations with the PID design. In order to improve the system 

performance, a higher order controller (H∞) was considered. The details of the H∞ controller 

design are presented in this section. The block diagram of the system with the performance 

weight, 𝑤𝑝(𝑠), and the control effort weight, 𝑤𝑢(𝑠), is shown in Fig. (5.8).   

 

Figure 5.8: The system block diagram with the weights 

The performance weight,𝑤𝑝(𝑠), represents the inverse of the upper bound of the magnitude 

of the sensitivity function, 𝑆(s). A typical tracking error performance weight is given as [78], 

𝑤𝑝(𝑠) =

𝑠
𝑀 + �̂�𝑏

𝑠 + 𝑎�̂�𝑏
                                                                                                                                   (5.29) 

where �̂�𝑏 is the nondimensional bandwidth frequency, M is the high-frequency error and a is the 

low-frequency error. �̂�𝑏 was chosen to be less than the frequency limitation introduced by the time 

delay (Eq. (5.28)). The bandwidth was chosen to be the same as the open loop system.  Note that 

the control design goal is to improve low frequency error to achieve good tracking and disturbance 

rejection.  Different values have been used for M in the literature. For example, Carpenter [78] 

𝑢 𝐸 

𝑤𝑝(𝑠) 

𝑣 

 

𝑣𝐹 

+ + 

- 

�̂� 𝑣𝐴 
𝐺𝑝(𝑠) 𝐾(𝑠) 

+ 

𝐺𝑑(𝑠) 
�̂� 

𝐺𝑣(𝑠) 

𝑧1 𝑧2 
𝑤𝑢(𝑠) 
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used a value of 1.5 for M while a higher value was used by Fales [80] which is 6. A reasonable 

value of the low frequency error is 0.01 [78]. The values of a, M, and �̂�𝑏 are given in Table 5.3. 

In addition, a convenient selection for the controller effort weight, 𝑤𝑢, for nondimensional systems 

is 1. The sensitivity function, S, is the transfer function from the reference signal to the error signal 

and it is written as [79]: 

𝑆(𝑠) =
𝐸(𝑠)

�̂�(𝑠)
=

1

1 + 𝐺(𝑠)𝐷𝑐(𝑠)
 .                                                                                                        (5.30) 

where 𝐺(𝑠) = 𝐺𝑣(𝑠)𝐺𝑝(𝑠). Also, the transfer function from the disturbance signal to the error 

signal is written as: 

𝐸(𝑠)

�̂�(𝑠)
= −𝑆(𝑠). 𝐺𝑑(𝑠) .                                                                                                                          (5.31) 

A common objective for the for the system performance is minimizing the weighted sensitivity 

function, 𝑆(𝑠)𝑤𝑝(𝑠) [81]. In this work, the goal is to find 𝐾(𝑠) such that ‖𝑆𝐺𝑑‖∞ is small and K 

stabilizes the system. For this to be done, the following condition should be met. 

|𝑆. 𝐺𝑑(𝑗𝜔)| < |
1

𝑤𝑝(𝑗𝜔)
| , |𝑆| < |

1

𝑤𝑝(𝑗𝜔)
| , |𝑆. 𝐾| < |

1

𝑤𝑢(𝑗𝜔)
| , and  |𝑆. 𝐾. 𝐺𝑑(𝑗𝜔)| < |

1

𝑤𝑢(𝑗𝜔)
|    ∀𝜔 

or 

{
 
 

 
 
‖𝑆𝐺𝑑𝑤𝑝(𝑗𝜔)‖∞ < 1

‖𝑆𝑤𝑝(𝑗𝜔)‖∞ < 1

‖𝑆𝐾𝑤𝑢(𝑗𝜔)‖∞ < 1
‖𝑆𝐾𝐺𝑑𝑤𝑢(𝑗𝜔)‖∞ < 1}

 
 

 
 

                                                                                                                   (5.32) 

From Fig. 5.7, 𝑧1, E and 𝑧2 can be written as: 

𝑧1 = 𝑤𝑝�̂� − 𝐺𝑑𝑤𝑝�̂� − 𝐺𝑤𝑝𝑢                                                                                                               (5.33) 
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𝐸 = �̂� − 𝐺𝑑�̂� − 𝐺𝑢                                                                                                                                (5.34) 

𝑧2 = 𝑤𝑢u                                                                                                                                                  (5.35) 

From Eqs. (5.33), (5.34), and (5.35), the generalized plant (P) shown in Fig. 5.8 can be written 

as: 

𝑃 = [

𝑤𝑝 −𝐺𝑑𝑤𝑝 −𝐺𝑤𝑝
1 −𝐺𝑑 −𝐺
0 0 𝑤𝑢

]                                                                                                               (5.36) 

 

 

 

 

 

 

 

 

 

The time delay of the valve was approximated by a first order Padé approximation. Using 

MATLAB®, the sixth order H∞ controller transfer function, 𝐾(𝑠), is found and is shown in Eq. 

(5.37). 

K(𝑠) =
178.9 s5 + 3318 s4 + 4.161e04 s3 + 3.879e05 s2 + 1.929e06 s + 4.41 × 106

s6 + 200.9 s5 + 5439 s4 + 7.593e04 s3 + 6.178e05 s2 + 3.496e06 s + 3.49 × 104
     (5.37) 

The controller contains fast dynamics that may be difficult to implement in a practical 

application. The controller in Eq. (5.37) satisfies the conditions described in Eq. (5.32) as shown 

in Figs. 5.10 and 5.11. 

𝑧1 

Figure 5.9: The generalized plant 

�̂� 

 

𝑃 

𝐸 

𝑧2 

�̂� 

𝑢 

𝐾(𝑠) 
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Figure 5.10: The frequency response of the inverse performance weight, S, and S.Gd 

 

Figure 5.11: The frequency response of the inverse control effort weight, S.K, and S.K.Gd 
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5.4.2.4 Two Degrees of Freedom Controller Design 

Typically, the desired controller takes the form 
1

𝑠
𝐺−1 for reference tracking and 

1

𝑠
𝐺−1𝐺𝑑 

for disturbance rejection. Since these specifications cannot be achieved simultaneously with 

traditional controllers, a two degrees of freedom (TDOF) controller is used. The two degrees of 

freedom controller has two inputs; one for the reference input and the other for the measured output 

-- and these two inputs are treated independently. One way to set up the two degrees of freedom 

controller, which is used in this work, is to split it into two blocks as shown in Fig. 5.12.  

 

Figure 5.12: Two degrees of freedom controller 

The first block, 𝐾𝑦, represents the feedback part of the controller while the other block, 𝐾𝑟, 

works as a pre-filter for the reference signal. The feedback part of the controller takes the form 

shown in Eq. (5.38) [79]. 

𝐾𝑦 = (
𝐺𝑑
𝐺
) (
𝑠 + �̂�𝐼
𝑠

) (
𝜏𝑙𝑒𝑎𝑑𝑠 + 1

𝜏𝑙𝑎𝑔𝑠 + 1
)                                                                                                    (5.38) 

Since the denominator degree of G is higher than the denominator degree of Gd, the degree of the 

numerator of the first term in Eq. (5.38) will be higher than the degree of the denominator which 

results in an improper controller transfer function. To avoid that, only the DC gain of the 
𝐺𝑑

𝐺
 term 

was considered. The values of 𝜔𝐼, 𝜏𝑙𝑒𝑎𝑑, and 𝜏𝑙𝑎𝑔 (all found by trial and error) are listed in Table 

𝑣 

 

𝑣𝐹  

+ + 

- 

�̂� 𝑣𝐴 
𝐺𝑝(𝑠) 𝐾𝑦(𝑠) 

+ 

𝐺𝑑(𝑠) 
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𝐺𝑣(𝑠) 𝐾𝑟(𝑠) 
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5.4. Using those values, the feedback part of the two degrees of freedom controller,𝐾𝑦, was 

determined to be first order and it can be written as shown in Eq. (5.39).  

𝐾𝑦 = 0.914 (
𝑠 + 1

𝑠
) (
0.1𝑠 + 1

𝑠 + 1
) = 0.0914

𝑠 + 10

𝑠
                                                                       (5.39) 

The pre-filter part of the controller, 𝐾𝑟, is found as shown in Eq. (5.40) [79]. 

𝐾𝑟 = 𝑇𝑟𝑒𝑓𝑇
−1                                                                                                                                          (5.40) 

where 𝑇𝑟𝑒𝑓 is the desired closed-loop transfer function. Since T has a RH plane zero at s=8.33 that 

arises from the time delay transfer function, 𝐾𝑟 will need to be multiplied by the term (s-8.33) in 

order to provide a pole-zero cancellation. In addition, to keep the DC gain unchanged, 𝐾𝑟 is divided 

by -8.33. The desired closed-loop transfer function, 𝑇𝑟𝑒𝑓, was chosen to have only real poles so 

that there is no over shoot. The number of poles that 𝑇𝑟𝑒𝑓 has is equal to the difference between 

the degrees of the numerator and the denominator of T in order to get a proper controller. The 

desired transfer function, 𝑇𝑟𝑒𝑓 is shown in Eq. (5.40). 

𝑇𝑟𝑒𝑓 =
1

(0.1𝑠 − 1)5
                                                                                                                                (5.40) 

Then, the pre-filter, 𝐾𝑟, can be written as shown in Eq. (5.41). 

𝐾𝑟 =
38.29s6 + 768s5 + 9785s4 + 8.71 × 104s3 + 4.05 × 105s2 + 9 × 105s + 1 × 106

s6 + 60 s5 + 1500 s4 + 2 × 104 s3 + 1.5 × 105 s2 + 6 × 105s + 1 × 106
          (5.41) 
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Table 5.1: Simulation parameters 

Parameters Dimensional Value Units Non-dimensional Value 

𝐴𝐴 3.5E-4 m2 1 

𝐴𝑣 6.5E-6 m2 0.8 

b 1750 N-s/m 0.2 

F 6562.5 N 0.75 

𝑘1 0.14E-11 m4s/kg  

𝑘𝑠   0.72 

𝑘𝑣 3.75E-6 𝑚2/𝑉𝑜𝑙𝑡  

k 0 N/m 0 

m 50 kg 0.09 

𝑃𝑑𝑟 25E+6 Pa 1 

𝑃𝑖𝑟 2E+6 Pa 1 

𝑡𝑑 0.015 s 0.24 

𝑉𝑟 3.7 Volt 1 

R 0.8 m/s 0.8 

𝑣𝑟 1 m/s 1 

β 2E9 Pa  

𝜏 0.0625 s  

𝜉1   10 

𝜉2   10 

𝜉1   0.8 
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𝜔𝑛 85 for slow valve Rad/s 5.31 

8500 for fast valve Rad/s 531 

 

Table 5.2: Non-dimensional valve characteristics 

The value The parameter 

0.72 Valve static gain, 𝑘𝑠 

0.24 Valve time delay, �̂�𝑑 

5.31 Valve natural frequency, �̂�𝑛 

0.8 Valve damping ratio, 𝜉 

 

Table 5.3: Performance weight parameters 

The value The parameter 

0.01 Low-frequency error, a 

4 High-frequency error, M 

1 Bandwidth frequency, �̂�𝑏 

 

Table 5.4: The parameters of the feedback part of the TDOF controller (Eq. (5.38)) 

The value The parameter 

1 �̂�𝐼 

0.1 𝜏𝑙𝑒𝑎𝑑 

1 𝜏𝑙𝑎𝑔 
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CHAPTER 6 

RESULTS AND DISCUSSION 

6.1 Background Information 

The inlet metering system was studied. Flow, torque, and efficiency were modeled. The 

models were verified using experimental data collected in the laboratory from an experimental 

setup. The effect of valve metering area, pump shaft speed, and pressure on the inlet metering 

pump flow, torque, and efficiency was studied. A velocity control system that uses inlet-metering 

system was designed. The stability and performance of the system were studied for the open-loop 

and closed-loop systems with and without the valve dynamics. This chapter presents all the 

experimental and theoretical results of this work. 

6.2 Determination of the Coefficients in Eqs. (3.29) and (3.31).   

In order to determine the experimentally derived leakage coefficients, the measurements 

corresponding to the 2.5 MPa inlet pressure, 1000 rpm and 1500 rpm shaft speed were used.  It 

was found that models formed from these measurements were representative of all test conditions 

– and therefore the data taken at 1000 and 1500 rpm were used to find model parameters and verify 

the model (other conditions were used for validation).  For these measurements, the torque, 

discharge flow rate, and outlet pressure were averaged for each 10 seconds interval with fixed 

outlet pressure and valve position.  Equations (3.29) and (3.31) were manipulated to form matrix 

equations for flow and torque given n sets of data (flow, torque, pressures, valve area, and speed) 

with unknown parameter vectors separated out.  The relevant data averages were taken from the 

experimental measurements and were then applied to flow and torque modeling equations, (6.1) 

and (6.2). 
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(6.2)  

Each row in matrix A and column vector F represents an experiment that has been conducted in 

the laboratory, where there was a total of n  experiments.  The quantities in A and F are known 

from experimental measurements.  The only unknowns in (6.1) and (6.2) are the coefficients found 

in the column vector C. The theory of the least squares curve fitting method was then applied using 

Eq. (6.1) and (6.2) to find the discharge flow coefficients vector, C, as given by Eq. (6.3), 

𝐶 = (𝐴𝑇𝐴)−1𝐴𝑇𝐹.                                                                                                                               (6.3) 

By applying Eq. (6.3) to the matrices and vectors labeled A, C, and F in Eq. (6.1) and (6.2), the 

unknown coefficients can be found and are provided in Table 1. 
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Table 6.1.  Inlet metering pump coefficients 

Physical Meaning Symbol Value 

Fluid compression �̂�0 0.0375 

Low Reynolds Number leakage �̂�1 0.0119 

High Reynolds Number leakage �̂�2 0.0029 

Static friction �̂� Effectively 0 

Decay rate for boundary lubrication �̂� N/A 

Hydrodynamic lubrication �̂� 0.5631 

Starting torque �̂�𝑠 0.1257 

Thermodynamic fluid properties �̂� 0.0943 

 

These fit coefficients produced a coefficient of determination, R2, value of 0.99 for the 

determination of flow rate as a function of pressures and valve area, and 0.97 for the prediction of 

torque as a function of pressures, speed, and valve area.  

6.3 Instantaneous Results and Discussion  

Results given in Figs. (5-9) compare the predicted and the actual instantaneous discharge 

flow, torque, and efficiency. It can be seen that the projections of the flow rate, torque, and 

efficiency based on the coefficients in Table 1 are very close to those of the actual system 

computed using data taken at all pump speeds (and all pressures and valve areas).  Note that the 
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coefficients given in Table 1 were generated using data with pump shaft speeds of 1000 rpm and 

1500 rpm only.  This indicates that the model generated using data for just two speeds is applicable 

to all other speeds and other conditions considered.  

 

Figure 6.1:  Comparison of IMP flow rate projections with actual data for 2500RPM, 2 MPa inlet 

pressure, 25 MPa discharge Pressure and a step input signal 
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Figure 6.2:  Comparison of IMP torque projections with actual data for 2500RPM, 2 MPa inlet 

pressure, 25 MPa discharge Pressure and a step input signal 
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Figure 6.3: Comparison of IMP efficiency projections with actual data for 2500RPM, 2 MPa 

inlet pressure, 25 MPa discharge Pressure and a step input signal 
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Figure 6.4: Comparison of IMP flow rate projections with actual data for chirp input signal 
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Figure 6.5: Comparison of IMP torque projections with actual data for chirp input signal 
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Figure 6.6: Comparison of efficiency projections with actual data for chirp input signal 

6.4 Averaged Results and Discussion 

 In this section, the average results of the flow, torque, and efficiency are presented. The 

flow and torque results presented in this section compare the theoretical results with the 

experimental results as a validation of the model. 

6.4.1 Flow Rate Results and Discussion 

Figure 6.7 contains flow data and modeled flow over a range of valve openings and for all 

pump speeds with the inlet pressure at 2 MPa and discharge pressure at 25 MPa.  It can be noticed 

from Fig. 6.7 that the pump volumetric flow rate is not a function of the pump speed when the 

pump operates in the inlet metering mode. When the flow is less than the maximum possible flow 

for a given speed, the ideal flow is only a function of the valve opening area. Once the discharge 
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flow reaches the amount restricted by the pump speed, then the discharge flow will not increase 

by increasing the valve opening and it becomes a function of the pump rotational speed only. 

Figure 6.8 shows the variation of the inlet metered pump flow rate as the pump speed changes. 

Again, it can be seen that the flow is a function of the pump speed only when the pump is running 

at maximum flow rate. This is represented by the inclined line in Fig. 6.8. The discharge pressure 

was shown to have no significant impact on the discharge flow as shown in Fig. 6. This is expected 

because the ideal discharge flow is not a function of the discharge pressure.  Note that flow losses, 

however, are functions of pressure. It can be noticed from Fig. 6.9 that the discharge flow increases 

as the inlet pressure supplied by the charge pump increases. This is because the ideal flow across 

the inlet-metering valve is proportional to the inlet pressure. 

 

Figure 6.7: Non-dimensional pump discharge flow vs. non-dimensional valve opening for 2MPa 

inlet pressure and 25 MPa discharge pressure where the solid lines represent the model and the 

markers represent the data 
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Figure 6.8:  Non-dimensional pump discharge flow vs. non-dimensional pump speed for 2MPa 

inlet pressure and 25 MPa discharge pressure where the solid lines represent the model and the 

markers represent the data 
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Figure 6.9: Non-dimensional pump discharge flow vs. non-dimensional valve opening for 2 MPa 

inlet pressure and 2500 RPM speed where the solid lines represent the model and the markers 

represent the data 
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Figure 6.10: Non-dimensional pump discharge flow vs. non-dimensional valve opening for 25 

MPa discharge pressure and 1000 RPM speed where the solid lines represent the model and the 

markers represent the data 

6.4.2 Torque Results and Discussion 

Figure 6.11 shows that for the inlet metering conditions, the torque is a function of both the pump 

speed and the valve area. Torque increases as the valve opening area increases and decreases as 

the pump rotational speed increases until flow reaches its maximum value which is proportional 

to the pump speed and due to the maximum volumetric displacement of the pump. Once the flow 

is at the maximum possible value, the torque no longer depends on the valve opening area. Under 

maximum flow condition, Torque increases when the pump speed increases because of an increase 

in the torque losses after the maximum flow is reached. This is shown in Fig. 6.12. 
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The torque from experimental data and model due to Eq. (30) are plotted for various 

pressures vs. valve area with a pump speed of 2500 rpm in Fig. 6.13. The discharge pressure has 

the most significant impact on the torque because of its effect on both the ideal and the frictional 

torque as shown in Fig. 6.13. 

 

Figure 6.11: Non-dimensional torque vs. non-dimensional valve opening for 25 MPa discharge 

pressure and 2MPa inlet pressure where the solid lines represent the model due to Eq. (31) and 

the markers represent the data 
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Figure 6.12: Non-dimensional torque vs. non-dimensional valve opening for 25 MPa discharge 

pressure and 2MPa inlet pressure solid lines represent the model due to Eq. (31) and the markers 

represent the data 
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Figure 6.13: Non-dimensional Torque vs. non-dimensional valve opening for 2500 RPM 

discharge pressure and 2 MPa inlet pressure where the solid lines represent the model and the 

markers represent the data 

6.4.3 Efficiency Results and Discussion 

           Figure 10 shows that the modeled pump efficiency due to Eq. (32) increases as the discharge 

pressure increases. It can also be seen that the efficiency increases as the valve opening area 

increases for all operating pressures as illustrated in Fig. 6.14. Figure 6.15 shows that the pump 

efficiency decreases as pump rotational speed increases. The inlet pressure was shown to have no 

significant effect on the pump efficiency as shown in Fig. 6.16. It was determined that the 

coefficients that were derived using the data from the 2.5 MPa inlet pressure data were applicable 

to all of the collected data. 
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Figure 6.14: Overall pump efficiency vs. valve non-dimensional area for an inlet pressure of 2 

MPa, pump shaft speed of 2500 RPM, and listed discharge pressures 
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Figure 6.15: Overall pump efficiency vs. valve non-dimensional area for 2 MPa inlet pressure 

and 25 MPa discharge pressure  
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Figure 6.16: Overall pump efficiency vs. non-dimensional valve opening for 25 MPa discharge 

pressure and 1000 RPM 
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6.5 Velocity Control System Design Results and Discussion 

The results of the velocity controlled system designed in Chapter 5 are presented in this 

section. In order to explore the dynamic behavior of the system, the system response with and 

without a controller is examined using MATLAB / SIMULINK® simulations. The results 

presented in this section are for two cases. In the first case, the valve dynamics is completely 

ignored and the response of the open-loop and the closed-loop with PD controller were discussed. 

In the second case, the valve dynamics was included. The controller design and the time response 

of the system with PID controller and H-infinity controller are discussed.  

6.5.1 No Valve Dynamics Results and Discussion 

Below are some results with controller gains computed as discussed in Chapter 5. For the 

closed-loop case, a reference non-dimensional velocity of 0.8 is given starting at zero seconds and 

a nondimensional step disturbance force of 0.75 at five time constants. Figure 6.17 shows the open-

loop velocity response of the hydraulic cylinder with an input non-dimensional area of 0.8 and a 

step disturbance force. It can be seen that there is an overshoot of about 100% with oscillation and 

a steady state error of 12.5% with respect to the expected output in the absence of a disturbance.  

The settling time is four time constants. The pressure corresponding to the open-loop simulation 

is shown in Fig. 6.18. The pressure response also has overshoot and oscillations.  

It can be seen from Fig. 6.19 and Fig. 6.20 that using the PD controller eliminates the 

overshoot, oscillations and quickens the response. The nondimensional valve opening area versus 

non-dimensional time is shown in Fig. 6.21. Saturation was used to simulate the real-world 

constraints. Since the dynamics of both the inlet metering valve and the four-way directional valve 

have not been studied in this work, the saturation condition is simplified in that the area cannot be 

negative or greater than the maximum value of 1.  However, the model could be extended to 
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include the dynamics of the valve actuators and the ability to switch the direction of the flow. 

Neglecting these additional characteristics could be justified by assuming that extremely fast 

acting valve actuators are used. 

 

Figure 6.17: Cylinder velocity vs. time with a step disturbance force and no controller 
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Figure 6.18: Pressure vs. time with a step disturbance force and no controller 
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Figure 6.19: Cylinder velocity vs. time with PD controller and a step disturbance force 
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Figure 6.20: Pressure vs. time with PD controller and a step disturbance force 
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Figure 6.21: Non-dimensional valve opening area vs. time with PD controller and a sinusoidal 

disturbance force 

6.5.2 Including the Valve Dynamics Results and Discussion 

Figure 6.22 shows that the response of the system with the extremely fast valve is the same 

as the case where the valve was neglected (Fig. 6.19) which verifies the assumption of neglecting 

the valve dynamics if it is much faster than the rest of the system. The next results are for the case 

of actual valve dynamics.  The frequency responses of the PI controller and the H∞ controller are 

shown in Fig. 6.23. It can be seen that the PI and the H∞ frequency responses look the same at 

medium frequencies. The PI controller has a higher gain at low frequencies which gives a lower 
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steady state error. At high frequencies, they are different again which makes the response of the 

system different. Figure 6.24 shows a comparison of the system velocity time responses for the 

open-loop case and the closed-loop with PI controller. It can be seen that the open-loop response 

to both the reference input and the disturbance has an overshoot with oscillation and a large steady 

state error with respect to the expected output in the absence of a disturbance. Adding the PI 

controller to the system removes the overshoot and the oscillation from the response to the 

reference input and eliminates the steady state error. However, the system with the PI controller 

has a slower response. The response of the system with a PI controller can be made faster by 

changing the controller gains. For example, if the speed of the response to the reference input is to 

be doubled, the controller gains need to be changed from (Kp=0.122, Ki=0.8, and Kd=0) to (Kp=0.4, 

Ki=1.2, and Kd=0). A comparison of the responses of the system with the original and new gains 

is shown in Fig. 6.25. It can be noticed from Fig. 6.25 that increasing the speed of the response 

results in overshoot and oscillation in the response. The time response of the closed-loop system 

with the H∞ controller is shown in Fig. 6.26. Replacing the PI controller with the H∞ controller 

reduces the overshoot in the response to the reference input to a very small value while keeping 

the speed of the system unchanged. The steady state error and the overshoot in the response of the 

system to the reference input can be completely removed by using a two degrees of freedom 

controller as shown in Fig. 6.27. 
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Figure 6.22: Velocity time response for the system with a fast valve with PD controller 
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Figure 6.23: The frequency response of the PI and the H∞ controllers 

 

Figure 6.24: The velocity time response for open-loop and closed-loop with PI controller 
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Figure 6.25: The velocity time response with PI controller for different values of the controller 

gains 
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Figure 6.26: The velocity time response with PI and H∞ controllers 
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Figure 6.27: The velocity time response with H∞ controller and TDOF controller 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Background Information 

            In this work, a method to control the flow of a fixed displacement pump is presented based 

on using an inlet-metered pump. The flow, torque, and efficiency are modeled. Experiments have 

been done and the models are validated against experimental data. The model was shown to agree 

well with the experimental data. After that, a velocity control system that utilizes the inlet metering 

system has been designed. The velocity control system is modeled and linearized. Based on the 

state space linear model stability analysis is performed. Two cases were considered when the 

system performance was studied. In the first case, the system designed by assuming extremely fast 

acting valve actuators, dynamics of valve actuators are ignored. In the second case, the valve 

dynamics was included. Performance analysis for steady-state disturbance rejection and steady 

reference signal tracking was done. The simulation results for open-loop, closed-loop with PID 

controller, closed-loop with H∞ controller, and closed-loop with two degrees of freedom were 

presented and discussed. A list of conclusions from the present work is presented in the next 

section. The last section of this chapter presents some suggestions for future works to be done on 

the inlet metering system to expand the understanding of the system and its applications. 
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6.2 Conclusions 

 The following conclusions are supported by the analysis and experimental results of this 

paper: 

1. A theoretical model for the flow, torque, and efficiency of an inlet metering pump was 

developed. 

2. The theoretical model for the inlet metering pump shows good agreement with 

experimental results. 

3. Both the theoretical model and the experiments prove the inlet metering system can be used 

as a variable flow source. 

4. The ideal discharge flow is not a function of the pump rotational speed unless the maximum 

flow is reached, which is the product of pump displacement and speed. Instead, the ideal 

pump flow is a linear function of inlet metering valve area. 

5. The torque required by the pump increases as the discharge pressure and the valve area 

increase. 

6. As the rotational speed of the pump increases, the torque decreases when the pump operates 

in the inlet metering mode.  The torque increases with increase in the pump speed when 

the pump operates at maximum flow. 

7. The frictional torque is a function of the valve metering area, pump shaft speed, discharge 

pressure, and the time during which the fluid is pressurized. 

8. The pump efficiency increases as the discharge pressure increases but decreases as the 

pump rotational speed increases. 

9. The inlet pressure was shown to have only a small effect on the pump efficiency. However, 

if the inlet pressure (and charge pump) were to be included in the computation of the overall 
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system efficiency, it would be seen that a high inlet pressure would significantly reduce 

efficiency due to inlet pressure effect on the charge pump power consumption.  The inlet 

pressure can be made small by selecting a large inlet metering valve area to obtain the 

required flow. 

10. The open-loop velocity control system with inlet metered pump is stable for all realistic 

(positive) choices of parameters. 

11. Without the valve dynamics, the open-loop inlet metering velocity control system has 

oscillations unless a considerable amount of damping is added. 

12. Without the valve dynamics, PD controller can be used to design the inlet metering velocity 

control system such that the system is stable, there is zero percent overshoot and no 

oscillations and good disturbance rejection with arbitrarily small steady state error even 

with the inclusion of saturation nonlinearity. 

13. If the valve dynamics model is included in the simulation, the open-loop system is stable 

but has a large steady state error. 

14. With an extremely fast valve actuator, the valve dynamics can be neglected, and a PD 

controller can be designed based on the dynamics of the rest of the system. 

15. The response of the system with the extremely fast valve actuator is the same as the 

response for the case where the valve dynamics is not included. This verifies the 

assumption of neglecting the valve dynamics when it is much faster than the rest of the 

system. 

16. If the difference in the speed of the valve dynamics and the dynamics of the rest of the 

system is not significant, neither the valve dynamics nor the dynamics of the rest of the 
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system can be neglected. In this case, a PI controller could be designed so that the system 

is stable with zero steady state error. 

17. H∞ controller could be designed to improve the system performance. The system response 

with H∞ controller is two times faster than the response with the PI controller. However, 

the response with the H∞ controller has a small overshoot. 

18. Using a two-degrees of freedom controller removes the overshoot associated with the H∞ 

controller while keeping the speed of the response unchanged. 

 

6.3 Recommendations for Future Work 

1. Investigate removal of the charge pump or consider reduction of charge pressures. A large 

inlet-metering valve would allow for lower charge pressure while allowing the same 

amount of flow. 

2. Investigate potential use in pump-controlled systems. The IMP combines best of valves 

and pumps in terms of simple low-cost flow control and limited metering losses, especially 

when charge pressures are reduced.  The losses due to the inlet valve restriction can be 

made arbitrarily low by sizing the valve, especially when compared to valve controlled 

systems. Experimental data shows that the IMP efficiency is between that of pump 

controlled and valve controlled systems. The IMP should be considered a low-cost 

alternative to swash plate control mechanism possibly at the expense of efficiency. 

3. Cavitation strength of materials should be investigated – critical components should be 

designed for cavitation strength. 

4. The literature suggests that stainless steel and ceramic are good cavitation resistant 

materials [63-73]. 
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5. To improve the volumetric efficiency, the inlet and discharge check valves should be 

designed to close faster when using hydraulic fluid.  Note that the test pump design is 

optimized for use with low viscosity fuel and extremely high pressures.  A redesign for 

hydraulic system use would require valves with less damping to speed up closing times 

which would reduce flow losses from the discharge to the inlet stroke. 

6. To improve the torque efficiency, the inlet-metered pump should be designed based on the 

pressure associated with the typical hydraulic systems. This design will produce smaller 

parts such as the journal bearing which reduces the friction and eventually improves the 

torque efficiency of the pump. 

7. Investigate different pump configurations such as: 

a. Radial piston pumps. This configuration may reduce packaging size. 

b. Inline pump configurations with more cylinders to reduce torque, flow, and pressure 

ripple. 
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Appendices 

Appendix A: Linearization of the Pressure Rise Rate Equation 

The pressure rise rate equation is written as: 

�̇�𝑑 =
𝛽

𝑉𝑜 + 𝐴𝐴𝑦
(𝑄𝑖 − 𝑘1𝑃𝑑 − 𝐴𝐴�̇�)                                                                                             (A1) 

Equation (A1) may be linearized using the following nominal conditions: 

𝑦𝑜 = 𝑦�̇� = 𝑄𝑖𝑜 = 𝑃𝑑𝑜 = 0 

The linearized equation takes the form: 

𝑃�̇� = 𝑃�̇�𝑜 +
𝜕𝑃�̇�

𝜕𝑦
|
𝑜
(𝑦 − 𝑦𝑜) +

𝜕𝑃�̇�

𝜕𝑄𝑖
|
𝑜
(𝑄𝑖 − 𝑄𝑖𝑜) +

𝜕𝑃�̇�

𝜕𝑃𝑑
|
𝑜
(𝑃𝑑 − 𝑃𝑑𝑜) +

𝜕𝑃�̇�

𝜕�̇�
|
𝑜
(�̇� − �̇�𝑜)              (𝐴2)  

𝑃𝑑𝑜̇ =
𝛽

𝑉𝑜 + 𝐴𝐴𝑦𝑜
(𝑄𝑖𝑜 − 𝑘1𝑃𝑑𝑜 − 𝐴𝐴𝑦�̇�) = 0                                                                                      (𝐴3) 

𝜕𝑃�̇�
𝜕𝑦

|
𝑜

=
𝛽

(𝑉𝑜 + 𝐴𝐴𝑦𝑜)2
(𝑄𝑖𝑜 − 𝑘1𝑃𝑑𝑜 − 𝐴𝐴𝑦�̇�) = 0                                                                            (𝐴4) 

𝜕𝑃�̇�
𝜕𝑄𝑖

|
𝑜

=
𝛽

𝑉𝑜 + 𝐴𝐴𝑦𝑜
=
𝛽

𝑉𝑜
                                                                                                                         (𝐴5) 

𝜕𝑃�̇�
𝜕𝑃𝑑

|
𝑜

=
−𝛽𝑘1
𝑉𝑜 + 𝐴𝑦𝑜

= −
𝛽𝑘1
𝑉𝑜

                                                                                                                    (𝐴6) 

𝜕𝑃�̇�
𝜕�̇�

|
𝑜

=
−𝛽𝐴𝐴
𝑉𝑜 + 𝐴𝑦𝑜

= −
𝛽𝐴

𝑉𝑜
                                                                                                                      (𝐴7) 

Substituting Eqs. (A2-A7) into Eq. (A1) gives the linearized form of the pressure rise rate 

equation. 
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�̇�𝑑 =
𝛽

𝑉𝑜
(𝑄𝑖 − 𝑘1𝑃𝑑 − 𝐴𝐴𝑣)                                                                                                                    (𝐴8) 

But  

𝑄𝑖 = 𝐶𝑑𝐴𝑣√
2𝑃𝑖
𝜌

 

Then, Eq. (A8) can be written as: 

�̇�𝑑 =
𝛽

𝑉𝑜
(𝐶𝑑𝐴𝑣√

2𝑃𝑖
𝜌
− 𝑘1𝑃𝑑 − 𝐴𝐴𝑣)                                                                                                  (𝐴9) 
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Appendix B: The experimental data 

Qi 

[l/min] 

Qd 

[l/min] 

T 

[in-lbs] 

Pi 

[Mpa] 

Pd 

[Mpa] 

Voltage 

[V] 

Temp 

In 

[degC] 

Temp 

Out 

[degC] 

Temp 

Head 

[degC] 

ω [rpm] 

2.37 0.00 41.34 2.78 1.06 0.00 32.71 33.90 47.31 1000 

3.75 2.38 49.56 2.74 2.12 0.50 32.80 33.96 47.26 1000 

7.66 5.64 72.91 2.63 2.22 1.00 32.75 33.96 47.22 1000 

11.24 8.66 72.20 2.52 2.38 2.00 32.78 33.96 47.21 1000 

11.18 8.78 67.24 2.53 2.38 3.00 32.80 33.95 47.20 1000 

11.16 8.81 65.38 2.53 2.39 4.00 32.78 33.95 47.19 1000 

11.26 8.75 65.44 2.53 2.38 5.00 32.79 33.94 47.22 1000 

2.43 0.00 41.48 2.77 2.08 0.00 32.73 33.85 47.69 1000 

3.69 2.40 55.31 2.73 4.95 0.50 32.81 33.94 47.64 1000 

7.44 5.62 96.36 2.63 5.13 1.00 32.76 33.94 47.44 1000 

10.91 8.65 109.82 2.52 5.30 2.00 32.77 33.93 47.56 1000 

11.06 8.75 106.04 2.52 5.31 3.00 32.77 33.94 47.53 1000 

11.07 8.63 103.50 2.52 5.30 4.00 32.80 33.93 47.66 1000 

11.13 8.71 104.15 2.52 5.30 5.00 32.79 33.95 47.53 1000 

2.43 0.00 41.40 2.76 2.79 0.00 32.70 33.87 46.10 1000 

3.78 2.35 64.67 2.73 9.49 0.50 32.79 34.00 46.06 1000 

7.55 5.56 133.84 2.62 9.84 1.00 32.77 33.98 46.04 1000 

10.95 8.63 171.22 2.51 10.03 2.00 32.80 33.97 46.03 1000 

11.00 8.75 165.87 2.52 10.03 3.00 32.78 33.98 46.02 1000 

10.98 8.69 166.33 2.52 10.03 4.00 32.78 33.98 46.02 1000 

10.84 8.64 162.10 2.52 10.02 5.00 32.80 33.97 46.02 1000 

2.36 0.00 41.34 2.72 6.02 0.00 32.72 33.91 46.20 1000 

3.69 2.31 84.05 2.68 18.90 0.50 32.81 34.12 46.18 1000 

7.57 5.47 210.34 2.59 19.68 1.00 32.81 34.11 46.24 1000 

11.05 8.45 295.16 2.49 19.93 2.00 32.80 34.11 46.14 1000 

11.12 8.48 294.94 2.49 19.93 3.00 32.82 34.11 46.17 1000 

11.02 8.48 289.31 2.49 19.92 4.00 32.82 34.11 46.22 1000 

11.09 8.49 293.16 2.49 19.92 5.00 32.83 34.13 46.21 1000 
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2.42 0.00 40.85 2.71 4.92 0.00 32.77 34.02 46.06 1000 

3.64 1.80 94.74 2.67 23.96 0.50 32.85 34.30 46.05 1000 

7.39 5.33 241.24 2.58 25.18 1.00 32.84 34.29 46.06 1000 

10.72 8.29 370.23 2.49 25.48 2.00 32.85 34.27 46.07 1000 

10.87 8.29 365.32 2.49 25.48 3.00 32.86 34.28 46.08 1000 

10.94 8.34 354.20 2.49 25.47 4.00 32.87 34.29 46.10 1000 

11.06 8.35 363.52 2.49 25.48 5.00 32.90 34.29 46.12 1000 

2.78 0.00 36.89 3.95 0.93 0.00 36.62 37.85 52.33 1000 

4.41 2.55 46.15 3.91 1.85 0.50 36.70 37.95 52.27 1000 

9.02 6.57 71.12 3.79 2.01 1.00 36.68 37.94 52.24 1000 

12.32 9.60 49.39 3.70 2.10 2.00 36.70 37.95 52.22 1000 

13.27 10.55 44.94 3.67 2.13 3.00 36.70 37.93 52.19 1000 

13.30 10.57 43.47 3.67 2.13 4.00 36.71 37.91 52.16 1000 

13.63 10.87 43.42 3.66 2.14 5.00 36.71 37.90 52.14 1000 

2.77 0.00 36.23 3.93 1.33 0.00 36.70 37.75 52.64 1000 

4.42 2.19 52.45 3.89 4.58 0.50 36.80 37.86 52.61 1000 

9.08 6.48 96.25 3.77 4.80 1.00 36.78 37.87 52.60 1000 

11.62 8.79 86.47 3.70 4.89 2.00 36.79 37.88 52.61 1000 

11.70 8.78 79.27 3.69 4.88 3.00 36.83 37.88 52.61 1000 

11.73 8.74 79.04 3.69 4.89 4.00 36.86 37.90 52.59 1000 

11.52 8.73 78.53 3.69 4.89 5.00 36.86 37.89 52.58 1000 

2.94 0.00 35.73 3.91 2.34 0.00 36.49 37.28 52.54 1000 

4.59 2.45 66.11 3.87 10.40 0.50 36.61 37.47 52.57 1000 

9.08 6.45 154.50 3.76 10.83 1.00 36.63 37.50 52.62 1000 

11.48 8.65 162.34 3.70 10.97 2.00 36.66 37.53 52.63 1000 

11.57 8.70 156.75 3.69 10.97 3.00 36.71 37.57 52.70 1000 

11.64 8.72 157.90 3.69 10.96 4.00 36.75 37.60 52.83 1000 

11.44 8.68 154.68 3.68 10.97 5.00 36.81 37.64 52.88 1000 

2.92 0.00 35.75 3.89 5.49 0.00 35.74 36.44 51.81 1000 

4.50 2.17 87.89 3.86 19.27 0.50 35.89 36.71 51.83 1000 

9.12 6.39 240.61 3.75 20.09 1.00 35.90 36.75 51.88 1000 
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11.47 8.50 279.90 3.69 20.28 2.00 35.94 36.78 51.91 1000 

11.58 8.54 278.88 3.69 20.28 3.00 36.01 36.81 51.97 1000 

11.43 8.48 274.27 3.68 20.28 4.00 36.08 36.87 52.02 1000 

11.54 8.46 273.53 3.68 20.28 5.00 36.15 36.91 52.06 1000 

2.86 0.00 36.27 3.87 6.30 0.00 34.66 35.09 50.34 1000 

4.54 2.08 100.46 3.84 24.30 0.50 34.80 35.43 50.40 1000 

9.20 6.28 290.76 3.73 25.42 1.00 34.86 35.49 50.47 1000 

11.51 8.40 347.91 3.68 25.64 2.00 34.89 35.53 50.58 1000 

11.56 8.41 347.69 3.68 25.64 3.00 34.95 35.60 50.66 1000 

11.45 8.47 345.72 3.67 25.64 4.00 35.02 35.67 50.71 1000 

11.61 8.39 339.32 3.67 25.65 5.00 35.08 35.75 50.77 1000 

2.75 0.00 36.07 3.62 0.87 0.00 36.43 37.93 52.07 1000 

4.26 2.18 44.88 3.53 1.82 0.50 36.53 38.01 52.04 1000 

8.64 6.22 68.51 3.29 1.98 1.00 36.51 38.02 52.03 1000 

11.45 8.73 52.23 3.14 2.05 2.00 36.54 38.02 52.02 1000 

12.30 9.71 48.54 3.09 2.08 3.00 36.63 38.03 52.02 1000 

12.45 9.90 47.26 3.08 2.09 4.00 36.75 38.03 52.00 1000 

12.60 10.12 46.91 3.08 2.09 5.00 36.85 38.04 52.00 1000 

2.73 0.00 35.94 3.62 1.42 0.00 36.21 37.75 52.10 1000 

4.25 2.54 50.04 3.54 4.24 0.50 36.31 37.85 52.08 1000 

8.50 6.17 90.76 3.29 4.44 1.00 36.31 37.85 52.07 1000 

11.45 8.72 87.26 3.14 4.55 2.00 36.30 37.87 52.07 1000 

11.49 8.76 81.29 3.15 4.55 3.00 36.34 37.88 52.08 1000 

11.41 8.82 80.89 3.15 4.55 4.00 36.36 37.90 52.07 1000 

11.29 8.79 79.47 3.15 4.55 5.00 36.36 37.90 52.07 1000 

2.80 0.00 35.52 3.61 1.94 0.00 35.86 37.39 51.75 1000 

4.32 2.76 61.96 3.51 9.23 0.50 35.97 37.58 51.75 1000 

8.57 6.13 136.22 3.27 9.62 1.00 35.98 37.58 51.77 1000 

11.34 8.70 153.80 3.12 9.77 2.00 35.98 37.59 51.78 1000 

11.29 8.72 150.77 3.12 9.77 3.00 36.01 37.60 51.79 1000 

11.38 8.73 149.44 3.12 9.77 4.00 36.04 37.64 51.81 1000 
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11.52 8.68 146.41 3.13 9.77 5.00 36.07 37.66 51.83 1000 

2.81 0.00 35.59 3.62 4.25 0.00 35.33 36.87 51.29 1000 

4.26 2.35 85.37 3.52 18.94 0.50 35.44 37.12 51.38 1000 

8.37 6.03 220.95 3.27 19.79 1.00 35.44 37.14 51.43 1000 

11.24 8.49 288.34 3.12 20.01 2.00 35.46 37.16 51.38 1000 

11.46 8.52 282.76 3.13 20.00 3.00 35.51 37.18 51.40 1000 

11.39 8.50 275.94 3.13 20.00 4.00 35.55 37.22 51.41 1000 

11.26 8.49 280.91 3.13 20.00 5.00 35.58 37.26 51.45 1000 

2.82 0.00 35.65 3.59 4.33 0.00 34.63 36.21 50.79 1000 

4.24 2.37 94.66 3.50 22.94 0.50 34.74 36.53 50.66 1000 

8.37 5.97 258.72 3.26 24.07 1.00 34.77 36.53 50.67 1000 

11.21 8.39 343.17 3.12 24.30 2.00 34.80 36.56 50.67 1000 

11.44 8.40 331.84 3.12 24.30 3.00 34.85 36.58 50.69 1000 

11.31 8.42 336.45 3.12 24.30 4.00 34.89 36.63 50.71 1000 

11.25 8.41 335.99 3.12 24.30 5.00 34.94 36.66 50.75 1000 

2.18 0.00 47.45 2.37 0.74 0.00 27.32 27.23 33.12 1000 

3.42 1.89 53.52 2.32 1.56 0.50 27.47 27.33 33.35 1000 

6.76 5.17 71.41 2.16 1.67 1.00 27.47 27.36 33.43 1000 

10.55 8.70 78.63 1.97 1.83 2.00 27.51 27.38 33.74 1000 

10.66 8.76 71.22 1.98 1.83 3.00 27.57 27.39 33.98 1000 

10.74 8.70 71.42 1.98 1.84 4.00 27.61 27.40 34.31 1000 

10.78 8.77 70.66 1.97 1.83 5.00 27.62 27.45 34.64 1000 

2.22 0.00 46.64 2.36 1.73 0.00 28.03 27.88 35.92 1000 

3.45 1.82 58.69 2.34 4.31 0.50 28.14 28.01 36.11 1000 

6.87 5.09 90.77 2.17 4.47 1.00 28.16 28.05 36.11 1000 

10.77 8.78 114.78 1.99 4.65 2.00 28.18 28.10 36.08 1000 

10.84 8.73 108.32 2.00 4.66 3.00 28.21 28.13 36.29 1000 

10.83 8.70 107.94 2.00 4.66 4.00 28.25 28.15 36.50 1000 

10.86 8.73 106.45 1.99 4.65 5.00 28.29 28.22 36.46 1000 

2.18 0.00 45.97 2.34 3.61 0.00 28.53 28.59 38.34 1000 

3.46 2.49 66.84 2.32 9.13 0.50 28.63 28.75 38.09 1000 
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6.91 5.05 127.47 2.17 9.44 1.00 28.65 28.79 37.95 1000 

10.74 8.64 179.23 2.00 9.67 2.00 28.71 28.82 37.88 1000 

10.92 8.67 171.28 2.00 9.66 3.00 28.74 28.86 38.20 1000 

10.89 8.63 172.43 2.00 9.66 4.00 28.76 28.90 38.68 1000 

10.84 8.69 171.66 2.00 9.66 5.00 28.80 28.94 37.84 1000 

2.23 0.00 44.84 2.32 7.32 0.00 29.00 29.27 37.05 1000 

3.48 2.23 85.27 2.30 18.59 0.50 29.15 29.50 37.11 1000 

6.93 4.96 193.84 2.15 19.26 1.00 29.15 29.52 37.21 1000 

10.80 8.47 304.97 1.98 19.55 2.00 29.17 29.55 37.34 1000 

10.81 8.47 299.92 1.99 19.55 3.00 29.18 29.61 37.38 1000 

10.79 8.48 292.82 1.99 19.54 4.00 29.26 29.64 37.48 1000 

10.80 8.44 297.98 1.99 19.54 5.00 29.28 29.69 37.67 1000 

2.23 0.00 43.98 2.34 6.70 0.00 29.46 29.94 39.12 1000 

3.50 1.83 93.96 2.31 24.14 0.50 29.60 30.24 39.05 1000 

6.93 4.89 239.16 2.15 25.24 1.00 29.59 30.26 39.05 1000 

10.75 8.31 380.10 1.98 25.57 2.00 29.61 30.28 39.31 1000 

10.80 8.34 371.06 1.99 25.58 3.00 29.69 30.33 39.48 1000 

10.76 8.31 373.76 1.99 25.57 4.00 29.73 30.36 39.67 1000 

10.71 8.30 373.60 1.99 25.57 5.00 29.75 30.42 39.54 1000 

2.34 0.00 48.97 2.72 0.32 0.00 33.46 35.11 48.65 1500 

3.68 1.94 53.16 2.68 0.83 0.50 33.55 35.21 48.72 1500 

7.49 5.65 64.64 2.58 0.85 1.00 33.55 35.30 48.86 1500 

15.30 13.11 75.14 2.35 1.15 2.00 33.55 35.31 48.80 1500 

15.41 12.98 63.42 2.35 1.16 3.00 33.57 35.27 48.72 1500 

15.59 13.33 59.92 2.35 1.16 4.00 33.59 35.26 48.67 1500 

15.59 13.16 59.39 2.35 1.16 5.00 33.62 35.25 48.66 1500 

2.36 0.00 49.04 2.71 1.20 0.00 33.21 34.79 48.31 1500 

3.68 1.87 57.73 2.67 3.92 0.50 33.30 34.89 48.32 1500 

7.48 5.65 79.23 2.58 4.03 1.00 33.32 34.93 48.37 1500 

15.22 13.05 119.59 2.34 4.39 2.00 33.30 34.94 48.35 1500 

15.37 13.10 106.40 2.34 4.39 3.00 33.35 34.96 48.36 1500 
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15.47 13.10 103.30 2.34 4.39 4.00 33.38 34.97 48.37 1500 

15.43 13.14 101.13 2.34 4.40 5.00 33.41 35.00 48.33 1500 

2.40 0.00 49.18 2.70 2.12 0.00 32.97 34.45 47.53 1500 

3.65 1.93 65.08 2.66 9.06 0.50 33.06 34.63 47.57 1500 

7.36 5.60 108.02 2.57 9.38 1.00 33.06 34.63 47.62 1500 

15.16 12.99 190.10 2.34 9.81 2.00 33.07 34.64 47.66 1500 

15.27 12.99 177.42 2.34 9.81 3.00 33.10 34.66 47.69 1500 

15.25 13.05 173.42 2.34 9.81 4.00 33.15 34.67 47.73 1500 

15.36 12.98 171.83 2.34 9.81 5.00 33.19 34.70 47.78 1500 

2.43 0.00 50.33 2.69 2.56 0.00 32.82 34.22 46.89 1500 

3.74 2.08 76.72 2.65 17.60 0.50 32.91 34.46 46.91 1500 

7.45 5.44 155.56 2.56 18.44 1.00 32.91 34.45 46.94 1500 

15.04 12.75 307.91 2.34 19.02 2.00 32.90 34.44 46.98 1500 

15.05 12.86 291.67 2.34 19.02 3.00 32.92 34.44 47.05 1500 

15.17 12.84 288.16 2.35 19.02 4.00 32.96 34.47 47.19 1500 

15.11 12.77 291.36 2.35 19.02 5.00 32.99 34.48 47.32 1500 

2.42 0.00 52.49 2.71 5.40 0.00 32.82 34.15 46.45 1500 

3.70 2.45 87.79 2.67 23.99 0.50 32.91 34.42 46.42 1500 

7.51 5.35 192.08 2.58 25.18 1.00 32.90 34.40 46.39 1500 

15.13 12.52 395.42 2.35 25.84 2.00 32.90 34.37 46.22 1500 

15.27 12.66 377.54 2.35 25.83 3.00 32.90 34.37 46.23 1500 

15.22 12.63 380.20 2.36 25.83 4.00 32.92 34.36 46.46 1500 

15.20 12.59 375.51 2.36 25.83 5.00 32.93 34.38 46.45 1500 

2.81 0.00 49.35 3.95 0.78 0.00 36.04 37.50 51.68 1500 

4.47 2.18 55.81 3.91 1.87 0.50 36.05 37.56 51.61 1500 

9.10 6.81 75.08 3.79 1.93 1.00 36.00 37.56 51.55 1500 

15.98 13.14 75.46 3.60 2.22 2.00 35.94 37.50 51.50 1500 

15.95 13.12 61.80 3.59 2.22 3.00 35.90 37.45 51.45 1500 

16.11 13.42 59.07 3.58 2.23 4.00 35.88 37.42 51.40 1500 

16.56 13.71 57.81 3.57 2.24 5.00 35.85 37.40 51.35 1500 

2.80 0.00 49.66 3.95 1.44 0.00 35.18 36.97 50.86 1500 
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4.44 2.15 61.30 3.91 4.69 0.50 35.24 37.04 50.79 1500 

9.12 6.76 92.35 3.79 4.85 1.00 35.19 37.01 50.75 1500 

16.06 13.16 115.24 3.60 5.18 2.00 35.14 36.97 50.71 1500 

15.88 13.17 101.36 3.59 5.18 3.00 35.13 36.93 50.68 1500 

15.74 13.14 96.96 3.58 5.18 4.00 35.12 36.89 50.64 1500 

15.92 13.10 97.47 3.58 5.18 5.00 35.09 36.86 50.61 1500 

2.82 0.00 49.55 3.95 2.11 0.00 34.64 36.50 50.33 1500 

4.47 2.32 68.00 3.91 8.83 0.50 34.72 36.62 50.28 1500 

9.21 6.73 115.57 3.79 9.16 1.00 34.69 36.59 50.26 1500 

16.05 13.03 171.50 3.60 9.52 2.00 34.65 36.56 50.24 1500 

16.12 13.09 158.00 3.59 9.52 3.00 34.63 36.55 50.22 1500 

15.88 13.09 150.81 3.59 9.52 4.00 34.63 36.53 50.20 1500 

15.80 13.03 153.88 3.58 9.52 5.00 34.64 36.51 50.19 1500 

2.73 0.00 48.81 3.94 4.31 0.00 34.33 36.23 50.13 1500 

4.37 2.27 83.17 3.90 19.02 0.50 34.40 36.46 50.12 1500 

9.01 6.57 186.80 3.79 19.85 1.00 34.39 36.42 50.12 1500 

15.88 12.76 303.44 3.60 20.35 2.00 34.39 36.41 50.13 1500 

15.77 12.78 295.66 3.60 20.35 3.00 34.40 36.38 50.14 1500 

15.70 12.80 287.41 3.59 20.35 4.00 34.41 36.38 50.15 1500 

15.75 12.79 291.06 3.58 20.35 5.00 34.43 36.39 50.18 1500 

2.86 0.00 47.63 3.92 4.33 0.00 34.41 36.25 50.59 1500 

4.47 2.05 91.36 3.88 23.88 0.50 34.51 36.55 50.62 1500 

8.96 6.49 206.85 3.78 25.08 1.00 34.50 36.54 50.65 1500 

15.49 12.64 374.32 3.60 25.64 2.00 34.51 36.52 50.67 1500 

15.49 12.60 353.13 3.60 25.64 3.00 34.55 36.52 50.70 1500 

15.52 12.65 348.25 3.59 25.64 4.00 34.58 36.54 50.74 1500 

15.63 12.65 357.99 3.58 25.64 5.00 34.63 36.55 50.79 1500 

2.73 0.00 49.96 3.69 0.36 0.00 33.59 35.19 48.56 1500 

4.31 2.35 54.56 3.59 0.85 0.50 33.67 35.30 48.48 1500 

8.58 6.34 66.67 3.34 0.92 1.00 33.64 35.40 48.42 1500 

15.69 13.11 70.26 2.96 1.17 2.00 33.63 35.39 48.40 1500 
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16.10 13.47 56.19 2.94 1.19 3.00 33.64 35.31 48.38 1500 

16.96 14.30 54.19 2.89 1.21 4.00 33.64 35.26 48.35 1500 

17.38 14.82 54.13 2.85 1.23 5.00 33.63 35.23 48.35 1500 

2.73 0.00 49.96 3.69 0.36 0.00 33.59 35.19 48.56 1500 

4.31 2.35 54.56 3.59 0.85 0.50 33.67 35.30 48.48 1500 

8.58 6.34 66.67 3.34 0.92 1.00 33.64 35.40 48.42 1500 

15.69 13.11 70.26 2.96 1.17 2.00 33.63 35.39 48.40 1500 

16.10 13.47 56.19 2.94 1.19 3.00 33.64 35.31 48.38 1500 

16.96 14.30 54.19 2.89 1.21 4.00 33.64 35.26 48.35 1500 

17.38 14.82 54.13 2.85 1.23 5.00 33.63 35.23 48.35 1500 

2.75 0.00 49.00 3.61 2.06 0.00 33.61 35.09 48.47 1500 

4.24 2.34 68.17 3.53 9.51 0.50 33.71 35.25 48.45 1500 

8.57 6.29 117.93 3.29 9.85 1.00 33.68 35.23 48.46 1500 

15.62 12.99 189.15 2.92 10.25 2.00 33.67 35.23 48.46 1500 

15.77 12.98 175.76 2.92 10.25 3.00 33.67 35.23 48.46 1500 

15.74 13.09 169.33 2.92 10.24 4.00 33.68 35.22 48.48 1500 

15.80 13.01 171.69 2.92 10.25 5.00 33.71 35.23 48.52 1500 

2.76 0.00 48.85 3.59 4.80 0.00 33.71 35.15 48.83 1500 

4.20 2.30 82.31 3.51 18.77 0.50 33.79 35.38 48.84 1500 

8.29 6.10 170.59 3.27 19.55 1.00 33.78 35.36 48.87 1500 

15.41 12.71 312.93 2.91 20.06 2.00 33.76 35.36 48.89 1500 

15.56 12.82 300.16 2.92 20.06 3.00 33.78 35.35 48.91 1500 

15.66 12.83 291.60 2.92 20.05 4.00 33.81 35.36 48.95 1500 

15.73 12.78 296.16 2.91 20.05 5.00 33.84 35.37 48.99 1500 

2.70 0.00 47.00 3.59 4.18 0.00 33.97 35.45 49.69 1500 

4.21 1.95 87.79 3.49 22.94 0.50 34.09 35.75 49.75 1500 

8.43 6.01 198.08 3.25 24.08 1.00 34.05 35.74 49.81 1500 

15.69 12.59 370.17 2.90 24.66 2.00 34.06 35.75 49.84 1500 

15.64 12.70 354.43 2.90 24.65 3.00 34.10 35.75 49.88 1500 

15.57 12.68 354.68 2.90 24.65 4.00 34.13 35.79 49.93 1500 

15.56 12.62 353.65 2.89 24.65 5.00 34.17 35.81 49.99 1500 
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2.27 0.00 49.67 2.50 0.34 0.00 32.10 33.65 47.12 1500 

3.56 2.62 53.45 2.46 0.85 0.50 32.23 33.79 47.13 1500 

7.27 5.53 65.12 2.39 0.85 1.00 32.26 33.94 47.54 1500 

15.13 13.07 81.64 2.01 1.19 2.00 32.24 33.98 47.56 1500 

15.10 13.00 68.86 2.03 1.19 3.00 32.28 33.90 47.55 1500 

15.14 13.06 65.84 2.03 1.18 4.00 32.32 33.93 47.40 1500 

15.26 13.03 64.01 2.03 1.18 5.00 32.37 33.97 46.90 1500 

2.28 0.00 49.95 2.49 1.34 0.00 31.66 33.06 45.75 1500 

3.53 2.30 58.10 2.45 3.83 0.50 31.76 33.18 45.80 1500 

7.24 5.46 79.83 2.38 3.91 1.00 31.81 33.22 45.82 1500 

15.08 13.09 123.15 2.01 4.28 2.00 31.84 33.27 46.19 1500 

15.44 13.15 109.91 2.03 4.29 3.00 31.88 33.30 46.05 1500 

15.41 13.17 105.51 2.02 4.29 4.00 31.95 33.35 46.14 1500 

15.33 13.17 104.84 2.02 4.29 5.00 32.00 33.40 46.22 1500 

2.24 0.00 49.90 2.46 2.22 0.00 31.10 32.27 45.00 1500 

3.53 1.79 64.89 2.43 8.60 0.50 31.25 32.44 44.96 1500 

7.19 5.35 105.68 2.35 8.87 1.00 31.26 32.49 45.18 1500 

15.06 12.97 185.22 1.97 9.33 2.00 31.27 32.53 45.28 1500 

15.16 13.00 176.50 1.99 9.34 3.00 31.33 32.58 45.16 1500 

15.28 13.00 170.64 1.98 9.34 4.00 31.42 32.63 45.20 1500 

15.26 13.03 172.59 1.98 9.34 5.00 31.51 32.70 45.38 1500 

2.22 0.00 51.94 2.46 4.77 0.00 30.53 31.47 42.76 1500 

3.53 1.83 77.98 2.43 18.50 0.50 30.65 31.74 42.93 1500 

7.19 5.20 159.39 2.36 19.28 1.00 30.66 31.75 43.29 1500 

15.12 12.65 319.39 1.97 19.89 2.00 30.69 31.80 43.37 1500 

15.29 12.80 306.53 2.00 19.90 3.00 30.75 31.84 43.58 1500 

15.20 12.84 308.93 1.99 19.90 4.00 30.82 31.89 43.25 1500 

15.14 12.75 303.83 1.99 19.90 5.00 30.89 31.93 43.26 1500 

2.31 0.00 54.11 2.48 5.84 0.00 30.12 30.78 40.91 1500 

3.66 2.02 89.88 2.44 24.10 0.50 30.18 31.06 41.00 1500 

7.28 5.21 192.86 2.38 25.22 1.00 30.19 31.09 41.15 1500 
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14.82 12.57 394.99 1.99 25.91 2.00 30.20 31.10 41.27 1500 

14.93 12.57 390.33 2.01 25.91 3.00 30.25 31.13 41.36 1500 

14.97 12.59 387.43 2.00 25.91 4.00 30.30 31.18 41.65 1500 

14.95 12.63 379.72 2.00 25.91 5.00 30.37 31.23 41.79 1500 
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