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Abstract 

The use of haptic interfaces to control mobile hydraulic machinery has several enhancing features over traditional 
human-machine interfaces comprised of joysticks/levers. This paper presents and analyzes schemes for controlling 
pump pressure designed for coordinated haptic control. Typical of many small backhoes and excavators, the hydraulic 
system used on the test-bed is comprised of a constant displacement pump and proportional directional control valves. 
In this type of system, a main pressure regulator is needed to supply the other closed-centre valves with pressure and to 
dump the additional flow generated by the pump to tank. An energy-saving solution has a load-sensing pressure regula-
tor that maintains the system pressure to a preset margin above the highest active load pressure. Using these valves for 
haptic applications requires closed-loop control. Applying closed-loop control to these valves can excite instabilities in 
the valve assembly due to complex interactions and nonlinearities in the load-sensing pressure regulator and propor-
tional valves. On this setup, the hydro-mechanical pressure regulator has been replaced with one that is electronically 
controlled, and a non-linear filter is utilized to decouple oscillations in port pressure from the pump pressure input sig-
nal. This filter does not slow down the build up of pump pressure. Experimental results with multiple degrees-of-
freedom are presented.  
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1 Introduction 

The definition of haptics is of or relating to the 

sense of touch or tactile. Haptic control implies that the 
human-machine interface can be programmed to artifi-
cially supply the user with arbitrary force sensations. 
Typically the haptic forces are used to relay informa-
tion about the forces acting on a remote or virtual envi-
ronment. A haptic interface offers several possible 
enhancements other than force reflection. These de-
vices enable coordinated motion control and the ability 
to program virtual fixtures (Kontz et al., 2005a; 
Rosenberg, 1993) into the workspace. Coordinated 
control is a subtle, but profound, improvement over 
conventional hand controllers that work in joint space. 
Using joysticks that individually control the joints of 
the manipulator puts a “high perceptual and psychomo-
tor demand” on the operator (Wallersteiner et al., 1988; 
Wallersteiner et al., 1993). Using coordinated motion 
control and a single hand controller whose motion 
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corresponds directly to the slave manipulator reduces 
this mental load by doing the inverse kinematics for the 
operator.  

The primary goal of this project is to explore how 
haptic interfaces can enhance the ability of novice and 
expert operators to control hydraulic machinery such as 
backhoe-loaders and hydraulic excavators. However, 
the focus of this paper is the hydraulic control system 
that will later be used for closed-loop haptic control. 
While hydraulic systems offer a practical application of 
haptic feedback, their characteristics can create control 
challenges. In the case of proportional directional con-
trol valves these characteristics include nonlinear valve 
orifice coefficients, delay, dead-band and slow dynam-
ics. When implemented on mobile equipment, dynam-
ics associated with the pump and primary pressure/flow 
control must also be considered. Closing the loop on 
these dynamics can also cause instabilities.  

The valve dead-band is an issue of concern when 
closing the loop around a proportional directional con-
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trol valve. One way to deal with dead-band is to use a 
dead-band inverse in the control. In the case of a servo 
valve with fast dynamics, this can be achieved with 
good performance (Fortgang et al., 2002). Regardless 
of their cost, servo valves are not well suited for mobile 
application due to their sensitivity to contamination. In 
the case of proportional valves the effectiveness of the 
dead-band inverse is limited by the dynamics of valves 
(Liu and Yao, 2004; Taware et al., 2002). This is due to 
the dead-band nonlinearity being sandwiched between 
the spool dynamics and the dynamics of the rest of the 
hydraulic system. The inverse dead-band is located at 
the input and corrects the desired spool position; how-
ever, the limitation on how fast the spool can move 
determines how fast the desired spool position can be 
achieved. In turn, this limits how well the system can 
track a desired trajectory. One way to minimize the 
effect of spool dead-band and improve overall perform-
ance is to increase the responsiveness of the spool con-
trol stage. Tafazoli et al. (1996) created a custom dif-
ferential PWM pilot stage that could move the spool 
faster in order to improve the responsiveness of the 
main spool used on their haptic mini-excavator.  

Another factor that can limit how fast a system re-
sponds is the rate at which the main system pressure 
can build up (Lee and Chang, 2001). This is especially 
true of load-sensing systems that react to the maximum 
line pressures of any of the open valves. This type of 
design is good from an energy savings point of view, 
but is detrimental to closed-loop control, which is nec-
essary for haptic teleoperation (Krishnaswamy and Li, 
2006; Salcudean et al., 1999; Tafazoli et al., 2002) or 
autonomous operation (Ha et al., 2002; Stentz et al., 
1998; Vaha and Skibniewski, 1993). The system has to 
wait in order for pressure to build up when starting 
from rest and the pressure can drop and may need to 
build up again when the valve orifices are temporarily 
closed as the valves change the direction of the flow. 
This problem could be minimized by using a pressure 
regulating valve with an electronically controlled set 
point. The pressure can then be built up as the spool 
moves through the dead-band.  

Another factor that can compound this problem is 
that the pilot pressure that is used by the main spool is 
supplied from a pressure reducing valve that is fed by 
the main system pressure. When all the spools are in 
the dead-band region, the main system pressure drops 
below the set point of the pressure reducing valve. Due 
to this, the spool pilot pressure drops along with the 
responsiveness of the spool.  

From an energy and performance standpoint, being 
able to optimize the pressure of the system is particu-
larly important on this type of system. Typically, larger 
equipment such as backhoe-loaders and hydraulic ex-
cavators have variable displacements pump(s) and a 
separate pilot system. The variable displacement pump 
allows both pump flow(s) and pressure(s) to follow the 
demands of the task. Having a separate pilot system 
allows the main pump pressure to drop to a very low 
pressure without reducing the pilot pressure. These 
features are less likely to be installed on smaller ma-
chines such as this tractor mounted backhoe and mini-

excavators due to hardware cost and size constraints.  
Flow allocation must also be considered. The main 

pressure regulator is essentially a pressure relief valve 
that is modulating the pressure of the system. Three 
different pressure regulating configurations are explored: 
the original hydro-mechanical load-sensing pressure 
regulator, a constant pressure relief valve and an elec-
tronic load-sensing pressure relief valve. One thing that 
all three of these configurations have in common is that if 
they are not bypassing any flow then they are not able to 
regulate the system pressure. This can be solved by limit-
ing the flow commanded by the controller.  

The focus of this paper is on controlling the pump 
pressure for coordinated motion using multiple cylin-
ders. This work builds on work presented by Kontz 
et al. (2005b). The coordinated velocity/flow scheme is 
discussed in more detail in Kontz and Book (2007). In 
the following section the experimental setup is de-
scribed. In Section 3, the system is described and the 
dynamic interactions are analyzed. In Section 4, the 
importance of flow limiting control is presented and in 
Section 5 a nonlinear filter designed to decouple the 
system is presented and pressure control with multiple 
cylinders is demonstrated.  

2 Experimental Setup 

 

1 

Fig. 1: Georgia Tech’s haptic backhoe test-bed 

The primary test-bed in this project is referred to as 
HEnRE (Haptically ENhanced Robotic Excavator) 
(Frankel, 2004) and is based around a 4410 series John 
Deere tractor with a Model 47 backhoe and a PHAN-
ToM (Massie and Salisbury, 1994) haptic display built 
commercially by SensAble Technologies. The Model 
47 backhoe has been modified. Originally, manual 
valves were the only means available to operate the 
device. Flow is supplied from a constant displacement 
pump. It has been retrofitted with Sauer-Danfoss PVG-
32/PVES electro-hydraulic (EH) valves and an array of 
sensors for feedback control and monitoring.  

A mechanical valve is used to switch between the 
original valves and the retro-fitted EH valves. A Sun 
Hydraulics RPEC-8WN/RBAP-MAN-224 electro-
proportional pressure relief valve was added for elec-
tronic pressure control. Instrumentation installed on 
HEnRE includes: position of all four degrees of freedom 
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Fig. 2: Schematic of the overall PVG-32/PVES system with hydro-mechanical load-sensing control of the pressure relief valve 

regulating pump pressure, Ps. A pressure reducing valve is used to regulate the pilot pressure, Pp, which is used by the elec-

tro-hydraulic proportional spool control stages show in Fig. 3 

 

(swing, boom, stick and bucket), capside pressures, 
rodside pressures, system/pump pressure, load-sense 
pressure, pump flow and inlet oil temperature. The 
control software for the backhoe is based on Math-
work's xPC target. This real-time control software in-
terfaces with another computer controlling the PHAN-
ToM via Ethernet cable using UDP protocol. PHAN-
ToM control is implemented in a Windows operating 
system using SensAble's C++ software libraries.  

3 Hydraulic System 

The schematic of the hydraulic system is shown in 
Fig. 2. Four Sauer-Danfoss PVG-32 proportional 
valves are used to regulate the flow going to the four 
degrees of freedom of the backhoe. These valves are 
designed to be controlled by electronic joysticks for use 
in mobile hydraulic applications. They are designed to 
deliver a steady-state flow proportional to the input 
voltage signal with the addition of pressure compensa-
tors making them ideal for this application. These 
valves can be stacked and can operate with a constant 
displacement pump with the addition of a main pres-
sure regulator to control pump pressure. The main pres-
sure regulator is essentially a pressure relief valve that 
is modulating the system or pump pressure, Ps, and 
bypassing all the extra flow back to tank. At the same 
time the individual closed-centre proportional valves 
can hold the actuators in place while the valves are in 
their neutral position. Each PVG-32/PVES module has 
two major components: main spools and pilot spool 

controllers (PVES modules). The main spools and pilot 
spool controllers are discussed in Section 3. 1 and three 
different pressure regulating schemes are described in 
Section 3.2.  

3.1 Proportional Control Valves 

The flow going to each cylinder is changed by mov-
ing the spool back and forth in order to adjust the ori-
fice size between one port and tank and another orifice 
between the opposite port and the pump pressure, Ps. 
When a neutral signal is given to the valves the spool 
centres itself so that the overlap in the spool prevents 
internal leakage. It is this overlap that causes the dead-
band in the system. These orifices can be described 
using a standard orifice equation (Merritt, 1967). The 
relationship between flow, Q, and pressure drop across 
the orifice, ΔP, can be described in general using the 
following equation.  

 d 0 q xp

2
( , )Q C A P K x T P

ρ
= Δ = Δ  (1) 

Where Cd is the discharge coefficient and A0 is the 
orifice area. The combined term Cd A0 is a function of 
spool position, xsp, because the area and shape of the 
orifice change as the spool moves. As the temperature 
increases, the density, ρ, decreases and Cd increases due 
to a decrease in viscosity of the oil. Both of these fac-
tors result in more flow for the same pressure drop. The 
effect of oil temperature is ignored. For controller sim-
plicity, it is assumed that flow is only a function of 
pressure drop and spool position.  
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c c qc sp c

sign( ) ( , )Q P K x T P= Δ Δ  (2) 

 
r r qr sp r

sign( ) ( , )Q P K x T P= Δ Δ  (3) 

Valve orifice flow coefficients, Kqc and Kqr, control 
the flow going in and out of the capside and rodside of 
the cylinder. The pressure drop, ΔP, is measured across 
the valve orifice from the system pressure to port or 
tank to port. Pressure compensators can also be used to 
linearize the relationship between input voltage versus 
steady-state flow. Pressure compensators are used to 
regulate the pressure drop across the orifice receiving 
flow from the pump. This can be beneficial since the 
compensators can adjust to changes in pressure faster 
than the closed-loop dynamics of the spool.  
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Fig. 3: Block diagram of Sauer-Danfoss PVG32/PVES 

spool position controller. The pilot pressure, Pp, is 

controlled by the pressure reducing valve in Fig. 2. 

The four solenoids in the wheatstone bridge are 

controlled by a 40 Hz PWM (pulse width modu-

lated) signal 

The PVG-32 spools are modulated using the PVES 
electronically controlled spool stages. This stage design 
is shown in Fig. 3. Four small solenoid valves are ar-
ranged in a wheatstone bridge configuration in order to 
move the main spool back and forth. This wheatstone 
bridge is supplied with pressure and flow from a pres-
sure reducing valve shown in Fig. 2. The solenoid 
valves are modulated using a PWM (pulse width modu-
lated) signal at 40 Hz. The dynamics between the input 
voltage, Vin, and the spool position, xsp, can be ap-
proximated for low frequencies using a second order 
system with a pure delay element. This delay is likely a 
result of the 40 Hz frequency of the PWM controller.  
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Experimental results indicate that Eq. 4 is a good 
approximation for system pressures above about 
2.06 MPa (300 psi). In this range the bandwidth of the 
spool control stage is around 7-8 Hz and the damping 
ratio is about 0.7. The actual dynamics vary with oil 
temperature and pump pressure, Ps. If pump pressure is 
below this range the bandwidth of the spool signifi-
cantly drops off. This is because the pressure reducing 
valve regulating Pp is not properly pressurized. This is 
consistent with the fact that the pressure reducing valve 

regulates the pilot pressure used by the spool stage at  
1.5 MPa (217 psi).  

If all the main valves are closed or moving through 
the dead-band region, the system pressure drops to its 
minimum pressure around 1.03 - 1.38 MPa (150 - 200 
psi) because none of the ports are pressurizing the load-
sense pressure line. Experimental results show that it 
takes longer for the spool to pass through the spool's 
dead-band region when the system pressure and there-
for pilot pressure is too low. Normally, it would take 
about 50ms to pass through the valve dead-band. When 
the system pressure and therefore the pilot pressure 
drop, the 50ms dead-band crossing time increases to as 
much as 110ms.  

3.2 Main Pressure Regulator Designs 

Three different pressure regulator designs are used 
in these experiments: a hydro-mechanical load-sensing 
pressure regulator, a hydro-mechanical constant pres-
sure regulator and an electronically controlled pressure 
regulator.  

3.2.1 Hydro-Mechanical Regulation 

The main pressure regulator is essentially a pressure 
relief valve that opens to tank when the system pres-
sure, Ps, surpasses some value. The system pressure is 
then used by the individual proportional valves that 
operate each degree of freedom. With load-sensing 
enabled, the pressure regulator tries to maintain Ps a 
constant pressure margin, Pmargin, above the load-sense 
pressure, PLS. The load-sense pressure is driven by the 
maximum pressure of the ports receiving flow from the 
pump. These spools are designed to open the port pres-
sures to the load-sense line right before they move 
enough to create a control orifice. This is good from an 
energy savings point of view, but it adds delay to the 
system. The relationship between Ps and PLS can be 
approximated by the following experimentally derived 
transfer function.  

 s

LS margin P

( ) 1

( ) 1
s

P s

P s P sτ

=

+ +

 (5) 

The pressure margin, Pmargin, is around 1.05 MPa \ 
(153 psi) and the experimental time constant, τPs, is 
around 0.012 seconds (12.6 Hz). The pressure margin is 
the minimum pressure differential between the pump 
pressure and the load-sensing pressure. It also sets the 
minimum pressure drop across the control orifices of 
the proportional valves. It is set by the force balance on 
the pressure relief valve. There is also a dynamic rela-
tionship between the port pressures and the load-sense 
pressure. For each degree of freedom 
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 (6) 

Only the largest of the four PLSi signals drive the 
load-sense pressure and the main system pressure. The 
maximum pressure is selected using a series of shuttle 
valves (Fig. 2). There is also a dynamic relationship 
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between the maximum PLSi and PLS.  

 
{ }

1-4

LS

LSLS

( ) 1
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P s

sP s τ
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+

 (7) 

This experimental time constant, τLS, is equal to 
0.018 seconds (8.9 Hz). This model was derived em-
pirically, but it is similar to a pressure valve model 
derived analytically by Kappi and Ellman (2000). 

3.2.2 Constant Pressure Regulation 

P
s

 

4 

Fig. 4: The relief valve on the left is the external electro-

proportional relief valve. The second relief valve is 

the same relief valve shown in Fig. 2 that is built 

into the PVG-32 assembly; however, in this dia-

gram the load-sensing is disabled. With both relief 

valves installed, the valve with the lower setting will 

control the system pressure 

The relief valve located inside the Sauer-Danfoss 
PVG-32 assembly can be converted into a constant 
pressure relief valve by replacing a plug/orifice with a 
plug that blocks off the load-sensing network. In this 
configuration, the main pressure relief valve located 
inside the PVG-32 valve assembly maintains the pres-
sure below a manually adjustable constant value. This 
also enables an external pressure valve to control the 
main pressure. When both the internal and external 
pressure relief valves shown in Fig. 4 are installed at 
the same time, only the one with the lower pressure 
setting has any affect on the system pressure.  

3.2.3 Electro-proportional Regulation 

Electronic load-sensing pressure control can be 
achieved using the external electro-hydraulic pressure 
relief valve shown in Fig. 4. This adds flexibility to 
how the main system pressure is controlled. For exam-
ple, the pressure minimum can be set such that the pilot 
pressure is high enough to assure maximum spool re-
sponsiveness. It also allows pressure to be built up or 
held constant while the spool is moving through the 
dead-band. These changes in how the pressure is con-
trolled can improve the responsiveness of these valves. 
At the same time, the energy efficiency is still better 
than if the system pressure was held at a constant value. 
Using the electro-proportional relief valve enables the 
system pressure to be varied for efficiency without 
sacrificing smoothness or responsiveness.  

3.3 Dynamic Pressure Coupling 

Using a hydro-mechanical load-sensing system to 
control pump pressure results in dynamic coupling 
between the states of each cylinder and the pump pres-
sure. This can be seen graphically in Fig. 5.  
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Fig. 5: Block Diagram of the hydro-mechanical load-

sensing pressure regulator built into the 

PVE/PVG32 assembly 

A deeper understanding is possible by modeling the 
pump and cylinder states, linearizing and putting them 
in state-space form. In this model it is assumed that the 
cylinder is retracting and receiving flow from the pump 
on the rodside of the cylinder. If this was the boom 
degree of freedom, this would correspond to raising the 
boom with all other functions not moving. For the fol-
lowing equations this would mean that θ was equal to 
the boom joint angle, θ2 and xc was equal to the boom 
cylinder length, yc2 (Fig. 6).  
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Fig. 6: Cylinder-space and task-space variables. The cen-

troid and gravitational force is also shown for the 

last three links assuming the third and fourth cylin-

ders are locked 

Starting with the general rigid body equation.  

 ( ) c

c

x
J G Fθ θ τ

θ

∂
+ = =

∂

��  (8) 

Note that the joint torque, τ, can be related to cylin-
der force, F

c
, via the joint angle to cylinder length 

Jacobian (Kontz and Book, 2006). An equivalent mass 
in the cylinder domain, meq, can be found by expressing 
the kinetic energy, KE, in terms of the time derivatives 
of both θ and xc.  
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Using cylinder variables the dynamic equation be-
comes 

 ( )( )eq c c c

c

m x G x F
x

θ
θ

∂
= − +
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where 

 ( ) ( )( )
c c

cosG x mgl xθ γ= +  (11) 

Assuming a viscous-Coulomb friction model 

 ( )
c c c r r c coul v c

signF A P A P x F b x= − − −� �  (12) 

The pressure derivatives are modeled based on the 
compressibility in the volume of fluid between the 
valves and cylinder. The equivalent bulk modulus, Be, 
includes air in the oil, air pockets and expansion of the 
hoses.  
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where 

 ( ) ( )( )sp sp sp sp
signK x k x x= −  (15) 

It is assumed that the orifice coefficient, Ksp, is lin-
ear with spool position, xsp, when xsp is outside of the 
dead-band region around zero. The tildes on the follow-
ing state vector and the state variables represent that 
they are relative to the nominal values of the lineariza-
tion. The nominal values are denoted by over bars.  
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The linear state space equation is found by lineariz-
ing Eq. 4, 5, 7, 10, 13 and 14 for a given position and 
velocity of the cylinder.  
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where,  

 e e

c r

c r

,

B B

V V
µ µ= =  (19) 

 ( )( )1 c
sin

mgl
c x

J
θ γ= +  (20) 

 2 r sp s rc k P Pµ= − −  (21) 

 
( )r sp sp

3

s r2

K x

c

P P

µ

=

−
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The input matrix is: 

 
T

2

n
0 0 0 0 0 0 0ω⎡ ⎤= ⎣ ⎦B  (23) 

In this state vector the first six states are associated 
with the specific cylinder and the last two are associ-
ated with the pump pressure. The pump pressure states 
are coupled to the dynamics of the cylinders in two 
ways. The first is through the port pressure receiving 
flow from the pump. In general when multiple func-
tions are used this ties the pump directly to the pres-
sures of all the ports receiving flow from the pump. For 
the one cylinder case shown in Eq. 18 this coupling is 
shown by the coefficient “-c3.” The other coupling is 
from the port pressure that is driving the load-sensing 
state. This is shown in Eq. 18 by the “1/τPLS” term.  

This means that if the pressure driving the load-
sensing pressure causes Ps to change, then both the port 
pressures and spool positions have to change in order to 
maintain the desired cylinder motion. This is trouble-
some if the port pressure driving the load-sensing be-
comes oscillatory. The closed-loop bandwidth of the 
spool is also slower than the speed of the pressure 
change.  
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Fig. 7: Hydro-mechanical loading-sensing pressure regula-

tion 

This problem is demonstrated by the data in Fig. 7. 
The boom is given a sine trajectory. Y and Yd are the 
actual and desired cylinder lengths. Ps, Pc and Pr are 
system, capside and rodside pressures. When the pres-
sure needs to increase for the boom to rise (cylinder 
retract), both the rodside pressure and pump pressure 
begin to oscillate together. This could potentially de-
stabilize other functions if they were being used.  

One possible method to deal with this problem 
would be to design a robust controller that accounted 
for variation in the system’s coupled dynamics. An 
example of applying linear MIMO robust control to 



Electronic Control of Pump Pressure for a Small Haptic Backhoe 

International Journal of Fluid Power 8 (2007) No. 2 pp. 5-16 11 

complex hydraulic system is presented in Zhang et al. 
(2002). In comparison, the strategy utilized in this pa-
per aims to decouple the pump pressure from the port 
pressures of the proportional flow valves. One way to 
nearly eliminate part of this coupling is to use pressure 
compensators (Pettersson et al., 1996). As long as the 
pump pressure remains high enough, the pressure drop 
across the orifice receiving flow from the pump re-
mains constant regardless of pump pressure. This re-
moves the “-c3” term from Eq. 18 and replaces the Ps-Pr 
in the denominators of c2 and c3 with a near constant 
pressure drop.  

How the coupling between the port pressure driving 
the load-sense and the pump pressure is removed is 
discussed in Section 5. The first step is to replace the 
hydro-mechanical load-sensing system with an electro-
proportional regulator.  

4 Flow Limited Control 

Another factor that can destabilize pump pressure 
under feedback control is the amount of flow being 
command by the proportional valves. This requires a 
flow limiting or flow allocating algorithm. This is be-
cause a minimal amount of flow needs to be bypassed 
through the pressure relief valve and pressure reducing 
valve in order for the relief valves to maintain system 
pressure. Bypass flow is the difference between the 
pump flow and the flow being diverted to the propor-
tional valves. The relief valve can only regulate pres-
sure if there is flow going through it.  
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Fig. 8: System pressure vs. bypass flow for constant pres-

sure valve inputs 

Typically feedback control is not used to control 
mobile equipment. This means that if more flow is 
commanded than what is available, the flow will natu-
rally be sent to the lower pressure circuits and nothing 
bad happens. With position based feedback control, the 
cylinder being starved of flow will slow down even as 
input or commanded flow to that cylinder increases. 
This causes the proportional valve to create a large 
metering orifice. Then once pump pressure is able to 
build up this cylinder would jump due to the large 
metering orifice and a sudden increase in pump pres-
sure. If the pump pressure was being controlled using a 
load-sensing scheme, this sudden motion would cause a 

jump in port pressure that would be fed in the pump 
pressure via the load-sensing network.  

In Fig. 8 the pressure relief valve does a good job of 
maintaining system pressure for a given input at bypass 
flow above 10 L/min (2.6 GPM). Below this flow, the 
pressure drops off sharply. This means that flow allo-
cated to the actuators must be limited in order to assure 
the pressure regulator can work properly. While the 
results in Fig. 8 use the electro-proportional relief 
valve, the same is also true using either the hydro-
mechanical load-sensing or constant pressure schemes. 
Even in an ideal case, the total flow being sent to the 
actuators could only match and not exceed the flow 
coming from the pump.  
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Fig. 9: Constant system pressure command with low pump 

flow and no flow limiter. Here Qdes = Qcom 
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Fig. 10: Constant system pressure command with low pump 

flow and flow limited motion 

The need for this type of flow limiting control is 
demonstrated by the boom cycles in Fig. 9. Y and Yd are 
the actual and desired cylinder lengths. Ps, Pc and Pr are 
system, capside and rodside pressures. Qpump, Qdes and 
Qcom are pump flow, desired cylinder flow and com-
manded cylinder flow. Note that without any limitation 
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on commanded flow, Qdes = Qcom in Fig. 9. While the 
cylinder is retracting (boom rising) pressure must be 
maintained in order to overcome gravity. Since the 
constant pressure scheme is being used, the pressure 
should stay constant. When the cylinder is extending 
(boom lowering) pump pressure drops to less than half 
of the commanded value. This is not a problem for 
single degree-of-freedom motion; however, this is 
problematic if another degree-of-freedom requires this 
pressure and the boom motion is bleeding off the 
flow/pressure. A solution to this problem is to limit the 
total flow being sent to the cylinders. This is shown in 
Fig. 10. Tracking accuracy is greatly reduced since this 
limits cylinder velocity, but note the improved pressure 
regulation. Note that the poor tracking accuracy is 
exaggerated by the fact that the pump flow is very low 
in both of the cases shown in Figs. 9 and 10.  

The end goal is to achieve a smooth and responsive 
multi-degree-of-freedom control using a haptic manipu-
lator. Being able to maintain system pressure is neces-
sary to achieve this goal. Limiting flow does cause the 
response to deviate from the desired command coming 
from the haptic interface. However, it is better to pro-
portionally scale back all the commands and maintain 
smooth motion than allow system pressure to oscillate 
as the bypass flow dips below the critical value. Pro-
portionally scaling back all the flow commands guaran-
tees that the direction of the bucket’s motion is main-
tained even if the speed is reduced.  

5 Control of Pump Pressure 

Originally the pump pressure was controlled using a 
hydro-mechanical load-sensing pressure valve. In prin-
ciple this type of system works the same as a typical 
load-sensing system where pressure is fed back to con-
trol the flow of a variable displacement pumps. For a 
review of work on load-sensing systems see Wu et al. 
(2005). In this system, the pressure relief valve main-
tains a pressure margin between the system pressure 
and the highest pressure of the ports receiving flow 
from the pump. This pressure feedback is triggered by 
the position of the spools and a series of shuttle valves 
picks the highest pressure (Fig. 2).  

As discussed in Section 3.3, the primary draw back 
is that the system is always coupled to one of the port 
pressures. This means that oscillation in one function is 
fed into the other functions. This also introduces com-
plex dynamic interactions that can be driven unstable 
by feedback control. Another draw back is that at times 
the PVES spool control modules shown in Fig. 3 is 
starved of pressure. In addition to supplying the pres-
sure being used by the proportional spools, it also sup-
plies pressure to a reducing valve that regulates pres-
sure going to the PVES modules. When this happens 
the spools cannot be moved as fast and the dynamics 
slow down. This compounds the delay associated with 
the spools moving through the dead-zone region.  

One solution is to use a relief valve with a constant 
pressure setting. While this solution improves the dy-
namics response of the system it does so at the expense 

of efficiency and system temperature. An alternative is 
to use an electro-proportional relief valve. This enables 
the controller to decouple these states while still using 
the port pressure information to set the pump pressure. 
The merit of such a strategy is motivated by Sec-
tion 3.3.  
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Fig. 11: The dotted line is the original load-sense pressure 

signal generated from the port pressures receiving 

flow. Applying the Moving-Window-Max-Filter 

(MWMF) to this signal removes the oscillations 

(dashed line). The solid line is the resulting system 

pressure 

The method presented here uses a Moving-
Window-Max-Filter (MWMF) to achieve the seem-
ingly conflicting goals of using port pressures to con-
trol pump pressure while dynamically decoupling these 
states.  

 ( ) { }MWMF LS LS
max ( ), , ( )P k P k P k N= −�  (24) 

The PLS in Eq. 24 is the same as in Eq. 7; however, 
it is calculated electronically in the controller so the 
time constant is essentially zero since the sampling 
time is 1000 Hz. In addition, the switch that sets PLSi 

equal to Pc, 0 or Pr is triggered by the desired flow, not 
the position of the spool. This means that pressure is 
building as the spool moves through the dead-band 
region. Computational resources including memory and 
comparisons can be minimized by splitting the window 
into subintervals. When the latest subinterval is full the 
oldest subinterval is dropped and a new one is started. 
This causes the exact length of the window to vary. The 
important thing is to always have the filter window 
wider than the period of any system oscillations.  

Since it is a max function the high frequency com-
ponent of an increase in desired pressure is not filtered 
out. However, if the port pressure driving the pump 
oscillates then the MWMF holds the desired pump 
pressure at the crest of the oscillation. Even though the 
load-sense pressure is oscillating, the MWMF removes 
most of the oscillations in the load-sense pressure from 
the system pressure. This is demonstrated in Fig. 11. A 
rate limiter is also used when the pressure is decreased. 
The downside is that pressure is held higher longer than 
it is actually needed. However, this is an acceptable 
compromise given that this enables the information to 
be used to vary the pressure. Figure 8 demonstrates that 
above a minimum bypass flow, the pressure primarily 
depends on input voltage. The pressure does increase a 
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little with additional bypass flow. This is likely due to 
flow forces (Manring, 2005) changing the force balance 
of the spool.  

Data of pressure valve voltage versus pump pres-
sure and bypass flow is used to create a three dimen-
sional map. This three dimensional map is represented 
using a neural network that is trained off-line. The 
inputs to the network are system pressure and bypass 
flow and the output is the voltage. The bypass flow is 
the difference between the pump flow which is meas-
ured and the flow being diverted to the proportional 
valves. Flow is measured using a HYDAC EVS 3100-1 
impeller type flow meter with a range of 6 - 60 L/min. 
Due to the engine speed range of the tractor and the 
constant displacement pump, the pump flow will stay 
between 15 - 35 L/min. The time constant of this flow 
meter is on the order of 50 ms. Since the data used to 
train the neural network is steady-state data, the time 
constant of the flow is not a factor. Even though bypass 
flow can be estimated, it is not used in the algorithm 
that calculates the pressure valve input because pres-
sure spikes are fed through the flow meter. Doing so 
has a chaotic and destabilizing affect on the pressure 
control. Instead it is always assumed that only the 
minimum bypass flow set by the flow limiting control 
algorithm is passing through the relief valve. This still 
guarantees that the pump pressure is not lower than 
required.  
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Fig. 12: The trajectory is described in the workspace of the 

backhoe. Since the absolute bucket angle, φ, is held 

constant, the boom, stick and bucket must all work 

together 

The effectiveness of the MWMF is demonstrated 
using the trajectory in Fig. 12. The trajectory is a right 
angle path in the r-z plane in the workspace of the 
backhoe. The coordinates r and z are cylindrical coor-
dinates that describe the motion of the wrist of the 
bucket relative to a reference frame located on the 
swing axis. These cylindrical coordinates r and z as 
well as the bucket angle, φ, and the cylinder length 
variables yc2, yc3 and yc4 are defined graphically in 
Fig. 6. Since this desired path is described using task-

space variables (r, z and φ), they must be mapped to 
joint-space variables and then to cylinder-space vari-
ables (yc2, yc3 and yc4). Details on these mappings are 
presented in Kontz and Book (2006). The bucket angle, 
φ, is maintained at a constant angle measured from the 
horizontal plane. The swing is not used. This motion 
requires the boom, stick and bucket to move at the 
same time. Pressure compensators are used and the 
desired flow command is generated using the following 
control law.  

 ( )( )c(r) d p d cQ A x k x x= + −�  (25) 

The proportional feedback gain is 5 and the time de-
rivative of the desired position is a feedforward term 
which is a partial plant inversion. The effect of the 
MWMF is shown in Fig. 13 which shows data corre-
sponding to the sharp change in direction in Fig. 12. All 
three relevant cylinder lengths are shown. The pump 
pressure, Ps, and the two port pressures driving the 
electronic load-sense are shown. Before Y2 starts to 
retract around 15.4 seconds, Pr3 is driving the load-
sense and at this time the pressure driving the load-
sense changes to Pr2. Due to the sharp change in direc-
tion, Pr2 is oscillating after this transition. However, 
due to the MWMF this oscillation is not sent to the 
valve controlling Ps. It can be seen in the blown up box 
in Fig. 12, that the motion of the backhoe overshoots, 
but is critically damped.  
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Fig. 13: Cylinder position and pressure as the backhoe 

changes direction in Fig. 12. Only the two port 

pressures driving the electronic load-sense are 

shown in the plot with pump pressure, P
s
.  

This demonstrates the effectiveness of the MWMF 
which is enabled by the flexibility of the electro-
proportional relief valve. In comparison, pump pressure 
shown in Fig. 7 has sustained oscillation in pump pres-
sure, Ps, for a single degree of freedom sinusoidal tra-
jectory. While Figs. 12 and 13 show a sharp change in 
direction using three cylinders simultaneously there is 
no resulting oscillation in pump pressure. What this 
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means is that the electronic load-sensing scheme is able 
to capture the strength of both the hydro-mechanical 
load-sensing scheme and the hydro-mechanical con-
stant pressure scheme. It allows pump pressure to fol-
low the demands of system without the oscillations 
caused by the coupling of the port pressure and pump 
pressure in the hydro-mechanical load-sensing scheme.  

6 Conclusions 

Several reasons for using an electronic load-sensing 
pressure control strategy are presented. Using this type of 
pressure regulation scheme allows pressure to be built up 
as the spool moves through the dead-zone and raises the 
minimum system pressure to ensure that the spool con-
trol stage is always properly pressurized. This improves 
the overall responsiveness of the system. Combining the 
cylinder velocity control with a flow limiting algorithm is 
also necessary. If the total flow being sent to the actua-
tors is too much, the pressure regulator can not maintain 
system pressure. This results in oscillations in the system 
pressure and ultimately jerky motion.  

Using an electrical load-sensing scheme allows the 
pump pressure to be varied for efficiency while not 
compromising system stability. A moving-window-
max-filter is presented. The max filter does not intro-
duce lag while pressure is increasing. This means that it 
does not slow down pressure build up in the pump. 
However, it can remove oscillation in the desired pres-
sure up to the period of the filter. Using a pressure 
compensator on the proportional valve helps decouple 
the pump pressure from oscillations in the port pres-
sures being used to dictate the pump pressure in the 
load-sensing scheme. While the pump pressure is held 
high for a slightly longer period of time, it enables the 
pressure to be varied without compromising system 
stability.  

Decoupling the pump pressure states from the flow 
states is important to the overall goals of this project 
which is to apply coordinated motion and haptic feed-
back to backhoes/excavators. This means that addi-
tional position and force loops can be added without 
exciting dynamic interactions between the pump pres-
sure states and the states of the proportional valves. In a 
more general frame work, this decoupling strategy 
could be applied to any load-sensing system that was 
being controlled under feedback control.  

Nomenclature 

A State matrix [na] 
Ao Orifice area [m2] 
Ac Cap (head) end area [m2] 
Ar Rod end area [m2] 
B Input matrix [na] 
Be Effective bulk modulus [Pa] 
bv Damping coefficient [N·s/m] 
Cd Discharge coefficient [] 
Fc Cylinder force [N] 
Fcoul Coulomb friction force [N] 

g Gravity constant [m/s2] 
G Gravity dynamic term [N·m] 
J Inertia term [kg·m2] 
kp Position P-gain [N/m] 
Kq Orifice coefficient function [m3/(s√(Pa))] 
KE Kinetic energy [J] 
ksp Non-zero slope of Ksp [m3/(s√(Pa))] 
l Distance to centroid [m] 
m Mass [kg] 
meq Equivalent cylinder mass  [kg] 
r Cylindrical coordinate [m] 
P Pressure [Pa] 
Pc Cap end pressure [Pa] 
PLS Load-sense Pressure [Pa] 
Pmargin Pressure margin [Pa] 
Pr Rod end pressure [Pa] 
Ps System or pump pressure [Pa] 
ΔP Pressure drop [Pa] 
Q Flow [m3/s] 
Qc Flow to cap end [m3/s] 
Qr Flow to rod end [m3/s] 
s Laplace variable [] 
Vc Oil volume on capside [m3] 
Vin Input voltage [V] 
Vr Oil volume on rodside [m3] 
X State vector [na] 
xc Cylinder position [m] 
xd Desired cylinder position [m] 
xsp Spool position [m] 
yc Cylinder displacement [m] 
z Cylindrical coordinate [m] 
γ Angle to centroid [rad] 
ζ Damping ratio [] 
ρ Density [kg/m3] 
θ Joint angle [rad/s] 
τ Net torque input [N·m] 
φ Absolute bucket angle [rad] 
τLS Time constant of load-sense [s] 
τPs Time constant of Ps [s] 
ωn Main spool frequency [rad/s] 
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