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ABSTRACT
A new concept for an Electronic Flow Control Valve (EFCV) with pressure
compensation capability is introduced. Based on its embedded sensors and micro
controller, the EFCV can provide flow control without the need of
load/displacement/speed information from the power elements, like hydraulic cylinders
or hydraulic motors. The flow controller inside the EFCV estimates the actual flow rate
by the quasi-steady flow rate equation. Experimental studies show that the analytical
model is not accurate enough to cover all operating conditions. Therefore, an
experiment-based calibration method is suggested so that the electronic flow controller
can provide accurate flow control across the working pressure and flow range. Finally,
an innovative application of the EFCV, a self-sensing cylinder, is also presented.
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1.0 INTRODUCTION
Flow control is one of the most critical functionalities in the hydraulic
industry. Traditionally, flow control is implemented via a proportional or servo
valve. The principle of proportional and servo valves is briefly reviewed in the
following. When current is applied into the coil of a solenoid (proportional valve)
or a torque motor (servo valve), a corresponding electromagnetic force is
generated. These forces could either directly stroke the spool (single stage
configuration) or indirectly move the main stage spool via regulating the hydraulic
pressures on the each end of the main stage spool (multiple stage configuration).
The motion of the main stage spool leads to the variation of the orifice area. With
a given pressure drop, the orifice area is directly associated with the flow rate.
Modeling and control of proportional and servo valves is very rich in literature
/Mer67/Jel03/Eat99/. However, most proportional and servo valves on the
market are incapable of providing accurate flow rate control without feedback
from the power elements or without the addition of mechanical pressure
compensators. For example, consider a double-ended hydraulic cylinder with the
piston area equal to 1 [unit]. If the required speed is 1 [unit], then the required
flow rate is actually 1 [unit]. Without knowing the displacement/speed information
from the hydraulic cylinder, neither the servo valve nor the proportional valve can
correctly provide the desired flow. The reason for this is because the flow rate is
related not only to the spool displacement (orifice area) but also to the pressure
drop across the orifice. Therefore, feedback from the power elements is often
required to achieve accurate flow control.
In real world applications, the sensors in the power elements are not often
available or are too costly to implement. However, accurate flow control is still
required for several applications. For example, in a mobile excavator application
the operators are in the loop controlling the motion of machine. The operators
use a human machine interface device (like a joystick) to send the flow command
to each individual cylinder. By controlling the angle of the joystick on each axis,
one may also control the speed of multiple cylinders. Despite the variance in
supply pressure of the system and the changing loads on the power elements, it
is preferred that a joystick angle provides a corresponding velocity of the
cylinder/motor consistently.
The traditional solution for this problem is to regulate the pressure drop
across the metering orifice to be constant, so that the flow rate is essentially only
dependent on the orifice area. This is the principle of a pressure-compensated
flow control valve. Figure 1 illustrates a typical restrictor-type pressurecompensated flow control valve /Eat99/. The compensator spool has to be
added to implement pressure regulation functionality. This methodology adds
additional cost and complexity to the system.

Figure 1 Restrictor-type pressure-compensated flow control valve
In the following paper, an innovative flow control valve with pressure
compensation capability, referred to as an Electronic Flow Control Valve (EFCV),
is presented. The EFCV distinguishes itself from other traditional flow control
valves because of its embedded sensors and micro controller that have been
integrated in to the valve. These integrated components make the EFCV “smart”
so it can achieve flow control without the need of feedback from the power
elements or the addition of a complicated mechanical system to regulate the
pressure drop across the metering orifice.
The Electronic Pressure
Compensated Flow Control Valve is more cost effective and scalable compared
to its mechanical counterparts.
The paper is organized as follows. First, the configuration and model of
EFCV is developed. Next, the principle of electronic flow control via the EFCV
integrated controller is described.
Subsequently, the experimental study
regarding the flow control accuracy is reviewed. Finally, an application of EFCV
for a self-sensing cylinder is presented as well as some concluding remarks.

2.0 ELECTRONIC FLOW CONTROL VALVE
2.1 System Configuration
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Figure 2 Configuration of hydraulic system with Electronic Flow Control Valve (EFCV)
Figure 2 illustrates the system design of the EFCV. A supervisory
controller, which is implemented by an ECU, processes the input from the human
as the set point for the flow rate. An EFCV, as well as a Pressure Regulation
Valve (PRV), are connected to the supervisory controller via CAN
communication. The embedded sensors in the PRV can provide the value of the
supply pressure (Ps), and the tank pressure (Pt). The PRV can also control the
supply pressure according to the load requirement, which is out of scope for this
paper. The embedded sensors in the EFCV include the LVDTs, which measure
the main stage spool displacement, and the pressure sensors, which measure
the port pressures P1 and P2. The ports P1 and P2 are connected with hydraulic
power elements as shown in Figure 2. It is worth mentioning that the system is
designed so that multiple EFCVs may be connected with multiple power
elements. Finally, the entire valve stack, including PRV and EFCVs, are
connected to the hydraulic source (pump and a relief valve as shown in Figure
2).
The differentiating characteristic of the EFCV when compared to servo
and proportional valves is the pressure feedback from the internal sensors. The
pressure feedback combined with the positional feedback from the main stage
spool, allows the EFCV to control the flow rate based on the command from the
supervisory controller. On the contrary, traditional servo and proportional valves
do not have internal pressure feedback inside the valves themselves and
therefore cannot accurately control the flow rate across a large pressure drop
spectrum.

2.2 Internal model of EFCV
An illustration of the pilot and main-stage spools in the EFCV is shown in
Figure 3. It is important to note that for complete control of a typical power
element, an additional pilot and main-stage spool is required. The embedded
electronics performs the internal control, the communication between individual
valves, and the communication to the supervisory controller. The EFCV has a
two-stage configuration. The pilot stage, stroked by a linear force motor (voice
coil), can control the pressures on the end chambers of the main stage spool
while the main stage spool can then control the flow rate to the power element.
In addition, the EFCV can be designed to have independent upstream and
downstream orifice control for the sake of energy savings and application
flexibility. The schematic in Figure 3 only reflects the configuration of the
upstream or downstream portion of the EFCV. Interested readers may refer to
/Eat92/ for more details about twin spool valves.
Pt
X1

Psp

Pt
ElectroMagnetic
Actuator

Q11
P11

LVDT
Tank pressure
sensor

P1

Pt

P1

Q1

Supply pressure
sensor

Load pressure
sensor

Ps
Xv1
P12

Q12

Figure 3 Schematic of Electronic Flow Control Valve (EFCV)

In the next section, the models of the EFCV related to the flow control will be
developed.
2.3 EFCV model
2.3.1 Pilot stage spool dynamics
We assume that the transient flow forces applied on the pilot spool are
negligibly small. From Newton’s Second Law, we have the spool dynamics as
follows:
M&x& = Fvc1 + Fsp1 − K vp x&1 − K sp x1
(1)

in which M is the pilot spool mass, Fvc1 is the force produced by the voice coil,
which is proportional to the current i driven through the actuator coil, Ksp is the
centering spring constant, and Fsp1 is the steady state flow induced forces that
are governed by:
−2CdWp x1 cos θ  Psp − Pt − ( P11 − P12 )  , x1 ≥ 0;



(2)
Fsp1 ( x1 , P11 , P12 ) = 
−2CdWp x1 cos θ  Psp − Pt − ( P12 − P11 )  , x1 < 0.
where Cd is the discharge coefficient, Wp is the gradient area for the pilot stage, θ
is the jet angle, Psp is the supply pressure for the pilot stage, and Pt is the
pressure of the reservoir. P11 and P12 are the chamber pressures shown in
Figure 2. The viscous damping coefficient, Kvp, can be computed based on the
valve geometry via /Mer67/.
2.3.2 Main stage dynamics
Similarly, the main stage spool dynamics can be obtained:
d
M m x& v1 = − K s xv1 − K v x& v1 + ( P11 − P12 ) A + Fs1
(3)
dt
where Mm is the spool mass in the second stage, xv1 is the displacement of the
spool, Ks is the centering spring constant, Kv is the viscous damping coefficient,
A is the cap area of the spool contacting the end chambers, P11 and P12 are the
chamber pressures. Fs1 is the steady state flow force.
The steady state flow force, Fs1 is given by:
−2CdWxv1 cos θ ( Ps − P1 ), xv1 ≥ 0;
Fs1 ( xv1 ) = 
(4)
 −2CdWxv1 cos θ ( P1 − Pt ), xv1 < 0.
where W is the area gradient for the main stage, Ps is the supply pressure, and
the other variables can be referenced from Eq. (2).
2.3.3 Chamber pressure dynamics
The chamber pressure dynamics are determined by the compressibility of
the fluid in the chambers between the pilot stage and the main stage spools and
are as follows:
β
d
P11 = e ( Q11 − A x& v1 )
(5)
dt
V11
β
d
P12 = e ( A x& v1 − Q12 )
(6)
dt
V12
in which P11 and P12 are the pressures in the upper and lower chambers,
respectively, Q11 is the flow rate into the upper chamber, Q12 is the flow rate out
of the lower chamber, βe is the bulk modulus of hydraulic fluid, V11 and V12 are
the volumes in the upper and lower chamber. On the quasi-steady state flow
assumption, Q11 and Q12 are given by:
CdW p x1 2( Psp − P11 ) /ρ , x1 ≥ 0;
(7)
Q11 ( x1 , P11 ) = 
ρ
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 CdW p x1 2( P12 − Pt ) /ρ , x1 ≥ 0;
Q12 ( x1 , P12 ) = 
CdW p x1 2( Psp − P12 ) /ρ , x1 < 0.

(8)

2.4 Flow Control of EFCV
The above model shows the EFCV is a highly nonlinear system with six
states. However, a reduced model can be obtained from the following facts:
1. The pilot stage has very fast response. Compared to the other dynamics
within the system, the transfer function from the current (i) to the pilot
spool displacement ( x1 ) can be simplified as a DC gain.
2. Next, the transfer function of the main stage from x1 to xv1 can be written
as
2 βe K qp A

xv1 ( s )
V0
=
2
2
x1 ( s ) s[ M m s + K v s + ( 2 βVe A + K 2 )]
0

where K 2 = K s + CdW cos θ ( Ps − Pt ) , K qp = CdWp

(9)
Psp − Pt

ρ

. In our analysis,

the transient flow forces are neglected. The linearized equation has
poles located at 0 and are repeated at -160.
In short, the higher order system can be approximated by a second order
system in series with an integrator. For this open-loop stable system, a standard
PI controller is chosen to assure adequate performance of the closed loop
system. Standard PI gain tuning techniques can be used /Lev96/.
The flow control diagram is illustrated in Figure 4. The desired flow rate
Q1,d is given by the supervisory controller thru the CAN bus. The actual flow rate
Q1,c is analytically given by /Mer67/:
Q1,c = f ( Ps , P1 ) xv1
(10)
C Wx 2( Ps − P1 ) / ρ , xv1 > 0
where the flow mapping f ( Ps , P1 ) =  d v1
.
C d Wx v1 2( P1 − Pt ) / ρ , xv1 ≤ 0
In the diagram, the inverse flow mapping is used to convert the desired
flow rate Q1,d to the desired spool displacement xv1,d. The error between the
desired and the actual displacement is imposed on the PI controller, whose
output will drive the current into the pilot valve voice coil. The controller drives
the displacement error to zero. If the actual flow follows Eq. (10) perfectly, then
the flow error goes to zero as well, or Q1,c = Q1,d . Otherwise, if the actual flow

mapping g (⋅) ≠ f (⋅) , or f −1 g ≠ 1 , then the flow error will not converge to zero
even when the displacement error is zero. In the following section, we will
investigate the flow rate accuracy experimentally.
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Figure 4 The flow control diagram inside EFCV

3.0 EXPERIMENTAL STUDY OF ELECTRONIC FLOW CONTROL
In the flow controller design, we use Eq. (10) to approximate the actual
flow rate. Eq. (10) is a widely acceptable quasi-steady state model for the flow
rate across an orifice. In the following section, an experimental study will be
discussed that investigated the accuracy of the calculation.
A prototype of EFCV has been built and tested. The mechanical design
can be referred to in Figure 3. The hydraulic test set up is illustrated in Figure 5.
As you can see from Figure 5, the valve was set up on a fixed displacement test
stand. An adjustable relief valve (on the right side of Figure 5) simulates a load
on the valve. A flow meter in series with the “load” relief valve is used to
measure the actual flow from that service. The type of flow meter that was used
depends on the demanded flow in order to improve the measurement accuracy.
For flows below 7 GPM a 0.95 in3/rev meter motor (Vickers Model
MF3039133061592) was used; while for flows above 7 GPM a flow turbine was
used (Max Machinery Model 241-120).
Given a flow command from the supervisory controller, the “load” relief
valve is adjusted so that the pressure drop between P1 and Ps is equal to some
predefined value. Then the actual flow rate was measured. Table 1 displays all
of the actual flows [GPM] recorded as a function of the commanded flow [GPM]
and the pressure drop [psi] across the service spool.
Note that at steady state, the PI controller in Figure 4 regulates the error
between the flow command Q1,d and the calculated flow rate Q1,c to be zero, or
Q1,d = Q1,c only if the flow mapping f (⋅) and the inverse flow mapping f −1 (⋅) are
perfectly inverse. In Table 1, the experimental results show that the measured
flow rate Q1,m diverts from the analytical calculation Q1,c. Another source for the
error could also be that the flow mapping is different from what we suggested, or
g (⋅) ≠ f (⋅) as shown in Figure 4. For convenience, we will compare the
measured flow rate Q1,m and the commanded flow rate Q1,d (= Q1,c ). The error
Q1, m − Q1,d
Q1,d

(unit: %) as a function of the pressure drop is illustrated in Figure 6.

Remarks:
1. For small flow commands, the error is significant. For example, when Q1,d
=1.32 [gpm], the actual flow rate only reaches about 20% of the
demanded value. The error is larger than 80% at some pressure drops.
2. When the flow command is larger than 5 gpm, the error is bounded with
+/-15%.
3. Given a flow command, the actual flow Q1,m first increases with the
pressure drop. However, as the pressure drop is above 500-750 [psi], the
flow Q1,m then reduces. This observation is based on the theoretical flow
mapping f (⋅) in Eq. (10).
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Figure 5 Diagram of the experimental setup
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Table 1 Measured Flow

Q1,m vs. Commanded Flow Q1,d (= Q1,c ) (unit: GPM)

Obviously the observed error demonstrates that the flow rate model in Eq.
(10) is not very precise. For simplicity, in our generation of the flow map we
assumed the density (ρ) and the discharge coefficient Cd in Eq. (10) to be
constant. In reality, the density of the fluid may vary slightly according to the
pressure and will change proportionally with temperature. In addition, the
discharge coefficient is a very complicated function with respect to the pressure
drop, the orifice area, the orifice geometry, and the Reynolds number /Wu03/. To
precisely model (using CFD) the discharge coefficient for various operating
conditions would be very difficult.

Due to the complexity of the discharge coefficient, a feasible and useful
strategy is to experimentally calibrate the flow calculation equation to eliminate
the theoretical error. An empirical error-correction coefficient, Kcorrection, is defined
as:
K correction = arg min( Q1,c − KQ1, m )
(11)
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Figure 6 The error of the actual flow compared to the demanded flow,
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The solution Kcorrection is shown in Figure 7. The correction coefficient is a
function of both pressure and flow rate. Curve fitting techniques can be used to
get the relationship between Kcorrection and the pressure drop and the flow rate.
The following is an example that provides sufficient agreement with the
measurement:
K correction = c0 + c1 x + c 2 P + c3 x 2 + c 4 P
(12)
where c0 =3.1387, c1 =-0.0085, c 2 = -0.0383, c3 =-1.03e-5, c 4 =9.13e-4.
Due to the flexible system design of EFCV, the correction can be easily
applied either inside EFCV or in the supervisory controller.
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Figure 7 Correction gain for the flow rate calculation in Eq. (12)

4.0 APPLICATION OF EFCV: SELF-SENSING CYLINDER
In the following section we will discuss an innovative application for the
EFCV. The application is a self-sensing cylinder, which will estimate the piston
displacement of a regular hydraulic cylinder by taking advantage of integrated
sensors and flow rate calculation of the EFCV.

P1 , Q1

P2 , Q2

Figure 8 Self-sensing cylinder

The diagram of a self-sensing cylinder is illustrated in Figure 8. Two
EFCVs connect each chamber respectively. The sensors in the EFCVs measure
the pressures, P1 and P2. The flow rates, Q1 and Q2, are calculated by using the
analytical model with the experimental calibration (as described above). In
addition, in order to eliminate the integration error some deterministic
displacement information is required (an absolute start position). For instance, a
latch sensor could be installed so that the output voltage is high when the piston
displacement x p = 0 and is low as x p ≠ 0 .

The pressure dynamics in chamber 1 gives

P&1 =

βe

(Q1 − A1 x& p )
(13)
V0 + A1 x p
where βe is the bulk modulus of hydraulic fluid, Vo is the volume of chamber 1 as
x p = 0 , A1 is the piston area, xp is the piston displacement, and Q1 is the
calibrated flow rate.
By manipulating the above equation, an observer of the piston
displacement is proposed as
x& p =

where η1 = P1

1
(− A1η1 x p − η1V0 + β e Q1 )
β e A1

(14)

s
, or the low pass filtering of the pressure differential.
s+ p

The simulation results are shown below in Figure 9. Due to the combined
effect of the flow rate and the load applied to the cylinder, the actual
displacement is the sinusoidal signal with the higher frequency oscillation. The
observer in Eq. (14) is a close approximation of the actual displacement. Note
that at t=0.1 [sec], the latch sensor is enabled and then enforcing the error to be
zero.
Without the latch sensor, the observer will still give the similar
displacement profile but with an offset error. In Figure 9, the estimate by using
the simple kinematic relationship between the flow rate and the piston speed,
Q
x& p = 1 , is also plotted. It can be seen that its performance is worse than that in
A1
Eq. (14). In short, the integrated pressure sensors and the experimentally
calibrated flow rates in the EFCV, together with the proposed observer, make it
possible to implement the self-sensing cylinder.
CONCLUSION
A new type of valve, an Electronic Flow Control Valve (EFCV), is
presented in this paper. Due to the embedded sensors and micro controller
inside the valve, the flow rate can be controlled through the power elements
without the need of knowing the load or the displacement condition from the
power elements. The flow controller utilizes the well-known quasi-steady flow
rate equation to approximate the actual flow rate in the internal closed loop
system. Experimental studies show that the one equation model with constant
parameters is not accurate enough to cover all conditions. In particular for the
low flow rate high-pressure drop case, the flow error calculation is significant. An
experiment-based calibration method is then presented. The new flow controller,
by taking into account the error correction coefficient Kcorrection, could provide a
very accurate flow controller. An innovative application of the EFCV, a selfsensing cylinder, is also described.
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