
Sensors & Transducers, Vol. 173, Issue 6, June 2014, pp. 104-109 

 104

   
SSSeeennnsssooorrrsss &&& TTTrrraaannnsssddduuuccceeerrrsss

© 2014 by IFSA Publishing, S. L. 
http://www.sensorsportal.com 

 
 
 
 
 

Application of AD698 Measuring Circuit in Valvistor 
Hydraulic Cartridge Valve 

 
* Suming Li, Long Quan, Yilong Liang 

Institute of Mechanical Electronic, Taiyuan University of Technology, 030024, China 
* Tel.: 15135106561, 

* E-mail: li_suming@126.com 
 
 

Received: 18 April 2014   /Accepted: 30 May 2014   /Published: 30 June 2014 
 
 
Abstract: To achieve the accurate measurement of the hydraulic valve opening position, the sensor 
measurement circuit was designed for two and three differential solenoid coil inductance displacement sensor. 
Some experiments were done to detect the static and dynamic performance. Comparing the static output 
characteristic of the two type of the sensor. The experimental results of the actual measurement of the designed 
circuit show that AD698 sensor measurement circuit has small nonlinear error, high repeatability, low hysteresis 
error and so. In valvistor hydraulic cartridge valve system, AD698 measurement circuit would be used to test the 
real-time dynamic detection. When the system pressure is the same, the size of valve opening influences the 
response speed of the sensor measuring circuit. The greater the pressure valve and the faster the dynamic 
response of the valve. Simultaneously detecting the relationship between main valve displacement and flow rate. 
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

A cartridge pressure compensate proportional 
speed-regulating valve was designed based on flow 
amplification characteristics of Valvistor hydraulic 
cartridge valves i.e., a linear relationship between the 
main valve’s flow and the pilot valve’s flow. A pilot 
operated pressure reducing valve that is installed 
between main valve and pilot valve compensate 
differential pressure of pilot valve mouth port, thus 
controlling the main valve’s flow by input signal and 
the magnification can be easily adjusted. The 
displacement of the main valve only relates to the 
control voltage signal, regardless of the variation of 
the load pressure. But the flow of the main valve is 
greatly affected by changes of the load pressure or 
the system pressure. By adding pressure compensator 
can be formed proportional speed-regulating valve, it 

ensures that the flow is not affected by the changes of 
the load pressure [1, 2]. This valve adds a 
displacement sensor that forms a cartridge electro-
hydraulic closed-loop proportional throttle valve, to 
improve the steady-state control accuracy  
and dynamic response characteristics of the 
proportional throttle.  

With the development of proportional amplifier 
and digital control technology, the static and dynamic 
performance of proportional directional valve control 
system are improved by employing displacement of 
real-time feedback technology and potential 
displacement correction technology etc. Inductive 
displacement sensor eliminates nonlinear error, zero 
error, drift, etc. by using the differential structure. 
When the sensor type is determined the sensitivity 
and the accuracy of the measurement will be known. 
To ensure the accuracy of the displacement 
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measurement, the sensor signal processing circuit 
must have a high sensitivity and accuracy. The 
methods of the displacement measurement sensor 
circuit are monolithic signal conditioning chip (such 
as the AD698, AD598, AD630, etc.), differential 
rectifier circuit and a detection circuit, etc. [3-6]. In 
this paper, AD698 measurement circuit is used to  
test the dynamic and static characteristic of this 
hydraulic valve. 
 
 

2. The Characteristics of Differential 
Solenoid Inductor Sensor 

 
Commonly in the hydraulic system the 

differential solenoid inductor sensor has two types, 
one has two coils, and another has three coils. The 
displacement measurement of the proportional valve 
use the Differential solenoid inductive displacement 
sensor, the change of Coil inductance is transformed 
from the linear displacement change of the armature.  

The structure of the differential solenoid self-
inductance sensor is commonly two coils, as shown 
in Fig. 1(a). Its circuit principle is shown in Fig. 2(a). 
The two coils resistances are Z1 and Z2. 
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where r1 and r2 are the internal resistance of the two 
coils, L1 and L2 are the inductance of the two  
coils and L0 and r0 are the initial inductance and 
internal resistance. 
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Fig. 1 (a). Structure of two coil sensor. 
 
 

 
 

Fig. 1 (b). Structure of three coil sensor. 

When it is work, providing incentive power 
supply E to the sensor, the output voltage U0 is: 
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where ∆L is the variable quantity of inductance, ∆r is 
the variable quantity of internal resistance. 
 
 

 
 

Fig. 2 (a). Equivalent circuit of two coil sensor. 
 
 

 
 

Fig. 2 (b). Equivalent circuit of two coil sensor. 
 
 

The structure of the three differential solenoid 
inductance sensors is shown in Fig. 1(b), and its 
circuit schematic is Fig. 2(b). If the structure of the 
sensor is completely symmetrical.  

The output voltage U0 is: 
 

0033
0 2 Ljr

EL
j

Ljr

E
MjU

ω
ω

ω
ω

+
⋅Δ⋅+

+
⋅Δ≈

 , 

 

where r1, r2 and r3 are the internal resistance of the 
coil, L1,L2 and L3 are the self-inductance of the coil, 
and L0 and r0 the initial inductance and internal 
resistance. M0 is the initial mutual-inductance, and 
∆M is the variable quantity of mutual-inductance. 
E is the excitation voltage. 

The formula for output voltage shows that three 
coil structure increased mutual-inductance variation 
on two coil structure. The output performance of the 
sensor is improved. It is effectively improved the 
linearity of the linear range which is proved in 
subsequent experiments. 
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3. Measurement Amplifier Circuit  
of the Sensor Based on AD698 

 
Measurement amplifier circuit can also use 

AD698 to achieve the purpose. AD698 is a high 
precision modem chip, which integrates a perfect 
signal conditioning system of differential 
displacement sensor, and has a wide range of 
applications including the modulation and 
demodulation, synchronous detection, phase 
detection and so on. The chip consists of a low 
distortion sine wave generator, a power amplifier, a 
proportional circuit, a filter circuit, two-channel 
synchronous demodulation passage A, B and an 
amplifier output circuit. AD698 has excellent 
performance, eliminating the unfavorable factors of 
the interface between the traditional signal 
conditioning circuit and the voltage differential 
displacement sensor. Also it requires no internal 
compensation circuit [7].  

According to the brochure of AD698 chip, the 
external circuit main components should be 
calculated and selected. Two types of the differential 
inductor sensor can use this AD698 circuit to 
measure the spool displacement. 

The output of AD698 measuring circuit is: 
 

OSREF
B

A
OUT VRI

V

V
V +××= 2

 

AIREF μ500= , 
 

where VA and VB are the input voltage of 
synchronous demodulation A and B channels, VOS is 
the bias voltage. 
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where R2, R3 and R4 are the resistance shown  
in Fig. 3. 

 
 

 
 

Fig. 3. AD698 measurement circuit of displacement inductive sensor. 
 
 

4. Static Output Characteristic  
of Two Differential Inductive Sensors 

 

Fig. 4 shows the structure of the measuring 
equipment for the displacement sensor circuit 
characteristics [8]. Using the three-coordinate 
measuring machine accurately measures the tiny 
spool displacement. Firstly do not take the sensor, 
regulating R1, the magnitude that meets the testing 
requirement generates by AD698. Secondly access 
the sensor, adjusting the R7 in the bridge circuit that 
make the resistance of the sensor coil equal when the 
spool is in the middle position. The difference of the 
channel A (between the –AIN pin and +AIN pin) is 
zero. Finally adjusting R3 and R4, the voltage of the 

displacement signal can change between normal and 
reversed phase. 

The static output characteristic of two differential 
inductive sensors uses AD698 measuring circuit as 
shown in Fig. 5. Fig. 5(a) is the curve of three-coil 
differential inductive sensor. Seen from the figure, 
the range of the good linearity is from 0.67 mm to 
9.21 mm. Therefore the effective travel X1 of the 
three coil differential inductive sensor approximately 
is 8.5 mm. And nonlinear error is 0.6 %. Fig. 5(b) is 
the curve of two-coil sensors. The range of the good 
linearity is from 5.44 mm to 15.63 mm. So the 
effective travel X2 of the two coil sensor 
approximately is 10 mm. And nonlinear error  
is 3.3 %. 
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Fig. 4. Structure of measuring equipment for displacement 
sensor circuit characteristics. 

 
 

 
 

Fig. 5. Static output characteristic of two differential 
inductive sensors. 

 
 

5. Analysis of the Circuit Dynamic 
Properties 

 

5.1. Dynamic Test of Spool Displacement  
of Proportional Valve without Hydraulic 
System 

 

Applied different voltage to the proportional 
valves, when the voltage is larger, the force that the 
armature of proportional valve suffer is greater. The 
faster that the spool moves and the larger of  
the slope. 

When the spool is at the position of the voltage of 
the sensor that shows in Fig. 6, adding the voltage 
15 V to the proportional valve. Fig. 6 is the dynamic 
characteristic of the AD698 measurement circuit for 
the spool of the valve which moves transiently. The 

result of the displacement measurement has good 
linearity. The measurement voltage reaches the linear 
section in 8 ms, then gets to the max displacement 
after 16 ms. So the voltage corresponding to  
the displacement signal can be measured timely  
and accurately. 
 
 

 
 

Fig. 6. Dynamic test of three coil sensor  
for proportion valve. 

 
 

The results of the comparison of the two sensors 
are as follows. The travel of the two-coil sensor is 
longer than the three coils sensor, but the partial 
enlarged view curve shows that the linearity is worse. 
So the three-coil differential inductive sensor could 
be used well in accurate measurement which needs 
high linearity and small measure displacement. 
 
 
5.2. Dynamic Test of Opening of Hydraulic 

Valve 
 

Valvistor hydraulic cartridge valve is internally 
provided with a hydraulic flow – position feedback 
mechanism, through controlling the flow of the pilot 
valve to achieve a continuous proportional control of 
the main valve’s displacement. In this hydraulic 
system, throttle valve and fixed differential reducing 
valve form proportional velocity regulating valve, in 
order to achieve the monotone control of the flow by 
input voltage signal. Experiments test the open-loop 
dynamic step response of proportional throttle valve 
of this system. The curve in Fig. 7 is the open-loop 
step response characteristic of the main valve’s spool. 

Fig. 7(a) shows that different pressures apply to 
the system and the spool displacement of the main 
valve respectively would be given 0.3 mm. Y-axis 
represents the main valve flow. Fig. 7(b) is the 
relationship between the time and the voltage 
corresponding to the spool displacement which 
measures by AD698 circuit of the inductance sensor. 
In Fig. 7(c), the system pressure is 8 MPa, and the 
opening of the main spool respectively is 0.3 mm  
and 0.6 mm. 
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(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 7. Open-loop step response characteristic of main 
spool displacement. 

 
 

The above experimental testing curves show that: 
 The pressure of the hydraulic system increases, 

and the dynamic response speed of the main valve 
is also accelerated; 

 The dynamic response characteristic of the spool 
is very stable, has no overshoot and oscillation. 
The speed of the dynamic response is fast; 

 The valve has good equal displacement 
characteristic. The opening displacement of the 
main spool changes a little when the system 
pressure is different; 
When the pressure of the system can be certain, 

with the increases of the opening displacement of the 

main spool, the time that the main spool reaches the 
given displacement is also increased. 

The curves of the main valve’s displacement 
voltage and the flow rate are shown in Fig. 8. When 
system pressure is 10 MPa, the input voltage signal 
of the main valve is a fixed number of 4 V, so the 
opening of the valve is 0.4mm corresponding to this 
voltage. The flow rate increases progressively with 
enlargement of the main valve’s opening 
displacement. The valve has good characteristics of 
control accuracy and dynamic response. 
 
 

 
 

Fig. 8. Relationship between displacement voltage  
and flow rate of main spool. 

 
 

Electro-hydraulic closed-loop control system can 
improve the control accuracy and dynamic response 
characteristic of the proportional throttle, and can 
accurately control the main spool displacement. A 
displacement sensor is needed to put in this system, 
so it can achieve very high control accuracy and 
dynamic response characteristics, and meet the 
requirements of high-precision closed-loop control. 
By Valvistor hydraulic valve open-loop dynamic 
testing, experiments show spool displacement can be 
detected more accurately by AD698 measurement 
circuit. Therefore, the AD698 measurement  
circuit can be used in the electrical closed loop 
control system of the hydraulic valve to improve the 
control accuracy. 

 
 

6. Conclusions 
 

The results of the experimental test of the sensor 
measurement circuit for hydraulic proportional 
control valve show the following: 
 The three coil differential solenoid type inductive 

sensor can improve the output characteristics of 
the sensor in linear range. The linearity becomes 
better. So the three coil differential solenoid type 
inductive sensor is used to test greater linearity 
and accuracy of the small displacement system. 

 When the valve moves without hydraulic system, 
the results of the dynamic circuit measurement 
find that the AD698 measures the valve 
movement has good linearity and fast response. 
When the measurement requirements are higher, 
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the circuit using AD698 can better achieve real-
time accurate measurement. 

 Given the main valve a certain voltage value, the 
spool has an opening displacement corresponding 
to the valve. The greater the system pressure, the 
faster the response speed of the main valve. 
AD698 measuring circuit can test the dynamic 
measurement of the hydraulic system in real time. 
The effect of the dynamic measurement is good. 

 AD698 measuring circuit can be used in the 
Electro-hydraulic proportional closed-loop 
control system to accurately test the spool 
displacement of the Valvistor hydraulic valve.  
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