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ABSTRACT

This thesis presents the design techniques to implement the linear-range
extension circuits for a linear variable differential transformer (LVDT). The technique
is based on an analog signal conditioning, applying for the traditional structures of
LVDT. There are three proposed circuits which can extend linear range of LVDT to
maximum stroke range. Furthermore, the high resolution and fast response are
achieved. First two circuits are implemented using analog look-up table technique. It
is the comparison between the linear referenced signal, which generated by
excitation signal of LVDT and the displacement signal from demodulator circuit. The
linear referenced signals of both circuits are produced by integrator circuit, providing
for the input of sample and hold circuit (SHC), and the demodulated signal is used to
control the SHC. The third circuit is proposed in this thesis based on a closed-loop
configuration of an operational amplifier (opamp) to obtain the inverse transfer
characteristic of the LVDT. The circuit building block provided the third-order inverse
transfer characteristic of the LVDT, which is established using analog multipliers and
opamps. Performance of the proposed linear-range extension are discussed in detail
and confirmed by the experimental demonstration using commercial devices. The
purpose of the proposed technique is emphasized in terms of high accuracy, fast

response, simple configuration and low cost.
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Linear Range Extension for LVDT Using
Analog Lookup Table

W. Petchmaneelumka. W. Koodtalung, K. Songsuwankit and V. Riewruja
Fuculty of Engineering, King Mongkut's Institute of Technology Ladkrabang
Bangkok, Thailand
wandee pe@kmithac.th, wittaya k@eng kmutnb.ac.th, kanoknuch.sw @ gmail.com and vanchai.n @kmitlac.th

Abstract—A technique to extend the operating range of the
linear variable differential transformer (LVDT) is presented in
this article. The realization method is based on the analog lookup
table achieved by the ramp signal generator where the frequency
of ramp signal is equal to the excitation frequency. Therefore, the
resolution of the resulting signal is very high. The output signais
of the LVDT are provided to generate the reference signal to
synchronize with the ramp signal. The proposed technique can
extend the operating range of the LVDT from a normal operating
range provided by the specification of the LVDT to maximum
stroke range of the LVDT. The circuit of the proposed technigue
is simple and can be imple ted using the cial devices,
The experimental results confirmed that the circuit pecformance
are good agreement with the expected results, The response time
of the proposed technique is about two periods of the excitation
frequency.

Keywords—ILVDT; OPAMP; lead network; analog lpokup
table; linear range extension

1. INTRODUCTION

A linear variable differential transformer (LVDT) is one of
the inductive transducers used to measure the displacement.
Many applications can be found in field of engineenng,
industry. medical and scientific equipment. which are used to
measure position, level, flow. force and pressure [1]-{6]. The
advantage of the LVDT is that the LVDT provides its
behaviors in the terms of high resolution and durability [7]. The
LVDT structure is similar to the transformer which consists of
wo secondary windings and one primary winding.  Two
secondary windings are connected i series with opposile
direction. Therefore, the output signal of the LVDT is the
different signal between two secondary windings, The core of
the LVDT is the moving pan used (o measure the
displacement. The LVDT requires an excitation signal for is
operation. To detect the core displacement signal, the
synchronous demodulator, is required [1], [4], [8] - [17]. The
disadvantage of the synchronous demodulators mentioned
above is that the stability in operation of the demodulators are
deteriorated due 1o the delay time caused by the low-pass filter,
The use of a sample-and-hold circuit (SHC} in the literature
{81 [12] - [16] can avord osing the Tow=pass filter in the signal
path. In addition, the phase shift between the excitation signal
and the LVDT output signal 1s occurred owing 1o the LVDT
structure [16]. This phase shift causes an error in the
demodulated signal or the core displacemem signal, which can
be overcome wsing the techmgue proposed in the lilerture

OT8-1-3386-4956-5/18/531 .00 O2018 1EEE

[16]. The operaung range of the commercial LVDT is
approximated 25% of its maximum stroke range. To obwin the
wide linear range operation. the large structure of the LVDT is
achieved. Therefore. the applications of the LYDT in the small
area or embed system are linuted. There are (wo lechmques o
extend the linear range of the LVDT, modified LVDT structure
and specific signal conditioner. The approach based on the
modified LVDT structure was presented in the literature [18].
This approach requires special design for the LVDT
configuration that is unsuitable and inconvenient for general
applications. However, the linear range of the LVDT of this
tlechnigue is still dependent on its structure length. Recently,
the technique based on the use of the antificial neural network
(ANN) s presented [19] - [20]. Unfortunately, this technigue
require o high performance microprocessor and the response
time s depended on the speed of the microprocessor. In this
paper. the lincar range of the LVDT can be extended using the
analog lookup table, The proposed technique provides the
response time of about two cycle of the excitation frequency.
The linear range of the LVDT can be extended from normal
range to the maximum stroke range.

1L CIRCUIT DESCRIPTION

A, Principte

The secondary windings of the LVDT are connected in
opposile direction as shown in Fig. l{a). If the excitation
signal v., = V..siner is applied w0 the pnmary winding, then
the signals v and vy can be expressed as [1]

ve, =k V. (L =1)sin{er - @) (1a)

and

viy =RV, (L +1)sin (e —p) (1b)
where /g is the null position of the LVDT, ! is the core
position deviated from null position, & and ¢ denote the
sensitivily ol the LVDT and phase shift between the signal in
the primary winding and the secondiry winding, respectively,
The LVDT output signal vy can be given by

vy =V =vy ) = 2K, 1V, sin(ax - @) 2
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The LVDT output signal v in Eq. (2) is valid from the core of
the LVDT varied of about 25% of the full-stroke range. The
LVDT outpul signal vy for the full-stroke range of LVDT can
be expressed as [19] - [20]

vy =V 0=k singer - @) (3

17t

where k. is the nonlinear coeflicient. The LVDT output signal
var 0F Eq.(3) can be demodulated using the techmigque proposed
in the literature [16]. Then the demodulated signal v, from
the signal vy can be stated as

Vi =V, (1= 07 4
From Eq. (4). the transfer churacteristic of the LVDT for the
full-sturoke range [ = £1 is shown in Fig. 1(b) where &, and 4.
are set 0 | and 0.01. respectively. It can be seen that the
transfer characteristic in Eg. (4) is in the form of sinusoidal
function. The linear range of the LVDT in Fig. I(b) is
approximalted in the range / = ) 25,

i+
ay
' : X ;
! ! : H
H [ ¥ '
i : i :
At - - —
| : - i
' b "
! { 4 :
1 BN = N | D AN Y
I 0.25 03§ I

Fig. |. (a) Schematic diagram (b) the lincar ange of the LYDT

B. Linear Runge Extension Technique

A technique to extend the linear range of the LVDT in this
paper is based on the comparison of the core displacement
signal and the sawtooth signal generated from the excitation
signal. A block diagram of the proposed technigue is shown in
Fig. 2(a). From Fig. 2(a), the phase of the excitation signal is
lagged to in phase with the LVDT output signal. The phase
shift signal is converted 1o o square signal by the comparator
Az The sawtooth signal 1s generated from the output signal of
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the comparator A» by the integrator. The LVDT output signal
15 demodulated o the core displacement signal where s
magnitude is scale o equal the magnitude of the sawtooth
signal. The comparator Ay is used to compare the magnitude of
the core displacement signal with the shifted signal. The
output signal of the comparator can be stated as

(5

s f”’l"d.-ml >|r£§
-
|

(0" for Prgm] <[

The output signal Vi forces the one-shot timer to generate a
control signal v, for the sample and hold circuit (SHC). The
SHC is forced to hoid the signal voltage from tLhe sawtooth
signal that corresponds to the linear signal. The operation of
this technique can be called an analog lookup able [21]. The
schematic diagram of the proposed technique is shown in Fig,
2(b). The operation of the proposed circuit in Fig, 2(b) can be
explained as follows. The phase of the excitation signal is led
by lead amplifier formed by an operational amplifier (opamp)
A, i capacitor €y, a resistor R and variable resistors R,. The
phase lead & and its voltage gain A, can be expressed as

&, =—tan "w, K0 (©)

and
|
A (N
(@ R3CT +1)

The graph (i) in Fig. 2(e) shows the lead signal v;. The
demodulator used in this paper was proposed in the literature
[16]. The demodulated signal v, or the core displacement
signal is compared with the lead signal v, by the comparator
Ay 1o generate the control signal for the SHC. The positive
edge of the pulse frum the comparator Ay forces the one-shot
timer to generale the control signal v... for the SHC as shown
in the curve (iii) of Fig. 2(¢c). The lead signal v is shaped to
logic signal V; by the comparator A as shown in the graph (it}
of Fig. 2(¢). The integrator is provided from opamp A
resistor Ry and capacitor €} to generale the triangular signal
synchronized with the lead signal. The raising edge of the
signal ¥y lorees the one-shot timer MN: to generate the reset
signal v.,. The signal v, is the reset signal for analog switch §),
which is used to reset the output signal vy of the integrator to
zero voltage. Therefore, the imegrator generates the tnangular
signal vy for the low level logic of the signal v., as shown in
the graph (iv) of Fig, 2(¢). The equal amplitude between the
core displacement signul v, and the lead signal v are
investicated by the compurator Ay Therefore, the SHC is
forced to sample the voltage from the rising edge of the
triungular signal v7 1. 1t can be seen that the output signal v, of
the SHC is lincarly proportioned to the core displacement over
the maximum stroke range of LVDT as shown in the graph (v)
of Fig. 2(¢).
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measured [16]. To synchronize the output signal of the LVDT
tivy and the excitation signal v, the phase of the excitation signal
is shifted by lag network to the signal v,. To verify the circuit
performance, the core displacement signal ve. i$ replaced by
the sinusoidal signal with the frequency 10Hz and peak
amplitude 1V, Fig. 3(a) shows the operating curves of the
proposed circuil in Fig. 2(by. The output signal v, lor the
variation of the core is shown in Fig. 3(b). It should be noted
that the linear rang of the LVDT can be extended more than
200%. The plot of the measured results using the commercial
LVDT for the full stroke range is shown in Fig. 4.

PSS v, 3
()]
. L. EXPERIMENTAL RESULTS
' ) . The proposed circuit in Fig. 2(b} is constructed using
M\/: v{ : @ commercial devices such as opamp LLF333, comparator
;I i :; ' ; : it i ' LM339. analog switch CD4066, one-shot timer CD4528,
vt DE =) TS0 96RT1 N capacitors Ci = Cy = Cy = 0.01uF, variable resistor R,=10 kQ
HiEEE d mraras i and resistors R = 100kQ and R: = 10k{. The LVDT
b R e _:_j i3 demodulator of the literature [16] is used to detect the core
L =R YUY i displacement signal. The supply voitage of 10V and the
Vo 4 ! | el } ! excitation signal of 5kHz with IV peak amplitude are
I : I : I ] ; I ! provided for this experiment. The commercial LVDT of
i A - N i (it} +12.5mm linear range with 6YmV/mm/V is used. It should be
AT noted that this LVDT provides the full stroke range of about
R S R T : +15mm. The phase lead between the excitation signal in the
i AN A P : primary winding and the secondary winding of about 18° was

vy

9]

Fig. 2. (o) Block diagram tb) proposed cireuit (¢) signal waveforms

o
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IV. CoNCLUSION

The lincar range extension technigue for LVDT hus been
presented. The technique 18 based on unmalog lookup  table
which is obtined hy the ramp signal generated from the
excitation signal. The linear range can be extended to full
stroke range of the commercial LVDT used in the experiment.
The circuit implementation is simple and low cost. The
experimental  results  confirmed the performance  of the
proposed circuit are included. The accuracy of the proposed
circuit is high over the operating stroke range.
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Linear-range Extension for Linear Variable Differential Transformer
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Abstract: This paper presents a linear range extension technique for the linear variable differential transformer
(LVDT). The technique is based on a signal conditioning circuit using the analog lookup table, which provides very
high resolution of resulting signal. The analog table which is obtained by the triangular signal generator, which has the

frequency equal to the excitation trequency.

Meanwhile, the referenced signal is obtained by the comparison between

the excitation signal and the output signal of LVDT. It is used to synchronize with the triangular signal. The proposed
technique is simply circuit configuration and it can be implemented using available commercial devices. The
experiment shows that the performances of the proposed circuit can be extended from the normal operating range of
LVDT to the maximum stroke range. In addition. the response time of the propesed techniques can be approximated as

half period of the excitation signal.

Kevwords: LVDT; OPAMP; analog lookup table: linear range extension.

1. INTRODUCTION

Linear variable differential transformer (LVDT) has
been proposed by G.B Hoadley since 1940, which plays
an important role in instrumentation and measurement
systems until now, It is usually used for measuring
displacement, position, acceleration, level, pressure,
flow, and other physical quantities [1]}-[6]. The
advantages of LVDT are high resolution and durability
[7). The LVDT structure consists of two secondary
windings which are located on two sides of a primary
winding. The operation of LVDT requires sinusoidal
excitation signal employed to the primary coii. The two
secondary windings are connected in series with oppose
configuration for providing the different AC output,
depending on the displacement of the core. If the core
placed at the center, it will produce zero voltage output.
Thus, the synchronous demodulator has been required to
detect both magnitude and direction of the core
displacement signal [1], [4], [8]-[17]. However, the
stability in operation of the synchronous demodulators
which mentioned above is worsening due to the
low-pass filter, producing the delay time effect. In
contrast, the demodulator in [8].{12]  [16] has been
used in the sample-and-held circuit (SHC) which can be
substituted for the low pass filter. Furthermore, the
phase shift between the excitation signal and the output
of LVDT is appeared causing the LVDT structure [16].
As a result, the detection of cere displacement has an
crror; therefore, the proposed technique in the literature
[16] has been used in this paper.

The relationship between the moveable core and the
demodulated signal is linear within the region of a
primary winding, thereafter it becomes nonlinear. The
operating range of commercial LVDT is linear about
25% of its maximum stroke range. Manny researchers
proposed many solutions o compensate or to extend
the linear range of LVIYT. It can be classified into two
methods namely modified LVDT structure and specific

978-89-93215-15-1/18/$31.00 < ICROS
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signal conditioning. The literature [18] presented the
technique to modified LVDT structure. However, the
disadvantages of this technique were inconvenient and
unsuitable for generai application because it required
the specific design for LVDT structure and its linear
range is still dependent on the structure length of LVDT.
For this reason, the large structure is executed. Then the
installation in embedded system or small area is limited.
In the past decade, the extension of linear range using
the artificial neural nerwork (ANN) was proposed
[19]-{20]. Nevertheless, they require more time in
computation processes due to the conversion of analog
to digital signal and the complexity of ANN. The
response  time of this technique depends on the
microprocessor’s speed. In addition, the microprocessor
or other equipment to implement these algorithms is
quite expensive. This paper presents the linear range
extension of LVYDT using analog lookup table, which is
implemented by the available commercial devices.
Accordingly. the linearly output of the full stroke range
of LVDT is obtained and its response time can be
approximated to two cycles of the excitation frequency.

2. CIRCUIT DESCRIPTION
2.1 Principle

A clarified schematic diagram = of LVDT s
demonstrated in the dashed-line block of Fig.I(a). The
excitation signal v =V siner is applied to the
primary  winding, while the secondary windings are
connceted in senes configuration and opposite direction.
Therefore, the signal v, and v, can be written as [1]

vy =k Vo (£ —1)sin(ax - ) (la)
and
Vg2 = k¥ (L +1)sin{ax ~ @) (1b)



where & is the sensitivity of LVDT, I is the peak
amplitude of the excitation signate ./ and [ signity
the null position and the position dittered trom null
position respectively, @ is the phase shift between the
signal in primary winding and secondary windings.

From equation (la) and (1b). the LVDT signal v,
can be expressed as

vy ={¥g —¥ga ) = 25, Isin(ax - @) 2)

In the case of &V, is constant, subsequently the
amplitude of the LVDT output signal v, depends on
the core position /. However, the Eq.(2) represents the
relationship between the LVDT output and the core
displacement at the linear range. approximating 25% for
the commercial LVDT. For the rest. it tumms into
nonlinear. For the full-stroke range of LVDT, the output
signal can be stated as [19]-[20]

Ll =k [P)sin (o —g) (3)

vy =k
where k, is the nonlinear coefficient. As mentioned
above, the output signal v, needs the demodulator to
produce the demodulated signalv,, , expressing the data
of the core displacement both amplitude and direction.
The demodulator was proposed in the literature [16] has
been used in this paper and demonstrate the simplified
diagram in Fig. 1(a). Hence, the demodulated signal can
be expressed as

Vi =k Vo HI=kJ%) (4

We define the values of the core displacement/ in Eq.(4)
for full-stroke range from -1 to | and assign & and &,

equals to | and 0.01. respectively. Therefore, the
transter characteristic of the LVDT can be illustrated in
Fig. 1(b). It should be noted that the response is in the
form of sine function. Its linear range is obtained
between -0.25 and 0.25.
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Fig.1 (a) Schematic diagram (b) The response of LVDT.

2.2Linear range extension technigue

A method to extend the linear range of LVDT in this
paper is based on the synchronization between the
demodulated  signal  corresponding to  the core
displacement and the triangular signal which produced
by the excitation signal. A simplified block diagram of
the proposed technique is illustrated in Fig. 2(a).
Meanwhile. the proposed circuit is shown in Fig. 2(b).
A phase of the excitation sinusoidal signal is shifted to
90° by the integrator circuit which established from the
resistor &, . capacitor (' and opamp 4, .Similarly. the
cosine signal has been achieved when the sine signal is
an input of the integrator. Thus, the output signal v,
can be expressed as

ex

5 (5)
whR (|

v, =4

COS X

The graph (i) of Fig. 2(c) show the excitation signal v
and signal v, . The square wave signal ¥, is produced
from signal v, by using the comparator 4, , illustrating in
graph (ii) of Fig 2(¢). The triangular signal ¥,

synchronizes with the signal v, as shown in curve (iv) of
Fig 2(c). This signal can be generated by the integrator
circuit. formed by opampd,, resistors R, . R, and
capacitor (, . The output signal from the integrator is
transferred to the SHC. The comparator 4 is applied to
compare the excitation signal and the core displacement
signal of LVIDT. Its output must be the logic signal .,
which can be stated as

1S [V ] > Ve
. (6)
"0" for [y, | <[]

tem

where v, is the demodulated signal of LVDT outpur
comesponded  with  the core  displacement and  its
magnitude s scale to identical the magnitude of
triangular signal.
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Fig.2. (a) Block diagram (b) proposed circuit
(c) signal waveforms

The raising edge of the lovic signal ¥, s used to force
the monostable A/V to enerate the one-shot control
signal v for SHC. The wavetorm of the control signal
is shown in graph (iii) of Fig. 2(c). The SHC is applied

SHC
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¥,

e

to sample the triangular signal which is conformable to
the linear signal and hoid it to the output. As a result,
the output signalv,,is achieved and its response is linear
relative te the core displacement through the full-stroke
range of LVDT as demonstrated in curve (v) of Fig.
2(c). It can be seen that the operation of the proposed
circuit can be called an analog lookup table [21].

3. EXPERIMENTAL RESULTS

To verifv the performances of the proposed technique
in order to extend the linear range of LVDT using
analog lookup table, the proposed circuit in Fig. 2(b)
was breadboarded using commercially available devices
for example, comparator LM339, opamp LF353,
monostable CD4528, analog switch CD4066, capacitor
C, = InF, eapacitor C, = 47nF, resistor R = [0k{2,
resistor R, = 10kQ and resistor R, — 20kQ. The supply
voltage of +10V is prepared for this experiment. The
commergial LVDT uscd in this paper was £15mm lincar
range and its sensitivity is 59mV/mm/V (S015.0 from
Solartron Metrology). However. the maximum stroke
range of =22mm is provided for this LVDT. The
excitation signal was applied to the primary coil as 5
kHiz sinusoidal wave of 2Vpp. The demodulator in
fiterature [16] was used in this experiment and a phase
shifted between the excitation signal and the LVDT
output is about 18% The 10 Hz sinusoidal signal with
the peak 1V is applied instead of the core displacement
signal v, to verify the proposed circuit performances.
Finally, the time constant of the onc-shot timer M is
set to 2 ps. The signal waveforms of the operating of the
proposed circuil in each case is shown in Fig 3(a).

Meanwhile, the comparison between the core
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signal v, is

proposed technique can extend the lincar range of

LVDT greater than 200%. Fig. 4 shows the plot ot the
output signal versus the variation of the this LVDT core.

T,- 1 i : | |
{ | l!k‘r”' ] : ’ l
E N
“ 3
B - 3
Chl_200V__Chl 100V M 100us] A Chl 7 _160mv
Ch3_10.0Vv M s.o00V
i#+¥ 3.200000s
(a)
Taicsiop g s
2 7]

Th1_s500mv__ [MIE_300mV___Md.00ms A _Ch2 S -270mv
fi+> 5.96000ms
(b)
Fig. 5 (a) Operating waveforms
(b) Input- and output response
ux’-
ol
pap
Z ot
5 of
#
= o
ok
ueh
s
A R T U A SN ENSACR K = s Sam (e Sl S 5 IS |

2204816122140 8§ . )
f {numy

Fig. 4 Measured output versus core displacement.

oA oo 80002 15 W18 20

754

105

4. CONCLUSION

The paper presents the technique to extend lincar
range of LVDT using analog look up table which is
based on the synchronization between the core
displacement and the triangular signal. For this reason,
the response time of the proposed technique is very fast
and its accuracy is very high. The proposed technique
can extend the lincar ranges of commercial LVDT more
than 90% of full-stroke range. The proposed circuit
performance  is  confirmed by  experimental
implementation, In addition, the proposed circuit is a
simple configuration and low cost due to the using of
commercially available devices.
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Simple Technique for Linear-Range Extension of
Linear Variable Differential Transformer

Wandee Petchmaneelumka, Wittaya Koodtalang, and Vanchai Riewruja

Abstract— A technique for extending the linear range of a
lincar variable differential trunsformer (LYDT) is introduced in
this paper. The linear operating range of a commercial LYDT is
narrow compared to the full stroke range due to its nonlinear
transfer characteristic. The narrow lincar range of the commer-
cial LVDT can be extended to maximum stroke range using
the proposed technique based on L¥DT inverse transfer char.
acteristic. The circuit building block provided the third-order
inverse transter characteristic of the LVDT is established using
analog multipliers und operational amplifiers (opamps). The
proposed technique requires only commercially available devices,
which is attractive in terms of 4 simple configuration and low cost.
Performances of the proposed technique are discussed in detail
and confirmed by simulation and experimentai results using the
commercial LVDT. As a result, the linear runge of the LVDT
used in this paper can bhe extended from £2mm to £15mm with
the maximum absolute error of about 10.23xm or the full-scale
error of about 0.068%. It is shown that the linear range of LYDT
can be extended greater than seven times.

Index Terms— linear variable differential transformer, induc-
tive transducer, linear range extension, eperational amplifier

[. INTRODUCTION

INEAR variahle difterential ranstormer (LVDT) is a kind

of an inductive trunsducer which provides the outstanding
fearures in the terms of high resolution and durability [1]-{3].
The LVDT structure consists of onc primary winding, two
sccondary wmdings and a moving core. The sccondary wind-
mgs of the LVDT are connected in the opposite direction o
generate the diflerence signal which is depended on the core
position [ 1], [4]. Practically. the LVDT is used o measare of
the displacement, position, level, How, force and pressure that
are extensively utilized in engineering, industries, automobiles,
military, scientific and medical equipment [11-{3}. [5]-[10].
When the excitation signal is appliced to the primary winding
and the difference signal from the secondary windings or the
LVDT output signal is in the form of amplitnde modulaton
with suppressed carmier (AMSC) [11]. To extract the core dis-
placement signal from AMSC signal. a synchronous demodu-
lator is required. Several synehronous demodulators employed
1o extract the core displacement signal fronp the AMSC signal
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are proposed in |5] and [11|-[I5]. However, the transfer
characteristic ol the LVDT for the core varied in the maximum
siroke range is exhibited in the {orm of a nonlinear hehavior
which can be approximately expressed by the third order senes
of a sinusoidal function from -z/2 to a/2 or from negative
peak amplitude to positive peak amplitude [4], [16]. It should
be noted that the linear operaung range of the LVDT is linear
only in the narrow range closed (o the sero crossing ol the
LVDT transler characteristic curve. Generally. a large linear
operating range required 2 large and sophisticated structure,
while-a large linear operating range of LVDT with a small
structure 1s needed lor embedded measurement system. This
is due to that the LVDT with small stucture contributed to
the compuct scale of the measurement system. Unfortunately.
the application of LVDT is limited to its structure. Recently,
the fractional order LVYDT which provides the large lincar
operating range [17] 1s introduced. However, the LVDT of this
approach requires a specilic design. Therelore. the application
ol tms LVDT is inconvement compared to the commercially
available LVDT. The linear range extension ol the LVDT based
on artificial neuril network (ANN) is presented [16], [18]. This
technique can compensate the nonlinear trunsfer charactenstic
of the LVDT for the large linear operating range using an
adaptive inverse model. Unfortunately, this approach requires
a mgh-speed processor to determine the adaptive inverse model
that results in a large circunt configuration and is uneconomcal
attention. Another disadvantage of this technigue is that the
large response time (o achieve the linear signal from the
LVDT output signul is obLuned. In this paper. the analog
circuit technique for reabization of the LVDT inverse transler
characteristic is introduced. The third order series of the
inverse transfer characteristic of the LVDT is implemented
using the commercially available devices. The proposed tech-
mique is based on a closed-loop configuration of an opamp
to obtain the inverse transfer characteristic of the LVDT. The
linear operating range of the LVDT can be extended to be
greater than seven times from the original linear range. The
performance ol the proposed circuit is discussed in detail.
Experimental and simulation results demonstrated the circuit
performance are also included. The maximum percentage error
ol the proposed technigue for the core varied to the maximum
stroke range of the LVDT used in this paper of about 0.068%
is observed. The purpose of the proposed scheme is to obtain
a simple circuit configuration at low cost,

11, PRINCIPLE OF LVDT

The schemauc diagram and structure of the LVDT are

depicted in Figs. Ha) and 1(h). respectively, The primary
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Fig. 1. Prncipie of LVDT: a) sunplified diagram, (b structure. (¢) transfer
characteristic.

winding is placed between two identical secondary windings
with a radius r,,. The lengths ol the primary winding and 1wo
secondary windings are assigned as b and . respectively.
The moving core of the LVDT is a lerromagnetic core with
a radius r. and length I... The gups between both sides of
the primary winding and the secondary windings are equal
to . The number of the wrns of the primary winding and
the secondary windings are piven bynp and ny, respectively.
If an excitation signal oo = Voosin{e, o) 18 applicd to the
primary winding, then the secondary winding signals v and
vs2 can be expressed as |4, [16]

2a e, v enpns (2 + b) :

psp = :
2t 107mdL, Zpinir,/ry '

(1a)

and

27 2 e v ot pns (20 + B) 5
ngr = = - - 15 (1b)
WO b ZpIn(r,/re) -

where Zp is the impedance of the primary winding. /; and
12 we the distunces of the core penetrated into the secondary
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widimes 57 and 5», respectively. The secondary windings are
connected in opposite ducction to achieve the difference signal

gl = tig— D32 AS

sy = K1 —K:!Z) (2)
R Barex e npns(h + 2d + 1n)ln
for K| - C] =

10%n L, ZpIn(r,/r.)
1

K=vu+om
where fy = ({) + [2)/2 and | = (&, — [1)/2. Pracucally,
the gap 4 is much smaller than the length 5 of the primary
winding or b > > . If the condition of L. = (3b + 2d) for
b >> d is taken for (2), then the difference signal vy can be
rewritten as [4]. [16]

8T @) v npns 2b 2 -
= — === =4I |1 = kal") (3
“ 107ZpInir,/r) 3m 252 ! ( " ) ()

and

where k; and k,, denote a sensitivity and a nonlinear coefficient
ol the LVDT, respectively. Pructically, the LYDT signal ny
is demodulated using synchronous demodulator to extract the
peak amplitude of the signal vg [11]. It can be scen that the
behavior of the LVDT in (3) exhibits a nonlinear transfer
characteristic as shown in Fig. I1(e). If the length [ of the
moving cote is varied in a nurrow runge. then the diflerence
signal iy is linearly proportional 1o the moxing core varied 10
the length { as

oy =kl (4

The linear range ol the dillerence signal vz in (3) is limited
10 the linear stroke length & as

where Jj denotes an acceptable value of 2 relative error for
the LVDT signal vy at the end of the linear stroke length /.

H1. PROPOSED LVDT LINCAR-RANGE
EXTENSION TECHNIQUE

The technique to synthesize the inverse transfer character-
istic in this paper is bused on the principle of an inverting
amplifier usig an operational ampiifier (opamp) as shown
in Fig. 2(a). The [unction block f(-) m Fig. 2(a) contains the
wransfer characteristic of the LVDT. From Fig. 2(a). the cur-
rents i; and iy ocan becoblained from vy /Ry and 6 /Rya.
respectively, and the voltage n ¢ is the Tunction of the outpul
voltage t. Thus, the outpulsignal o, can be determined from
the sum of the current signals at node A as
£0)
R..l.‘.

From (6). if the condition of Ry = Ry, is assigned. then the

iy

(6)

output signal 6, can be given by
-1 5
vy = = f () )

It can be seen that the outpul signal py, is an inverse Tunction
ol the inpul signal 1, To generate the inverse trunsder char-
acteristic of the LVDT, the principle in Fig, 2(a) is achieved
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by replacing the function block /() with the circuit building
block for synthesizing the LVDT transter characteristic. The
LVDT transfer chacacteristuc in (3) can be simply synthesized
using the analog muluplicrs as shown in Fig. 2(b). From
Fig. 2(b), the output signal n, can be written as

v, =Ky (] - »’s;mf) 1] 18)
where &) and &; are set 0 correspond to the LY DT sensi-
tively k, and nonimnear coetficient 4,. respectively. The circuit
configuration of the block diagram in Fig. 2(b) is depicted
in Fig. 2(c). An opamp Az and a vanable resistor K, are
utilized for the gan compensauon and adjusting the coeflicient
ky of (8). The difference of the signal wy and its third
order signal o2 is determined rom the diflerence ampliher
comprising an opamp Aa. the resistors Ripp — Rya and the
variable resistor K., where the resistance of the variable
resistor R, 18 assigned to be much less than the resistance
Rz,
the maximum amplitude of the imcasured transfer charac
leristic of the LVDT. From (3), the coellicient &, can be
slated as

The nonbincar coellicient &, can be determined Trom

(9)

where 14, and [, denote the maximum amplitude of the LVDT
transfer characteristic and the position of the moving core at
the maximusm stroke range to obtain the maximum amplitude
tap. respectively. The LVDT used in (his paper provides
the measured paramcters [or the relative crror of 0.5% at
linear stroke range J; +2 mm, k, = 84.617mV/mm/V.
lp = £16 mm and &, 1.103mV/mm-, where the LVDT
excitation signal is set to a simusoidal wave with 1V peak
amplitude. The circuit configuration of Fig. 2(¢) is simulated
using PSPICE analog simulation program to demonstrate the
response of the signat v, From Fig. 2(c). the signai o) varied
from — 1.6V 10 1.6V 1s assigned 1o represent the LVDT core
moved from —16 mm w 16 mm,

Itshould be noted thal the sensitivily v, /v of the synthe-
sized LVD Transfer eharaetenistic is equal o 100mVimm/V
Theretore, the coefticients &) and k> are set o 0.8462 and
01103, respectively. The simulation result for a linear input
signal v of Fig. 2(c) is depicted in Fig. 3(a). It can be seen that
the linear stroke tange /; = 42 mm of the LVDT used in this
paper corresponds o the magnitude ol the LVDT diflerence
signal nyoin the range of £ 16R.760mV. Also, the maximum
magnitude of £972.65mV is measured al the maximum stroke
range 16 mm, From Fig, 2(a), the inverse transler chavac-
teristic of the LVDT can be achieved by replacing the block
diagram in Fig. 2(by into the function block f-). The output
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response of the signal v, 1s sunulated and shown in Fig. 3(b),
where the signal o, is lincarly varicd form —=972.65mV to
972.05mY. Also, the simulated result of the signal o, [or the
LVDT core varied in the range of £ 16 mm is shown in curve
(i of Fig. 3(¢). where the LVDT difterence signal vy tor
the peak amplitude of £972.65mV is demodulated using the
technique presented m [11] and apphied as the signal ny,. The

absolute error &, of the signal n, is shown in curve (i) of

Fig. 3tcy. Tt should be noted that the maxuuum absolute error
& i occurred at the stroke range of +15 mm. From Fig. 3(c¢).
the maxnnum absolute error A, ,00 about 1366V corresponding
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fo 1.36m s observed. Therelore. the linear vange ol the
LVDT used in this paper can be extended from £168.76mV
to £1.5V corresponding to the LVDT stroke range of =2 mun
to £15 nmun.

IV. PERFORMANCE ANALYSIS

The performance of the proposed techmique can be inter-
fered by the non-ideal characteristic of the devices used
in the scheme. The derivaton (rom the ideal performance
of the proposed technique depends on the accuracy of the
synthesis of the LVDT transfer characteristic. The voltage
signal oz of Fig. 2(¢) including the nonlinearity [aclors am
and &> of the analog multipliers AM; and AM>, respectively,
can be approximated as
(10}

3 L
vy = o]l + &m1 + Em2)

The tolerance in the resistors Rpi— Ry and K - R20f the
difference amplifier and the inverting amplifier, respectively.
coniributes to the inaccuracy of the function block /(¢). It A,
and A, dare the tolerance in the resistors (R, and R,a)
and (R, and Rna), respectively, and A, is the tolerance in
the resistors Ry and Ry2 of the inverting amplifier. Then the
voltage errars ¢, and ¢, of the LYDT transfer characteristic
signal v, and its inverse transfer characteristc signal v, can
be. respectively. mven as

Rt b 5y Wi Tl i 1 le)

N a Ry Ronn Rz (Ront + Rm:)"l (I
and
X =\ (Afvd,, + (Auiz Rrivo™ Ami Rw2) Rz fin
ARG Ryt R ARy A+ Rug)
+_&:’__L2{gm, s Em“jl?! )
w Ry . =Yop
(12)

where by, denotes the umpliude ol the LVDT wansler
characteristic signal at the maximum stroke length and v,
is the expected output voltage v, of the inverting amplifier at
the maximum stroke length of the LVDT. In Fig. 2(c), if the
resistances Ry = Rz and R0 = R,,q are assigned, the value
of the coelficient a 1s adjusted to be such that the gain & of
the difference amplifier is consistent with the sensitivity k;.
In additon, the resistances Ry and K-> are assigned to equal.
Then. the ervor &, and &, in (1) and (12). respectively. can
be rewritten as

o= A (A2 Ry — AmIRur"]“_

T Rt Ran Rt + Ry2)

( (An2 Ry — A K2 by
o = = df”u"m e

Kot R (Rimt + Riy2)
' X
AR (e E,-._‘,‘l“,,‘., (14
From ¢1:y, the wolerance Ay can be reduced by replacing the
resistor Ry with @ variable resistor and fime tune its resistance
as close as the resistance Ry, Practically, the factors &,
and w0 can be measwred from the experimental result of
the analog mulipliers AM and AM .

(13}

Dys

respectively. From an
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experimental implementation. the resistors ( Ry, and R,a3) and
(Rp2 and R,4) are selectively matched with the tolerances
of 1% or Ay = Aps = | x 1072 The resistor Rys is
replaced by the vartable resistor and adjusted to be close Lo the
resistance Ry, for the olerance Ay of 1% 10 . From Fig. I(a),
the excuation signal v, with the peak amplitude of 1V is
applied to the primary winding of the LVDT. The LVDT
output signal is demodulated using the techmque proposed
in | 11| where the demodulated signal is used as the signal
py an Fig. 2(c¢). The peak amplitude of the signul vym of
about 955.31mV ar the core position of 13 mm s measured
for the expected output voltage v., of 1.5V, The nonlincarity
factors £y and £, of the analog multipliers AM, and AM>.
respectively. are measured of about 6 x 1077, From (14}
the maximum ¢rror &, at the maximum stroke ol 15 mm
is calculated as 0.993mV corresponding to the core position
of 9.93um. Therefore. the percentage error of about (.066%
1s obscrved. It should be noted that the voltage error &, can
be lurther reduced by twming the resistor Ryp w close 1o
the resistor K;;. However, the minimum percentage ertor is
limited by the nonideal characteristics of both the active and
passive devices used in the proposed scheme.

V. EXPCRIMENTAL RESULTS

The proposed scheme in Fig. 2(c) is implemented to cbserve
the circuit performance using commercial dual opamps
L1353 and analog mulipliers MPY 3534 as active devices. The
resistors Ry = Ry3 = S0k and Ryn = Rya =20kQ are
selectively matched with the tolerance 1% or Ay = Ay =
1< 1072, The resistance R, of 20kCY is chosen and the resistor
Rgq2 s replaced hy the variable resistor of 30k€) in order ta
tune 1ts resistance closed to the resistance Ry for a tolerance
better than 0.1%. The power supply voltages are set 1o 29V,
The LVDT used in this paper is a commercially available
device with the linear stroke range of =2 mm and & =
94.3mV/mmy/V. The excitaton signal of 1V peak amplitude
at 2.5 kHz sinusoidal wave is applied to the LVDT in order
to measure its transfer characteristic The LVDT demodulator
mn | 11] is used 10 exiract the envelope of the LVDT diflerence
signal uy. The demodulated signal 15 applied as the input signal
of the proposed scheme for experimental implementation. The
prototype of the propased scheme is shown in the dash line
Irame ol Fie. 4(u) anxd the experimental sel up in order 1o
demonstrate the response using the INTIT synthesized signal
and the practical LVDT signal are shown in Fig, 4ib) and 4(¢).
respectively

The transfer characteristic of the LVDT is measured as
shown in Fig. S(a), From Fig. S(a). the sensitivity &, of
the LVDT is meusured us 84.7ImV/mm/V and the maxi-
mum amplitude vy, = 972.65mV at the maximum stroke 7,
The nonlinear coefhcient &, can be determined
from the voltage v, by using (9) as |1 103mV/mm?. From (5).
the Imewr siroke range Iois caleulated as 2 mm, where the
accepted relative error & of the LVDT owpur signal vy is
1 Fax 10 T'he
chosen as ThE and TORLY, respectively

of 16 mm.

0.44% or vartable resistors K, and R, wre

[he maximum stroke

range of the LVDT is expected as 4 16 mm corresponding
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Tig. 4. Expenmenul sciap: (a) prowiype, () for LYDT signal synthesis by
computer control board, (¢) for signal (rom practical LVDT.

to the maximum output signal v, of 1.6V, Therefore, the
vanable resistor R, 18 used 1o adjust the coellicient & by tuning
the parameter @ of the difference amplifier which is equal to
08471 corresponding to the sensitivity A,. Also, the variable
resistor K, is adjusted [or the coellicient &> = 0.1103 corre-
sponding to the nonlinear coefficient &,,. Tt should be noted that
the anmalog multiphicrs MPY334 used in tus paper provide the
inherent altenuation lactor ol 0 1. From (8), the coelhcient k»
is now included the gain comper
multpliers. Therefore, the coefficient K> s assigned as 11,03
I compensate the atlenuation lactor ol the analog multiplier.

ation ob LOG Tor two analog

In addition, the nonlineirity Gictors ol the anadog multipliers

- ’ t
of about L6% or ¢py = ey = 6 x ) 7 are measuvred
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The LabVIEW computer simulation program - incorporated
with analog input/output bouard from Nationad Instruments
(NI-USB-6009) are used to demonstrate the dynamic response
ol the LVDT. To confirm the cireuil performance, the LYDT
transfer characteristic in (3) is synthesized where the parame-
ters of the LabVIEW program are sct equally to the practical
LVDT wused v this paper, From Fig. 3(c) the maximum
absolute error dgp from the simulation result is occurred at
the core position of 4 15 nin. Therefore, the maximum stroke
range used to verify the performance of the proposed scheme
in this experiment is assigned to +15 mm. The LVDT wansfer
churacteristic produced by LabVIEW program is transferred
to the NL-USB-6009 board to synthesize the LVDT signal for
the proposed scheme The measured response of the LVDT
transfer charactenstic synthesized using LabVIEW program
incorporated with NI USB-6009 is shown in Fig. 5tb). The
peak amplitude of the LYDT transler charagleristic generated
for a stroke range of =15 mm 15 observed as 9553 1mV.
It can be seen that the measured response [rom the output
of the computer-controlled board NI-USB-6009 provides the
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linear range of abeut £2 mm and the stroke range of £15 mm
closed o the LVDT response i Fig. S(ay. The input signad m)
in Fig. 2(¢) is linearly varied in the range of £955.31mV
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TABLE |
COMPARISON BEIWEEN PROPOSED TECHNIQUE AND RECEN T WOKRRS

Percentage of lineanty

Proposcd technique 0.0680%
Reference [16]) 0.5105%
Reference [17] 0.2937%

corresponding to the stroke range of £15 mm for the LVDT
used in this paper. The mverse function of the LVDT transler
characteristic generated by the proposed technigue is measured
as shown in Fig. 6(a). Fig. 6(b) shows the measured results
for the output signal ol the proposed technique in Fig. 2(a),
where the input signal v,, is the synthesized signal as shown
m [ig. 5(b). It can be scen that the output signal of the
proposed scheme can be linearly extended from £2 mm to
+15 mm close to the simulation result in curve (i) of Fig, 3(c).

Fig. 6(c) shows the measured result of the oulpul signal 4,
for the core of the LVDT varied from 13 mm to 15 mm,
where the input signal vy, is the demodulated signal from the
LVDT used in this paper. From experimental result in Fig. 6(c).
the absolute error o, of the ourtput signal n, for the core
varied in the range of =15 mm is shown in Fig. 6(d). From
Fig. 6(d), the maximum absolute error .5 of about 1.023mV
corresponding to 10.23,m 15 occurred at the posiuon of the
LVDT core ag £15 mm. The [ull scale error g, for the cure
varied 1o the maximum swroke range. usually described in term
of the percentage of linearity [19], can be defined as

maux (dup)

s « 100% (15}

~ full stroke range
From (15, the [ull scale error ap, is achieved as 0.068% lor
the maximum absolute error d,p of 10.234m at the maximum
position of the LVDT core of 15 mm. It can be seen that the
lineur range of the LVDT used in this puper can be linearly
exiended more than seven limes from =2 mm o =15 mm.
The recent works proposed n [16] and {17} are referenced
for comparison with the proposed technique in term of the
percentage of linearity. It should be noted that the results of
the recent works mentioned above are achieved only from
simulation results. Table 1 shows the epmparison between the
percentage of linearity obtained trom the proposed technigue
and those of recent works. It as evident that the proposed
lechnigque can extend the hnear operating range of the LVDT
with high linearity.

VI, CONCLUSION

The nonlinewity compensation of the LVDT behavior has
been proposed in this paper. The wechnique 15 based on the
inverse transler characteristce of the LVDT generated by the
analog multiplicrs and the ditference amplificr. The configura
o of the proposed techmigue requires a minimum number of
devices that ofters a smudl-size scheme. The linear operating
range of the LVDT s extended close to the maximum stroke
range with high linearity. The performances of the proposed
scheme have been demonstraled by simulation and experi
mental results. The results confirming the performances of
the proposed technique coincide with theoretical expectations.
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