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The linear-range extension technique for a linear variable differential transformer (LVDT) is
described in this paper. Generally, the LVDT has a narrow linear operating range caused by its
nonlinear transfer characteristic. To extend the linear operating range, the nonlinear behavior
of the LVDT must be adjusted. In this paper, the circuit building block providing the LVDT
inverse transfer characteristic using binomial series approximation is proposed for linearizing
the nonlinear behavior of the LVDT. The third-order inverse transfer characteristic of the LVDT
is synthesized from analog multipliers and a difference amplifier comprising an operational
amplifier (opamp). All active devices used in this study are commercially available. Therefore,
the attraction of the proposed technique is in the simple configuration and low cost, making it
suitable for an embedded measurement system. The performance of the proposed technique
is discussed in detail. Simulation and experimental results confirming the performance are
also included. As a result, the linear range of the commercial LVDT used in this study can be
extended more than 500%. The full scale error of the measured value is about 0.23% over the
entire operating range.

1. Introduction

An inductive transducer named the linear variable differential transformer (LVDT) provides
the advantages of high resolution and durability.(H) The LVDT is used in applications to
measure displacement, which can be observed in the engineering, industrial, automotive,
military, robotic, scientific, and medical equipment fields.!')  The operation of the LVDT
is based on the same principle as the transformer, which comprises a primary winding and
two secondary windings with a moving core.>19 The output signal of the LVDT is the
difference signal between two secondary winding signals. Therefore, the LVDT signal is
directly proportional to the position of the moving core that can be used to measure the
displacement with high resolution. When the excitation signal is applied to the primary
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winding of the LVDT, the secondary windings generate the LVDT output signal in the form of
an amplitude modulation with suppressed carrier (AMSC).(B) Thus, the displacement signal
can be extracted from the LVDT output signal using a synchronous demodulator based on a
peak amplitude finder or an analog multiplier.m’m The transfer characteristic of the LVDT
provides a nonlinear behavior for the moving core that varies in the maximum stroke range,
which can be expressed as a third-order function of the core position.(z’lz’lg) Note that the linear
operating range of the LVDT exists only in the narrow range close to the zero crossing. The
large linear operating range of the LVDT with a compact structure is very useful for embedded
measurement and instrumentation systems. However, the large linear operating range of the
LVDT requires a large structure that is unsuitable for the embedded systems. In the past,
the linear operating range of the LVDT was extended by the fractional order technique.!'”
Unfortunately, this technique is suited to a special design of the LVDT that causes a complex
and large structure. The technique based on an artificial neural network (ANN) has been
introduced in the literature.?%?" This technique can extend the linear operating range of the
commercial LVDT using an adaptive inverse model. The use of the ANN technique requires
a high-speed signal processor to calculate the adaptive inverse model. This is inconvenient for
the embedded measurement system and uneconomical. Moreover, the ANN technique provides
a large response time to obtain the linear displacement signal.

In this paper, the circuit building block providing the inverse transfer characteristic of the
LVDT is proposed. The binomial series is used to estimate the inverse transfer characteristic of
the LVDT. The LVDT output signal is demodulated to the displacement signal by the technique
reported previously.!? The displacement signal is compensated to the linear displacement
signal by the proposed scheme. Note that the proposed scheme can be implemented using only
commercially available devices. The performance of the proposed technique is analyzed and
discussed in detail. Experimental results show that the maximum percentage error of about
0.5% in the maximum stroke range is observed. The linear operating range of the commercial
LVDT can be extended more than 500% by using the proposed technique. It is clearly seen
that the proposed technique exhibits the advantages of fast response, high accuracy, simple
configuration, and low cost.

2. Basic Principle of LVDT

The LVDT principle is similar to that of a transformer that comprises a primary winding
P, two identical secondary windings, Sy and S, and a moving core, as shown in Fig. 1(a). Two
secondary windings are connected in opposed directions to generate the displacement signal.
The amplitude of the displacement signal versus the core position is shown in Fig. 1(b). The
structure of the LVDT is shown in Fig. 1(c), where the lengths of the primary winding and
secondary windings are defined as p and w, respectively, with the radius dp. The number of
turns in the primary winding and secondary windings are equal to n, and n;,, respectively.
The dimensions of the LVDT core are obtained as the radius d¢ and length L¢e. The insulators
between the primary winding and the secondary windings have a thickness of g. The sinusoidal
signal v, = Ve sin(wey?) 1s applied as the excitation signal for the primary winding, where V,,
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Fig. 1. (a) Principle, (b) output signal, and (c) structure of LVDT.

and w,, are the amplitude and frequency of the sinusoidal signal, respectively. If only the
magnitude of the LVDT signal is considered, then the secondary winding signals vs; and vs»

can be expressed as(122:2%

v ex’ ex la
St 107wLCZP1n(dO/dC) (1)
and
27%w, V, npne (2l +
Vg, = ex” ex"'P S( 1 P) 2 (lb)

10" WL-ZpIn(d, / d)

where Zp denotes the impedance of the primary winding, and /; and /5 are the lengths of the
core penetrating into the secondary windings S; and S, respectively. From the structure of
the LVDT, the displacement signal can be obtained from the difference signal between two
secondary winding signals, vg = (vs; — vs»), and can be stated as

v, = Kl(1-K,1%), Q)
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2
for Kl _ 8 Cl)e;cVeanns(p'i' g+10)10, a KZ :;, where Iy = (I} + b)/2 is the
10" wL-ZpIn(d,, / d;) (p+2g -+l

average length of the core penetrating into the secondary windings S1 and S», and [ = (I} — [»)/2
is the core position. Practically, the length p is larger than the gap g or p >> g. From Fig. 1(c),
the length Lc can be approximated as Lc = 3p; then, the difference signal v; of Eq. (2) can be
given by*!12:24)

87w,V nphg Zp{ P
Vg —| /-

107ZpIn(dy /dp) 3wl 2p?

] =k 11—k, %), 3)
where k; and &, are the sensitivity and nonlinear coefficient of the LVDT, respectively. The
difference signal v; of Eq. (3) exhibits only the amplitude of the AMSC from the LVDT output
signal versus the excitation signal. To extract the displacement signal from the LVDT output
signal, the synchronous demodulator is required to generate the envelope of the difference
signal v;. Note that the response of the demodulated signal is nonlinear along the entire core
position, as shown in Fig. 1(b). The linear range of the LVDT transfer characteristic lies in a
narrow range close to the zero crossing of the LVDT response curve. The LVDT signal v; can
be approximated as linear for the moving core varying in the narrow range close to the zero
crossing of the LVDT transfer characteristic curve in Fig. 1(b). Thus, the difference signal v,
can be expressed as being in linear proportion to the core position / as

va = k. “)

From Egs. (2) and (3), the linear range defined by /; of Eq. (4) is limited by the nonlinear
coefficient k,. Practically, the nonlinear coefficient k,, is described in terms of the acceptable

error ¢, of the LVDT output signal. Therefore, the linear range /; can be expressed as >

€L

=+ [-L.
kl’l

©)

I

From the specifications of the LVDT used in this work, the acceptable error ¢ is equal to 0.5%
and k, = 1.106 x 107> V/mm?; then, the linear range [z is about £2.13 mm.

3. Proposed Technique

The nonlinear term in parentheses in Eq. (3) causes the narrow linear operating range of the
LVDT. This nonlinear term can be compensated using the inverse property N(/) to extend the
linear operating range as

1

N()=———,
@ 1-av))

©)
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where a is the weighting coefficient used to minimize the error of the displacement signal.
Practically, the magnitude of the term kn? in Eq. Q) is |k,,12| < 1. This is because the nonlinear
coefficient k, of a commercial LVDT is very small and unaffected when the displacement /
approaches zero. Consequently, the weighting coefficient a in Eq. (6) is a < 1. If the maximum
value of the displacement signal v, is assigned for the condition of |av,?| < 1, then Eq. (6) can be

expanded using the binomial series as ?¥

N()=1+av: +(avi)? +(avi)’ +---. (7)

From Eq. (7), the higher order terms can be neglected when |avd2| < 1. Then, the nonlinear
term N(/) can be approximated as

N()=1+av3. (®)

From Eq. (3), the nonlinear term (1 — k,/%) can be compensated by the term N(/) of Eq. (7).
The block diagram for the linearization of the LVDT behavior is shown in Fig. 2(a). From
Fig. 2(a), the output signal v,; versus the signal v, can be stated as

V=V +av§} =vd(1+av§). )

From Eq. (9), if the displacement signal v, is applied, the output signal v,; can be given by

v, =kl + [(akf —k k)P =3ak’k, I +3ak k2l — akfk}jﬁ] . (10)
/ Va Vol
LVDT > NIl —
@)

relative error %

Fig. 2. (a) Principle of LVDT. (b) Plot of Eq. (12).
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If an appropriate value of the weighting coefficient a is chosen, then the output signal v,; in
Eq. (10) can be approximated as

Vor = kil - (11)

The relative error of the output signal v,;, defined by ¢,;, can be expressed as
Eur =| (@] ~ k)1 =3kl 1 + 30kl — k7T |x100% . (12)

The plot of Eq. (12) is shown in Fig. 2(b) and used to determine the coefficient a. From Fig.
2(b), if the relative error &, of about 0.5% is assigned to equal the specification of the LVDT
used in this work with the linear stroke range of about 1.9 mm, then the weighting coefficient
a = 0.187 is observed at the core position / =+9.8 mm. Note that the linear stroke range can be
extended from +1.9 to £9.8 mm. The circuit diagram containing the property of Eq. (9) can be
simply implemented using the analog multipliers and summing amplifier, as shown in Fig. 3(a).
Note that the commercial analog multiplier provides an attenuation factor . The summing
amplifier comprises an operational amplifier (opamp), resistors Rj—R3, and variable resistor R,,,
as shown inside the dashed-line block in Fig. 3(a). Therefore, the output signal v,; in Fig. 3(a)
can be given by

@
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Fig. 3. (a) Proposed circuit, (b) simulation result of reverse transfer characteristic, and (c) linearization of LVDT.
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v =—£ 1+ﬁ77v2 Vi, (13)
ol d |Vd
BRI R

where £ is the amplification factor used to span the output signal v,; to the appropriate value
and to compensate nonideal values between resistors R3 and Rj. Note that the output signal
vo1 of the scheme in Fig. 3(a) is 180° out of phase. The parameters of the LVDT used in this
work are measured from the experimental implementation as k, = 84.817 mV/mm/V, k, =
1.106 x 107 mm™2, and /; = +1.9 mm for the relative error of 0.5%. The parameter k, can be
calculated from a maximum value of the transfer characteristic curve of the LVDT and Eq. (3)
as

k = ktlm —Vam
ki,

; (14)
where vy, and [, are the maximum value of the LVDT transfer characteristic curve and
the position along the length of the moving core at the maximum voltage vg,, respectively.
Simulation results of the LVDT reverse transfer characteristic in Fig. 3(b) and the linearization
of the LVDT behavior using the proposed technique for an excitation signal with the peak
amplitude of 1 V in Fig. 3(c) were obtained using the PSPICE analog simulation program. It can
be seen that the linear operating range of the LVDT used in this study can be extended more
than fivefold.

4. Performance of Proposed Scheme

Deviation from the ideal performance of the proposed scheme is caused by the nonideal
characteristics of the analog multipliers and the tolerance of the resistors used in the summing
amplifier. From Fig. 3(a), the output signal v,; caused by the errors of the analog multipliers and
the nonideal factor between the resistors R; and R;, defined as 45, can be expressed as

133 Rl 2 RS 3
vV, =— vyl l+—nv; |—(4, +¢ —ny 15
ol ,BRl d[ R2 d} ( 12 le)ﬁR2 d> ( )

where ¢,,12 denotes the error of the analog multipliers. From Eq. (15), the amplification factor
[ can be varied to assign the term (R3/fR;) = K1, where K is the gain of the proposed scheme.
Therefore, Eq. (15) can be rewritten as

R 5 R 3
Vor =K1 va (1+R—177VdJ—(A12 +5m12)KL R—lﬂ"d- (16)
> >

From Eq. (16), the second term on the right-hand side, that is, the error term, can be
minimized by replacing the resistor R, with the variable resistor. If the resistance R, is varied
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to approach the expected value, then the relative error of the output signal v,;, defined as &,., can
be expressed as

2
R (415 + €p12)va
gOC = R
R |1+ L2
2( R n d]

If the resistances R; and R, are chosen to satisfy the nonideal factor 41, of about 0.2%,
error &,12 = 0.4%, (nR1/Ry) = 0.187, and the peak amplitude of the signal v; = 762.97 mV
corresponding to the core displacement / = 9.8 mm, then the relative error ¢,. of about 0.06%
is calculated. Note that the relative error ¢,. is very small. Therefore, the inaccuracy of the
proposed technique corresponding to the relative error &,. can be neglected. From Egs. (12) and (17),
it can be seen that the major factor contributing to the inaccuracy of the proposed technique is
the relative error ¢,,.

100% .
<100% a7)

5. Experimental Results

The proposed scheme in Fig. 3(a) was constructed using commercially available devices to
demonstrate its performance, as shown in Fig. 4(a). The active devices used in this study were
the analog multiplier AD633 and opamp LF351. The analog multiplier AD633 provides an
attenuation factor of about 0.1. Therefore, # = 0.01 was obtained. The resistors R} = R3 = 20 kQ
with 0.2% tolerance were chosen. From Eq. (12) and Fig. 2(b), #Ri/R2 was equal to 0.187.
Thus, the resistance R, was calculated as 10.7 kQ. The resistor R, was replaced by the variable
resistor to tune the resistance to be close to the calculated value. The variable resistor R, of
1 kQ was chosen. The power supply was set as +9 V. The nonlinearity error of the term vy >
was measured to be about 0.4% or g, = 4 X 1073, The commercially available LVDT used
in this study provides the following specifications: linear stroke range of £2 mm, maximum
relative error of 0.5%, and sensitivity k; = 94.5 mV/mm/V. The excitation signal applied to

(@ (b)

Fig. 4. (Color online) (a) Proposed circuit. (b) Experimental setup.
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the LVDT is set as a 2.5 kHz sinusoidal wave with a 2 V peak-to-peak amplitude. In this
experiment, the output signal of the LVDT is demodulated using the technique proposed in the
literature!¥. The experimental setup is shown in Fig. 4(b). The practical behavior of the LVDT
is measured and shown in Fig. 5 to extract the parameters. The parameters of the LVDT can be
determined as follows. The sensitivity of the LVDT is determined to be 84.817 mV/mm/V.

The maximum amplitude of the LVDT signal vy, is 971.55 mV at the maximum stroke or
l,n = £16 mm, and the linear range of the LVDT is about £1.9 mm for the relative error of 0.5%.
The nonlinear coefficient k, can be calculated using Eq. (14) as 1.106 % 1073 V/mm?. The
LVDT inverse transfer characteristic of the proposed scheme is shown in Fig. 6(a), where the
difference signal v, is assigned as (vsa — vs1) or —vg for the inverse operation of the signal v,,.
The demodulated LVDT signal is synthesized using the LabVIEW program and analog input/
output board from National Instruments (NI-USB-6009) to demonstrate the performance of the
proposed technique, where the LVDT parameters are set to the same parameters as the practical
LVDT used in this study. The synthesized signal is applied to the scheme in Fig. 3(a) for the
peak amplitude of £971.55 mV corresponding to the core position of £16 mm. The measured

LVDT output voltage (V)

1 (mm)

Fig. 5. Practical behavior of LVDT.
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Fig. 6. (a) Transfer characteristic of the proposed scheme. (b) Measured result of the proposed scheme.
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Fig. 7. (a) Measured result of the output signal. (b) Relative error.

result confirmed the proposed technique performance, as shown in Fig. 6(b). It can be seen that
the proposed technique can extend the linear operating range from +1.9 to +9.8 mm. Figure
7(a) shows the plot of the average voltage of the output signal v,; from the circuit in Fig. 3(a)
of 5 repeated measurements for each core position from —9.8 to 9.8 mm. The sensitivity of
the proposed scheme is set to 100 mV/mm/V by adjusting the variable resistor R, to vary the
amplification factor . The relative error ¢, of the measured signal v,; is shown in Fig. 7(b). The
maximum relative error &, of the measured result in Fig. 7(b) corresponding to the absolute error
eqam of about 46 um is observed, where the maximum relative error ¢, occurs at the core position
of £9.8 mm. The full-scale error of the proposed technique, defined as ¢4, can be stated as

max(&

= am) x100% (18)
|max(stroke range)| )

&f
If the maximum absolute error &4, is equal to 46 pm, the full-scale error &4 is calculated to
be about 0.23%.

6. Conclusions

The inverse transfer characteristic of an LVDT based on a binomial series was proposed in
this paper. A simple circuit configuration comprising analog multipliers and an opamp was
adopted for synthesizing the LVDT inverse transfer characteristic without a specific device.
The linear operating range of the LVDT was extended more than fivefold from the LVDT
specification used in this study, that is, from £1.9 to £9.8 mm. The performance of the proposed
circuit was confirmed by experimental implementation. The proposed circuit can be used as
a signal conditioner to measure a large displacement using a small-structure LVDT with very
good performance. The proposed technique exhibits a simple configuration that is suitable for
measurement systems used in small areas such as a miniature robot and an embedded system.
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