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An analog circuit technique to realize an inverse transfer characteristic of a linear variable
differential transformer (LVDT) is presented in this paper. Practically, the structure of the LVDT
causes a narrow linear operating range compared with its full stroke range. However, a large
linear operating range requires a huge structure for the LVDT, making it unsuitable for a small
or compact measurement system. The proposed technique can be used in a commercial LVDT to
extend the linear operating range to its full stroke range. The technique utilizes an inherent
behavior of an operational transconductance amplifier (OTA) to emulate the LVDT transfer
characteristic. The LVDT transfer characteristic generated by the OTA is used as a feedback
path of the inverting amplifier formed by an operational amplifier (opamp) to realize the inverse
transfer characteristic. The residual error due to the OTA behavior is very small and can be
neglected without adversely affecting the performance of the proposed technique. All devices
used in the proposed scheme are commercially available. The attractive features of the proposed
technique are its simple configuration, small size, low cost, and high accuracy. The performance
of the proposed technique is discussed in detail and confirmed by its experimental
implementation. Measurement results demonstrate that the linear operating range of the
commercial LVDT used in this study can be extended by a factor of more than 2.4, and a full-
scale percentage error of about 0.068% was obtained.

1. Introduction

In a position measurement system, the linear variable differential transformer (LVDT) is an
important inductive transducer, exhibiting excellent performance in terms of resolution,
robustness, and durability.0-5) The applications of the LVDT include the measurement of the
position, force, flow, displacement, and pressure in industrial process control, building
construction, automobiles, military equipment, scientific and medical equipment, and
robotics.5~1%) The LVDT has a transformer-like structure, comprising a primary winding and
two secondary windings connected in opposite directions. The core of the LVDT is a
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ferromagnetic element that can be moved in the axial direction. If an excitation signal in the
form of a carrier signal is applied to the primary winding, then the resulting signal from the
secondary windings is in the form of amplitude modulation with suppressed carrier (AMSC).(10)
This resulting signal or the difference signal from the secondary windings is usually called the
LVDT signal. To obtain the displacement signal from the LVDT signal, a synchronous
demodulator is required to remove the excitation signal. Several synchronous demodulators for
obtaining the displacement signal from the AMSC have been proposed.(:317-19) Simple
synchronous demodulators using an analog multiplier and a low-pass filter or using an analog
switch and an integrator have been introduced to obtain the displacement signal of the LVDT
signal.(-3:17-19) The disadvantage of these simple demodulators is that the phase shift and large
time response reduce the accuracy of the displacement signal. Techniques that use a peak-
amplitude finder to overcome the disadvantage of simple synchronous demodulators have
recently been proposed.(!020-2) These techniques have a fast response, high accuracy, and low
cost. Unfortunately, the transfer characteristic of the displacement signal provides a narrow
linear operating range for the LVDT core moved in the full-stroke range. The linear operating
range of a commercial LVDT is about 10 to 30% of the size of its structure.(>2-23 Therefore, a
large linear operating range requires an LVDT with a huge structure, making it uneconomical
and unsuitable for a compact or small-scale measurement system.

The LVDT transfer characteristic exhibits nonlinear behavior, which can be expressed as an
odd function in the form of a cubic polynomial.(>2427) Therefore, the operating range of the
LVDT is linear only in a narrow range close to the zero crossing of the LVDT transfer
characteristic curve. Practically, the linear range of the LVDT is directly proportional to the size
of its structure.®) To increase the linear operating range of the LVDT by 1 mm requires an
increase in the physical length of the LVDT structure by more than 50%. Modern measurement
systems require compact measurement devices to simplify the configuration and reduce the total
weight of the system. Therefore, the development of a small LVDT with a large linear operating
range has attracted much attention. There are many approaches to enhancing the linear operating
range.?>29 A fractional-order LVDT for enhancing the linear operating range has been
proposed.(?? This approach requires a special design for the LVDT structure, resulting in a high-
cost device that is inconvenient to customize for a compact measurement system and has
therefore not been commercialized. Techniques based on an artificial neural network have
recently been introduced.(?3-*%) These techniques increase the linear operating range using an
adaptive inverse model to compensate for the nonlinear transfer characteristic of the LVDT. The
disadvantage of these techniques is that a high-speed processor is required to determine the
adaptive inverse model, increasing the complexity of the configuration of the measurement
system and the response time. The contrast between the size of the LVDT structure and the
linear operating range can be overcome by using a circuit technique to increase the linear
operating range. Approaches based on the use of an analog multiplier to generate a binomial
series of the LVDT inverse transfer characteristic have also been proposed.>427) These
approaches enable the realization of LVDTs with high accuracy, large linear operating range,
and small size. However, they require high-precision analog multipliers to obtain the inverse
transfer characteristic of the LVDT, resulting in a high production cost.
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In this study, the linear operating range of an LVDT is increased using the LVDT inverse
transfer characteristic. We propose a novel technique to extend the linear operating range of an
LVDT without changing its structure, making the technique highly effective for use in a small
and compact measurement system. The closed-loop principle of an operational amplifier
(opamp) is used to obtain the LVDT inverse transfer characteristic. The large-signal behavior of
an operational transconductance amplifier (OTA) is utilized to synthesize the odd function in the
form of a cubic polynomial for the LVDT. The linear operating range of the commercial LVDT
used in this study can be extended to more than 2.4 times its original value. The maximum
extension of the linear range for the proposed technique is limited by the physical length of a
hollow rod in the LVDT structure, where the LVDT core is only moved within the hollow rod of
the LVDT structure. The performance of the proposed technique is analyzed and discussed in
detail. Experimental and simulation results demonstrating the performance of the proposed
circuit are included. The maximum percentage error for the core within the maximum stroke
range of the LVDT used in this study was about 0.068%.

2. Principle of LVDT

The structure of the commercial LVDT is shown in Fig. 1(a). A primary winding is placed
between two identical secondary windings with a hollow rod of radius ;. The two identical
secondary windings are connected in opposite directions to generate the LVDT signal.
Figure 1(b) depicts a schematic diagram of the LVDT. The lengths of the primary winding and
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Fig. 1. (a) Structure, (b) schematic diagram, and (c) transfer characteristic of LVDT.
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two identical secondary windings are P and S, and their numbers of turns are Np and N,
respectively. The gaps between both sides of the primary winding and the two secondary
windings are denoted as d. The length and radius of the LVDT core are L and r, respectively.
The excitation signal v, = Vpsin(w,,f) is applied to the primary winding, where Vp and w,,
denote the peak amplitude and excitation frequency (rad/s) of the excitation signal, respectively.
The secondary winding signals vg; and vg, depend on the position of the LVDT core and can be
expressed as(316:25-27)

ex ex

21 @,V NpNg (205 + P) P

Vs = r 1 1)
10" LoZpS ln[lJ
Ic
and
21 @, Ve NpNs (20 + P) 5
Vgy = L )

107LCZPSln(r’j
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where Zp denotes the impedance of the primary winding and /; and /, denote the distances that
the moving core penetrates the secondary windings S| and S,, respectively. Owing to the
oppositely connected secondary windings, the LVDT signal can be expressed as

Vg =Vs1 —Vs2 :ktl(l_knlz): 3)
for P 8o Ve NpNg (P+2d +1y)ly and , 1 .
t n
P+2d+1,)I
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Here, /= (/; + [,)/2 is the position of the LVDT core at the center of the rod and / = (I, — [,)/2 is
the distance of the LVDT core from /,. In the structure of the commercial LVDT, the gaps d are
much smaller than the length of the primary winding P and the length of the LVDT core
Lc= (3P + 2d). Therefore, the LVDT signal v, can be expressed as

2
, _ 8@, v, NpNg 2P l—i =k l(l—k 12), @
N e T A

10°ZpIn| -

hi

where k,; and k,; denote the sensitivity and nonlinear coefficient of the LVDT, respectively.
From Eq. (4), the excitation signal v,, is a sinusoidal wave, the peak amplitude of the LVDT
signal v, varies with the position of the LVDT core, and the signal is in the form of an AMSC.
Therefore, a synchronous demodulator is required to extract the core position signal v; from the
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LVDT signal v, as shown in the dashed rectangle on the right of Fig. 1(b), and v, can be
expressed as

vy =gl (1= kol ). )

The transfer characteristic of the position signal v; as a function of the position / of the LVDT

core is shown in Fig. 1(c). From Fig. 1(c), the linear operating range /;;, of the LVDT for the
(25-27)
y

Er:
Ly =% [ S 6
lin knd ()

Setting a maximum percentage error of ¢;; = 0.5% and k,,; = 7.75x10~* for the LVDT used in this
paper, the linear operating range of the LVDT is calculated from Eq. (6) to be about 2.54 mm.
From Eq. (5), if the LVDT core is moved in the linear range /;,, then the core position signal v,
can be approximated as

maximum percentage error &;; is given b

v =kl . (7

From Fig. 1(c), the maximum stroke range /,, of the LVDT can be obtained from the peak-to-
peak amplitude of the transfer characteristic as>27)

/ 1
I =% |[—. 8
pp 3knd ()

The limitation of the maximum stroke range /

max O @ commercial LVDT depends on the

minimum value of the range /,, of the transfer characteristic and the length /4, of the physical
dimension of the structure; in other words,20)

lmax =tmin (ldem ’ lpp ) . (9)

The maximum stroke range /,,,, in terms of the physical dimension of the LVDT is given by

I, = i@, (10)

where L, denotes the total physical length of the LVDT structure. From Egs. (8) and (10), the
maximum stroke ranges /,, and /4, are £20.4 and +6.2 mm, respectively, for the coefficient
knq=7.75 % 10~* and the lengths L ;= 44.1 mm and L= 31.8 mm of the LVDT used in this study.
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Therefore, the maximum stroke range /,,,, of the LVDT for this study can be determined from
Eq. (9) as £6.2 mm. From Egs. (4) and (8), the linear operating range of the LVDT can be
extended by increasing the number of turns and the length of the primary winding. Unfortunately,
increasing the length of the primary winding increases the physical dimension of the LVDT,
which is unsuitable for realizing a compact measurement system. If the linear operating range of
the LVDT can be extended without changing the LVDT structure, it will be advantageous for

many applications.
3. Technique for Extending LVDT Linear Operating Range

The operating range of the LVDT can be extended using its inverse transfer characteristic. A
circuit building block to emulate the LVDT transfer characteristic is used in the feedback path of
an operational amplifier (opamp) to synthesize the inverse transfer characteristic of the LVDT as
shown in Fig. 2.

3.1 Synthesis of LVDT transfer characteristic
The synthesis of the LVDT transfer characteristic in this study is based on the large-signal

behavior of an OTA, where the output current iota of the OTA in Fig. 3(a) can be expressed as the
power series of the hyperbolic tangent:30- 3D

3 5 7
V; Vi V; Vi
i, =Ip| ———ay| ——| +as| ——| —a,| —=—| +--|, for v, <2V, 11
B EENER S S P
a, = 2201 2n 1+Z;j2n ’ (12)
]:

where V; = kTlg is the thermal voltage (k = 1.38 x 10723 J/K is the Boltzmann constant,
g =1.602 x 107! C is the electron charge, and T is the absolute temperature in Kelvin) and 7 is

the bias current of the OTA. From Eq. (11), if the current i,,, is weighted by a constant w,

ota

S

Fig. 2. Synthesis of LVDT transfer characteristic.
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Fig. 3. (a) OTA symbol, (b) principle used to synthesize LVDT transfer characteristic, and (c) circuit used for
synthesis of LVDT transfer characteristic.

where 0 <w < 1, with the condition a3 >> a,,; for n > 3, then Eq. (11) can be approximated as

3
wy: w vV
i, =Ip —L——| ——1 |. 13
ota B 2VT 3(2VTJ ( )

The circuit diagram for the synthesis of the LVDT transfer characteristic is shown in Fig. 3(b).
From Fig. 3(b), the current i, can be expressed as

3
. v wl )
i = (2277 +w13)2;T - 33 (Z;TJ , (14)

where z denotes the conversion factor of the voltage-to-current converter. If the coefficients of
(2zVy+ wlp) and wip/3 are set to be equal to the coefficients k,; and k,,;, respectively, then Eq.
(14) can be approximated as the LVDT transfer characteristic. Note that the thermal voltage V' is
dependent on the ambient temperature, which causes inaccuracy in the synthesis of the LVDT
transfer characteristic.
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To avoid the temperature effect, the temperature-dependent resistance and the voltage-to-
current converter formed by the OTAs are provided as shown in Fig. 3(c). From Fig. 3(c), the
voltage-to-current converter formed by OTAs 45 and 4, converts the voltage signal v; to the

current signal iy. The relationship between v;; and i, for the bias current /, = /5 can be expressed
€Y
as

; 8y

=Y.
4 1+ gmiRc it (15)

where gm5 denotes the transconductance of OTA A5 and is equal to /3/2V . From Eq. (15), if the
condition gm3R~>> 1 is satisfied, then the current signal i4 can be set as v;/R-. OTA A, acts as a
temperature-dependent resistance and converts the current signal i, to the voltage signal v;, as
follows:

— . (16)

The voltage signal v;,, which is temperature-dependent, is applied to OTA A4,. It can be clearly
seen that the temperature effect in the output current i, of OTA A, is prevented, and i, can be
expressed as

3
=t _bf v | (17)
LRe 3\ LRe

If the bias current [, = b/, is set, then Eq. (17) can be expressed as

3
iy =, i | I v (18)
LRe) 3 \LRe

In addition, the inputs of OTA A5 are connected in parallel with the inputs of OTA A4,. Therefore,

the current signal i5 can be obtained for the condition gm;,,sRc>> 1 as

gmsls vy vy

> (l+gmRo), " LR. ReC (19)

From Egs. (18) and (19), the current signal i,. can be expressed as

3
V; bl V;
i =i+i,=(a+b)I| — |- =L L | | 20
tc 5 2 ( )l(lchj 3 (IIRC ( )
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It can be clearly seen that Eq. (20) is an odd function in the form of a cubic polynomial.
Therefore, the LVDT transfer characteristic can be synthesized using Eq. (20). However, the
current signal 7, given by Eq. (20) is valid for v;; < I, R. Therefore, a scaling factor 4 is required
for the voltage signal v;. An approximate value of 1 can be obtained from the maximum error

€max Of the LVDT in its specific linear range /;;, as

3
Ao V3 Ema) @1
llin
Therefore, Eq. (20) can be rewritten as
1 vy ) bl Avy Y
e =—| (a+b) 1| 2oL |20 2 (22)
A LR.) 3 LR,

3.2 Proposed technique for extending linear operating range of LVDT

The proposed technique for extending the linear operating range based on the feedback
principle of the opamp is shown in Fig. 4. From Fig. 4, the inverting input of opamp O4; at node
X provides the virtual ground. Therefore, OTA A5 of Fig. 3(c) can be replaced by the resistance
Ryto generate the current is of the circuit in Fig. 3(c). From Eq. (22), the current signal i, of Fig. 4
for Ry= Ry, 1s a function of the output voltage v,, f(v,), and can be expressed as

3
. 1( Av, ) bI( Av,
lzv=f(vo)=(a+b)z( - ]—3—/11[11;(:}. (23)

IiRc

()

— 04, o °

Fig. 4. Proposed circuit.
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Practically, the parameters of Eq. (23) of (@ + b)/; and b1,/3 are set to be equal to the coefficients
kg and k 4k, 4, respectively, for the synthesis of the LVDT transfer characteristic. From Eq. (21), a
and b can be expressed as

_ 3kyakna

b
3 4)
and
k,y (1-3k
o= (1=3ka) (25)
I
Equation (23) can be rewritten in the simple form
, 1( IR v, I, Av,
llvzf(vo):Z( %CJFIZJIRO _j . (26)
r 15c (I,Rc)

From Fig. 4, by writing N as the ratio between the coefficients k,; and k,,4, N = k,;/k,,, we can
determine the resistance Ras

LiRe

Ry =—1C—
/1(];]—1]12 ' @7)

The relationship between the current signals i;, and i;, of Fig. 4 can be expressed as

. . V;
Iy =~y OF f(vo) :_Rzn . (28)

m

From Eq. (28), the resistance R;, is given by

ki (1 k!’ )11Rc

A M| &
AR, 7

The output signal v, can be expressed in the form of the inverse function of the input signal v;, as

Vo == (Vi) (30)
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4. Analysis of Performance

Three major factors adversely affect the performance of the proposed technique. The first
factor is the transfer error ¢; of the current signal iy due to the finite transconductance of OTA
As. The relationship between the current signal i4 and the voltage v;; can be expressed as

c_ Vi 1 Vil
=~ =" (1-g). 1
iy RC[ (HngRCJ RC( &) (31)

If gm; = 0.019 A/V and R = 1 kQ, then the transfer error ¢ is about 0.05 or 5%. This error can
be minimized by replacing the resistor R, of Fig. 4 with a variable resistor and fine-tuning the
resistance to obtain a converted current i, equal to the expected value. The second factor, the
variation of the ambient temperature, causes the deviation in the transconductance gm; of OTA
Ay due to the change in the thermal voltage V7 and also reduces the accuracy of the current
signal 7,. The percentage error ¢, of the current signal iy can be expressed as

| Ay 2 AT
s AL 100%
iy (Wp+LRo) T xR, (32)

&

where Aiy, T, and AT denote the change in the current signal i, the ambient temperature in
Kelvin, and the change in ambient temperature, respectively. If V; = 25.69 mV at 25°C,
AT = 10°C, T =308 K, and /3 = 1 mA, then the percentage error &, is about 0.08%. The third
factor, the residual error &3, is caused by the approximation of the LVDT transfer characteristic
from the series of the hyperbolic tangent and can be approximated as

b T A -
53:( ) ( ) 1[1+Z ! J(L] x100% forn=>S5. (33)
C

22n71 nanld = j2n IlR

If;=1mA,b=2.33 % 1073, the peak amplitude vy =1V, and R-= 1 k€, then the residual error
g5 is about 0.03%.

5. Experimental Results

The performance of the proposed technique was confirmed by an experimental
implementation. The proposed circuit in Fig. 4 was breadboarded using a commercial device.
The LVDT used in this study provides a linear operating range of +2.5 mm with a percentage
error of 0.5% and the coefficients k,; and k,,; of 94.5 mV/mm/V and 7.75 x 107* V/Vmm?,
respectively.®®) The operating range l,, was calculated to be +20.74 mm from £k, using Eq. (8).
The physical dimensions of the LVDT were measured as L, = 44.1 mm and L= 31.7 mm. From
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Eq. (10), the operating range /,,, was determined as +6.2 mm. Therefore, the maximum
operating /,,,, of the LVDT was determined as +6.2 mm from Eq. (9). The excitation signal
Ve, = Vpsin(w,,,) was set, where Vp=1V and w,, = 15.7 krad/s or 2.5 kHz. The demodulator in
Ref. 16 was used to extract the core displacement signal v, An LF351 opamp was used for 04,
and CA3280 dual OTAs were used for 4,—4,. The OTA bias currents /, and /; = I3 = I, were set
to 100 pA and 1 mA, respectively. The converted resistance R~ was set to 1 kQ. The resistances
Ryand R;, were determined from Egs. (27) and (29) as 81.3 and 6.34 k€, respectively. A power
supply voltage of Vi-c=—Vgg =12 V was provided. The circuit in the dashed frame of Fig. 4 was
used to investigate the performance of the synthesized LVDT transfer characteristic. Figure 5(a)
shows the experimental setup of the proposed circuit. The percentage error &, for this experiment
can be given by

expected value - measured value|
Ep= x100% . (34)
expected value

The measured core displacement signal v; of the circuit in Fig. 1(b) is shown in Fig. 5(b) for the
variation of the LVDT core in the range of £6.2 mm. The circuit in the dashed frame including
the current i, in Fig. 4 was temporarily separated to investigate the performance of the LVDT
transfer characteristic. The maximum error of the transfer characteristic curves in Fig. 5(b) was
about 2.93%. Two LVDT signals were used to investigate the circuit performance in this paper.
Firstly, the LVDT behavior was emulated using Eq. (5) with an arbitrary function generator,
where k,; and k,,; of 94.5 mV/mm/V and 7.75 x 10~* V/mm?, respectively, were set for the LVDT.
Firstly, the emulated signal was generated by the arbitrary function generator using an integer
value of the core displacement. Therefore, the core displacement of the emulated signal was
varied in the range of £6.0 mm instead of £6.2 mm to investigate the linearity of the proposed
circuit. The emulated signal of £551.18 mV, corresponding to the movement of the core in the
range of £6.0 mm, was set for the signal v;,. Figure 6(a) shows the voltage signal v, of the inverse
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Fig. 5. (Color Online)(a) Experimental setup and (b) LVDT transfer characteristic.
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LVDT transfer characteristic for the emulated signal. It can be seen that the proposed circuit
increased the linear operating range of the LVDT.

Secondly, the LVDT signal was applied to the proposed circuit, where the LVDT core was
varied in the range of 6.2 mm or the input signal v;, was linearly varied from —568.45 to 568.45
mV. The measured voltage signal v, for the LVDT signal is shown in Fig. 6(b). The percentage
error &, of the voltage signal v, of Fig. 6(b) for the LVDT core that varied in the full stroke range
is shown in Fig. 6(c). From Fig. 6(c), the maximum percentage error was about 0.068%. Table 1
shows a comparison of the accuracy, number of components, and cost of the proposed technique
with those for the technique recently proposed by Petchmaneelumka et al.,*”) which uses the
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Fig. 6. (a) Measured result for emulated signal, (b) measured result for LVDT signal, and (c) percentage error.

Table 1
Comparison of proposed technique with previous work.?”)
Accuracy (%) Number of components Cost
for range of £6.2 mm Active device Passive device (US$)
Proposed technique 0.068 2 OTA packages 3 resistors 12
1 opamp package
Previous work®? 0.35 2 multiplier packages 2 resistors 53

1 opamp package 2 variable resistors
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binomial series. Note that the same LVDT was used in this study and Ref. 27. The maximum
percentage error of the previous work based on the binomial series was about 0.35% when the
LVDT core varied in the range of +£6.2 mm, which is five times that of the proposed technique. It
is evident that the proposed technique efficiently extended the linear operating range of the
LVDT.

6. Conclusion

We proposed a technique for extending the linear operating range of a commercial LVDT.
The large-signal behavior of the OTA was used to synthesize the LVDT transfer characteristic.
The synthesized LVDT transfer characteristic was obtained using a synthesized LVDT transfer
characteristic circuit connected to the feedback path of an opamp. All devices used in the
proposed technique are commercially available. The performance of the proposed technique was
analyzed and confirmed by an experimental implementation. The linear operating range of the
LVDT used in this study was extended from +2.54 to £6.2 mm. The maximum percentage error
was about 0.068%. The proposed technique exhibits high accuracy and can be implemented with
a simple configuration, small size, and low cost. The proposed technique is suitable for precision
measurement systems used in small operating spaces such as miniature robots and scientific and
medical equipment.
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