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A feedback technique to compensate for the temperature effect on the output signal of the
linear variable differential transformer (LVDT) without losing the sensitivity is presented in this
paper. The proposed technique is based on the use of a voltage-controlled amplifier to scale
the amplitude of the excitation signal for temperature compensation. The proposed feedback
technique provides the proportional-plus-integral control action to minimize the error caused by
the temperature variation. The proportional-plus-integral action is realized using the integral
scheme in the proposed technique. The peak amplitude of the LVDT output signal is sampled
by the sample-and-hold circuit (SHC) to obtain the feedback and displacement signals, where
the control signal of the SHC is provided by the LVDT output signal. The proposed LVDT
temperature compensation technique is emphasized in terms of simple configuration and low
cost. Note that the proposed technique is suitable for signal conditioners embedded in smart
sensors and smart materials. The performance of the proposed technique is confirmed by
experimental implementation using commercially available devices. The maximum error of the
core displacement signal can be reduced from 6.52% for the uncompensated scheme to 0.098%
for the compensated scheme at the ambient temperature of 70 °C.

1. Introduction

The linear variable differential transformer (LVDT) is an inductive transducer that is widely
applied in instrumentation and measurement systems. The LVDT provides the behavior
in terms of high resolution, high linearity, and durability, and is employed for measuring
the displacement. The applications of the LVDT can be found in the fields of industries,
military, vehicles, structural health monitoring, and scientific and medical equipment for the
measurement of position, level, force, flow, and pressure.(1_6) The LVDT consists of a primary
winding and two secondary windings connected in series with opposite directions similar
to a transformer. The moving core of the LVDT is used for sensing the displacement. The
output signal of the LVDT is subtracted between the two secondary windings in the form
of amplitude modulation with suppressed carrier (AMSC). Previously, the phase-sensitive
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demodulator formed by a diode and a low-pass filter was used to demodulate the displacement
signal from the LVDT signal. The disadvantage of this method is that the large error due to
the threshold voltage of the diode occurs.?) To overcome this error, the analog multiplier and
low-pass filter formed as the synchronous demodulator can demodulate the displacement
signal without a diode in the signal path. The use of a low-pass filter in traditional approaches
deteriorates the response time and stability of the demodulator. Recently, the use of a sample-
and-hold circuit (SHC) instead of the analog multiplier and low-pass filter in the synchronous
demodulator is more attracted.’'? The SHC provides the transfer characteristic in terms
of the ‘sinc’ function, the behavior of which is close to an ideal low-pass filter.'¥ Thus, the
use of the SHC in the synchronous demodulator can remove the high-frequency components
of the LVDT signal to achieve the displacement signal without disturbing the performance of
the demodulator. The reference frequency used for the synchronous demodulators mentioned
above is provided by the excitation signal. Practically, the phase shift between the excitation
signal and the LVDT signal occurs owing to the structure of the LVDT. This phase shift
causes the error in the demodulated signal. In addition, the output signal of the LVDT can
also be interfered by the variation in ambient temperature. The aforementioned approaches
are achieved only with the demodulator without temperature compensation. Therefore, the
applications of the LVDT for a high-temperature environment are avoided. There are two
recent approaches using dual secondary windings in the LVDT structure for the compensation
of the temperature effect. (1415 Unfortunately, both approaches require a specific design of the
LVDT structure; such approaches are unsuitable for commercial purposes. Alternately, the
approach based on the ratiometric technique has been proposed.(l6) This approach requires the
analog multiplier, the analog divider, and the synchronous demodulator, which deteriorates the
response time and system stability. In addition, the aforementioned approaches are unsuitable
for embedded systems and smart sensors used in a smart factory owing to the complicated
topology of the signal conditioner. In this paper, the proposed feedback technique is introduced
for the minimization of the temperature effect. The feedback signal is provided by the sum
of two secondary winding signals, which obtains a constant amplitude signal. The proposed
feedback scheme provides a proportional-plus-integral control action to reduce the error due to
the ambient temperature variation. Moreover, the error caused by the phase shift is prevented
because the reference frequency is directly achieved from the secondary winding signals. The
proposed scheme is attractive in terms of simple configuration and low cost.

2. Circuit Description

The simplified diagram of the LVDT is depicted in the dash-line block of Fig. 1(a). The
LVDT output signal is obtained from the difference between two secondary winding signals.
If the signal v, = Vpsinw,,t is applied to the primary winding, where w., = 27f.y and f. is the
excitation frequency, then the two secondary winding signals vs; and vs, can be written as

!
vst = Kile(l+ 7)(1 = @A) Vpsin(wed + ¢s), (1a)
C
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Fig. 1.  (a) Principle of proposed technique and (b) block diagram.

I
vs2 = Kile(l = 7)(1 = aAT)Vpsin(et + ds), (1b)
C

where K7 is the sensitivity of the LVDT, I¢ is the center position of the LVDT, [/ is the core
position deviating from the center position, a is the temperature coefficient, AT is the
temperature deviation from the room temperature of 25 °C, and ¢g5 denotes the phase shift
between the primary winding signal and the secondary winding signals. The LVDT output
signal vy is the difference between the two secondary winding signals vs; and vsy and can be
expressed as

vg =vs1 —vs2 = 2K (1 — aAT)Vp sin(wext + ¢s). (2)

It can be seen that the amplitude of the LVDT signal v, in Eq. (2) is proportional to the core

position / and the variation in ambient temperature, AT. From Fig. 1(a), the sum voltage vg,,,, can
be stated as

Vsum = —(vs1 + vs2) = —Kg (1 — aAT)Vp sin(wext + ¢s), 3)

where Kg=2K;lc. Note that the signals v and v, are 180° out of phase. The signal vy, in Eq. (3)
is directly proportional to the change in ambient temperature without the core displacement /.
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To compensate for the temperature effect, the positive-peak amplitude of the signal vy, is
converted to the dc voltage v, and compared with the reference voltage v,or as shown in Fig.
1(a). The operation of the proposed technique is based on the assumption that the period of the
excitation frequency is much less than the change in ambient temperature. The peak-amplitude
finder provides the control signal for two SHCs to sample the positive-peak amplitudes of the
signals vy, and vy to the signal v, and the displacement signal v, respectively. The voltage v,
is attenuated by the attenuator Ky to provide the signal vy as the feedback signal. From Fig. 1(a),
the reference voltage v,rand the voltage vy are provided for the difference and sum to obtain the
signal v, for the voltage-controlled amplifier 4,,,,. For steady-state operation, the voltage vy is
forced to equal the reference voltage v, The signal vy, is scaled by the signal v,, to provide
the excitation signal vey for the LVDT. The signal v,,, is the difference between the signals v;er
and vy which is processed by the block diagram Kj, to add with the reference voltage v,.. The
relationship of the signals v;,, Ve and vy can be expressed as

Vim = Vyef + Kl(Vref - Vf)- )
From Fig. 1(a), the signal vy, is provided with constant amplitude and frequency. The
diagram in Fig. 1(a) with the temperature effect can be simplified as shown in Fig. 1(b), where

K, is the voltage gain of the voltage-controlled amplifier 4,,,; and a, = aKs. The signal v,
against the reference voltage v,.rand the variation in ambient temperature AT can be stated as

_ K, Ks(1 + Ky) (7]

=———— v, - ———— AT 5
T YK K KuKs " 1+ KiK;KpKs ©)
If the gain Krin Eq. (5) is assigned to equal 1/K,,K, then the signal v, can be expressed as
@q
Vg = KmKSVref - 1+ K, AT. 6)

For the proposed technique, the block diagram K is replaced by the integrating amplifier.
Therefore, the signal v,,, of the difference and sum with integral action can be expressed as

Vref(s) - Vf(s)

Trs (7

Verr(8) = Vref(s) -

where 77 denotes the integral time of the integrating amplifier. Therefore, the voltage v, in Eq. (6)
can be rewritten as

T
Va(5) = KnKsvres(s) — ﬁﬂ(@. @®)

The circuit diagram of the proposed technique in Fig. 1(b) is shown in Fig. 2. The operation
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Fig. 2.  Circuit of proposed technique.

of the proposed circuit in Fig. 2 can be explained as follows. The LVDT output signal v; and
the signal vsy are summed using the summing amplifier formed by the opamp 4, and the
resistors R3 and R4 to provide the signal Ve P The peak-amplitude position of the signal
veum 18 detected by the peak-amplitude finder that consists of the comparators A¢1 and A, the
transistor O, the capacitance Cp, the variable resistor Rj», and the resistors Rp, Rs5, and Rg. The
peak-amplitude finder generates the control signal v¢ in the form of narrow pulse that forces the
SHCs Ap; and A, to sample the peak amplitudes of the signals vy, and v, to the voltages v, and
val, respectively. The sampled signal v, is attenuated by the variable resistor Ry and the opamp
Aj3 to provide the feedback voltage vy = Kpv,. At room temperature (25 °C), the feedback signal
vris equal to the reference voltage v, The opamp A, the capacitance C;, and the resistances
Ry and R, form the difference and sum with integral action. The resistance R; is provided to
prevent the unstable operation of the opamp 4; due to its parasitic capacitances. The output
voltage v, of the opamp A4; can be given by

R\R,
—c,m}
y(s) = (R + Rp) [ (R1 + Ro) Drer(S) — R, b (s) )
m2 T TR, (R,Crs+1) R (RyCrs+ 1) 17

Practically, the resistance R; is assigned to be much greater than the resistance R;. Thus, Eq. (9)
can be approximated for w > 0 as

(RiCis+1)
Vin(s) = IRIITVref(S) -

RICIsvf(s). (10)
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The voltage vy, is fed to the voltage-controlled amplifier 4,,,; to scale the amplitude of the signal
vsin. Therefore, the signal v, of the proposed circuit in Fig. 2 can be stated as

a,RCrs
Va($) = KinKs Vref(s) - mms) (11

From Egs. (8) and (11), the integral time 77 is equal to R;{C;. It can be seen that the first term
on the right-hand side of Eq. (11) exhibits the sensitivity of the LVDT without interference by
the proposed feedback technique. The proportional-plus-integral action occurs only in the
second term on the right-hand side of Eq. (11). It can be seen that the effect of the variation in
ambient temperature AT is eliminated by the integral action. In addition, the core position /
can be extracted from the positive-peak amplitude of the LVDT output signal v;in the form of
the displacement signal v4 by using the SHC Ahz.(g) Therefore, the temperature effect in the
displacement signal v is also avoided.

3. Circuit Analysis

The ideal performance of the proposed circuit can be disturbed by the nonideal characteristic
of devices used in the proposed scheme and the sampling rate of the SHC. The circuit analysis
of the proposed scheme can be explained as follows. For the peak amplitude finder, the control
signal v¢ can be discontinued by the inappropriate value of the time constant 7p = RpCp. To
prevent the discontinued pulse of the control signal v¢, the time constant 7p is assigned as
(Tex — Tp), where Tp and T; denote the period of the excitation frequency and the acquisition
time of the SHC, respectively. From Fig. 2, the positive-peak amplitude of the voltage vy, is
equal to KgVp. The voltage vcp is fallen to the voltage KgVpsin[(1/2)r — (27T,/T,)] in the period
of (Tox — T;) after the peak-amplitude position of the voltage vy,. Thus, the time constant 7p
can be stated as

(12)

. ([Tex — 4T,
S| ——— |
2Ty

To minimize the ripple voltage of the SHC output, the pulse width of the control signal v¢
is set to equal the acquisition time 7 of the SHC and provided by the time constant 7y = RsCp.
From Fig. 2, the resistor Rs is used to convert the collector current i¢y of the transistor Qg to the
voltage signal v,;. The comparator Ac> and the variable resistor Ry, are provided for shaping
the signal v, to the control signal vc. The collector current icy of the transistor Oy is allowed to
flow through the capacitor Cp and the resistor R p, which can be expressed as

T, —4T,
Vop |1 —sin| ————||C
oP [ sin ( T P

T, : (13)

ic1 =
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where Vpp denotes the peak amplitude of the voltage signal v,,,. The voltage across the resistor
Rs is equal to ic1Rs or (Ve — Vop). Therefore, the relationship of the time constants 7 and T
can be given by

(Vee = Vor) Ty

T, —4T,\ |’
Vor [1 - sin(eszexq)ﬂ]

TW = R5CP =

(14)

If T, = 6.5 ps, fex = 5 kHz, Vop =292V, Vec = 12V, and Cp = 0.1 puF, then the resistances
Rp and Rs can be calculated as 92.16 and 9.7 kQ, respectively. For stability consideration,
the transfer function Fgy(s) of the SHC can be approximated using the first-order Padé
approximation for the sampling time 7, as(?

_& + 1)
e_ exs _ 2 s

=T
(I +Tsns) (%Hl)(TSHHl)

Fsu(s) = , (15)

where Ty and 7, denote the response time of the SHC and the period of excitation frequency,
respectively. Figure 3 shows a block diagram of Fig. 2 including the nonideal characteristics
of active devices used in the proposed scheme. From Fig. 3, Ty, and 7, are time constants
of the opamp A, with unity gain and the response time of voltage-controlled amplifier A4,
respectively. The time constant 7, of the opamp A> is equal to 1/GBP, where GBP is the gain
bandwidth product of the opamp 4,. Note that the time constants 7,, 7,,, and Tsy are much
less than the period of the excitation frequency. Therefore, the transfer function of the proposed
scheme in Fig. 3 can be approximated as

AT o—— g,

Kg(—Tex g 41 n

+ K
Vref O—y T B N > 2 = —0 v,
+ [Tws*1) (Tous +D(Tsgys + D5 +1)
T :-I)— v X

Fig. 3. Block diagram of Fig. 2.
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Practically, the feedback gain K is assigned as 1/K,Ks. Also, the degree of change in
ambient temperature is much lower than the excitation frequency. Then, the zeros of the second
term on the right-hand side of Eq. (16) satisfy the condition of [(7;, + Ty, — T¢./2)w| << 1 and Eq. (16)
can be approximately given by

TE.X
(- ) 1] K

a,Trs
Vals) = = Vrep(s) = —— L AT () a7
(T[—%)S+1 (T]—%)S+l

From Eq. (17), the condition of 77 > T,,/2 is assigned for stability consideration. The steady-
state behavior against the signal v, for K, = 1 can be given by

Vg = KSVref = ZKLICVref- (18)

It can be seen that the amplitude of the signal v, is only dependent on the sensitivity of the
LVDT. If the change in ambient temperature, A7, is considered, then the derivation of the signal
v, against the temperature AT can be written as

Va(s) = “;—T”AT(S). (19)

(1=

Practically, the change in ambient temperature, A7, is slow against the excitation frequency,
and the time constant 77 is much larger than the period 7, of the excitation frequency f, to
prevent the phase shift caused by the sampling signal of the SHC. Therefore, Eq. (19) can be
approximated as

a,Trs
Tis+1

va(s) = AT(s). (20)

The integral time 77 can be determined as 77> 107,,. From the circuit in Fig. 2, the settling
time T for the sudden change in ambient temperature, A7, can be measured from the interval

time of the maximum change in the signal v, to decrease to 0.1% and can be given by

Ts = 6.9087]. (21)
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Practically, the integral time 77 is assigned as 107;, for the fast response time. Then, the
settling time 7 is about 13.816 ms.

4. Experimental Results

The proposed circuit in Fig. 2 was implemented to confirm the circuit performance. The
active devices used in the circuit were commercially available devices such as the opamp LF351
for 4; and A, the voltage-controlled amplifier 4,,,; formed by the analog multiplier AD633,
the SHC LF398 for Ay and A, and the comparator LM339 for Ac». The comparator 4¢1 and
the transistor O; were provided in the same integrated circuit package as LM311. The GBPs
of the opamps 4; and 4, are about 3 MHz and the time constant 7, can be approximated as
53 ns. The LVDT of #12.5 mm stroke range and the sensitivity of 69 mV/mm/V at 5 kHz were
used in this study.® The voltage gain K, of the voltage-controlled amplifier 4,,,; was set to
1. The resistors R3 = R4 = 30 kQ and Ry; = Ry» = 10 kQ were assigned. The supply voltages
were set to £12 V. The excitation signal vy, was assigned as a 5 kHz sinusoidal wave of 2 V
peak-to-peak voltage, where the period T7p, of the excitation frequency was calculated as 0.2
ms. The reference voltage v,y was set to 1 V. The capacitances Cj1 = Cjp = 0.01 uF were used
for the SHCs A1 and Ay, which caused the acquisition time of about 7, = 6.5 ps. For the peak
amplitude finder, the capacitance Cp was chosen as 0.1 pF. Therefore, the resistances Rp and Rs
were determined from Eqgs. (12) and (14) as 92.16 and 9.73 kQ, respectively. From Eq. (21), the
integral time 77 was assigned to equal 107, or 2 ms for the fast response time and the resistor
R =20 kQ was calculated for the capacitance Cy set to 0.1 pF. The resistance R, = 300 kQ was
assigned for the condition of Ry >> R; to avoid the unstable operation of the opamp A;. The
variable resistor Ry; was adjusted for scaling the voltage vy equal to the reference voltage v,r at
room temperature. Figure 4 shows the signal waveforms v, and vy, of the proposed scheme
in Fig. 2. It also shows the phase shift between the signals v, and vy, of about 18°. The output

100V ch2 200V M40, ops

Fig. 4. Measured waveforms of vy and vgpm.
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voltage v, of the SHC A4 is equal to the peak amplitude of the signal vy, because the sampling
signal v¢ occurred at the peak-amplitude position of the signal vy,,,. To verify the temperature
performance, the LVDT was operated under the varying ambient temperature from 20 to 70
°C and the varying core position of the LVDT from —10 to 10 mm. The relative error of the
measured results in percentage can be expressed as

Al
relative error(%) = % X 100%, (22)

where Al denotes the error between the measured and actual values. The temperature effect
in the core displacement signal v, without temperature compensation is shown in Fig. 5(a).
Figure 5(b) shows the measured results of the core displacement signal with the temperature
compensation. It can be seen that the proposed technique can reduce the maximum relative
error from 6.52 to 0.098%. Figure 6 shows the drift of the offset voltage of the output signal v

12 0.12

00020 °C 444 60 °C
10 : sus 40 °C eee 70°C 01 L

_ Rl S S S e g
S

(=)}
Relative error (%)

2 ' v o :/V/O\O/J/] Oh\o\o/o\
0 Eﬁ m 0.02 F : : 000 2()°C aaa 60 °C
=== 40°C e00 70°C
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2 | | | 0 i L
-10 -5 0 5 10 -10 -5 0 5 10
/ (mm) [ (mm)
(a) (b)

Fig. 5. Measured results. (a) Without temperature compensation and (b) proposed technique.
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Fig. 6. Offset voltage against variation in ambient temperature.
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against the variation in ambient temperature from 0 to 70 °C at the core position of 0 mm. From
Fig. 6, the maximum drift of the offset voltage of about —0.12 mV is observed.

5. Conclusions

A technique to reduce the error of the LVDT signal caused by the variation in ambient
temperature has been proposed. The effect of the change in ambient temperature was discussed
in detail. The proposed technique required the integral action to reduce the error caused by the
change in ambient temperature. The proposed circuit was implemented using commercially
available devices. The performance characteristics of the proposed circuit were discussed and
confirmed by experimental implementation. It is evident that the proposed scheme provides
adequate performance for the applications of the LVDT in an environment with a highly
fluctuating temperature such as a steam control valve, a power turbine, a nuclear reactor, a
flight control actuation system, a variable area nozzle for aircraft, and an automotive active
suspension system.
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