ﬁ Sensors

Article

A Temperature-Compensation Technique for Improving
Resolver Accuracy

Wandee Petchmaneelumka

check for

updates
Citation: Petchmaneelumka, W.;
Riewruja, V.; Songsuwankit, K.;
Rerkratn, A. A Temperature-
Compensation Technique for
Improving Resolver Accuracy. Sensors
2021, 21, 6069. https://doi.org/
10.3390/521186069

Academic Editor: Marco Carratu

Received: 6 August 2021
Accepted: 8 September 2021
Published: 10 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Vanchai Riewruja *, Kanoknuch Songsuwankit and Apinai Rerkratn

School of Engineering, King Mongkut'’s Institute of Technology Ladkrabang, Ladkrabang, Bangkok 10520,
Thailand; wandee.pe@kmitl.ac.th (W.P.); kanoknuch.so@kmitl.ac.th (K.S.); apinai.re@kmitl.ac.th (A.R.)
* Correspondence: vanchai.ri@kmitl.ac.th

Abstract: Variation in the ambient temperature deteriorates the accuracy of a resolver. In this paper,
a temperature-compensation technique is introduced to improve resolver accuracy. The ambient
temperature causes deviations in the resolver signal; therefore, the disturbed signal is investigated
through the change in current in the primary winding of the resolver. For the proposed technique,
the primary winding of the resolver is driven by a class-AB output stage of an operational amplifier
(opamp), where the primary winding current forms part of the supply current of the opamp. The
opamp supply-current sensing technique is used to extract the primary winding current. The error of
the resolver signal due to temperature variations is directly evaluated from the supply current of the
opamp. Therefore, the proposed technique does not require a temperature-sensitive device. Using
the proposed technique, the error of the resolver signal when the ambient temperature increases to
70 °C can be minimized from 1.463% without temperature compensation to 0.017% with temperature
compensation. The performance of the proposed technique is discussed in detail and is confirmed by
experimental implementation using commercial devices. The results show that the proposed circuit
can compensate for wide variations in ambient temperature.

Keywords: resolver; inductive transducer; temperature-compensation technique; subtract-and-sum
circuit; opamp

1. Introduction

A resolver, which is a kind of inductive transducer, is a useful device in instrumen-
tation and measurement systems. The operation of a resolver is identical to a variable
transformer, which consists of a primary winding as a rotor and two secondary windings
placed at right angles from each other as stators [1-4]. Resolvers are widely used for the
measurements of the angle, position, and speed in instrumentation and control systems.
Resolvers provide high reliability, durability, and resolution. Therefore, resolvers are espe-
cially suitable for harsh environments. Resolvers have been applied in industries, military
equipment, robots, aerospace, radars, electric vehicles, and medical and scientific equip-
ment [5-7]. Practically, the primary winding of a resolver is excited by a sinusoidal signal.
The resolver signals from the two secondary windings known as the quadrature signals
are proportional to the sine and cosine functions of the rotor shaft angle, which are in the
form of amplitude modulation with a suppressed carrier. Traditionally, a synchronous
demodulator based on an analog multiplier, low-pass filter, or analog switch and integrator
has been used to extract the shaft-angle signals from the resolver signals [1,8-10]. However,
the response time and accuracy of these demodulators deteriorate due to the large time
constant and phase shift caused by the dominant pole of the low-pass filter and integrator.
To overcome these disadvantages, an alternative technique using a peak-amplitude finder
was introduced [3,11,12]. This technique provides a simple configuration and rapid re-
sponse. Recently, techniques for determining position from a resolver signal in digital form
have been proposed in the literature [5,13-17]. Unfortunately, these approaches require the
resolver to operate at a constant ambient temperature to achieve this accurately.
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Many parameters can affect the accuracy of the resolver, such as phase shifts be-
tween the primary winding and secondary windings, amplitude imbalance and imperfect
quadrature between two resolver signals, and variation in the ambient temperature [1,3,18].
Amplitude imbalance and imperfect quadrature cause errors in the determination of the
shaft angle. Recently, a technique to minimize the error of the shaft-angle determination
caused by amplitude imbalance and imperfect quadrature was proposed [18]. However,
this technique requires a high-speed processor. Consequently, a complex measurement
system structure is required. An amplitude imbalance or phase shift between the primary
and secondary winding can be prevented using a technique proposed in the literature [3].
Variation in the ambient temperature influences the resistance of the winding, the mutual
inductance, the magnetizing current, and the core loss current of the resolver, causing am-
plitude error in the resolver signals. The traditional technique to minimize this temperature
effect is based on the use of an inverse tangent of the ratio of two resolver signals [1,4,8].
However, the disadvantage of this technique is that a large error occurs when the resolver
signal is close or equal to zero. The response time is also rather slow for this technique. An
approach based on the use of a temperature-sensitive device was developed to compensate
for the temperature effect of inductive transducers [19-22]. The temperature effect in the
technique mentioned above is compensated for in an open-loop procedure, which causes
inaccuracies in the resolver signal. Other techniques are based on the modification of the
transducer’s structure or material to obtain low-temperature sensitivity [23-25], and the
use of reference inductance to compensate for the temperature effect [26]. The authors
of [27] constructed a closed-loop technique to compensate for the temperature of the induc-
tive transducer without using a temperature sensor. This technique requires the output
signals of the transducer to be in linear form, which is only suitable for transducers used for
the measurement of linear displacement, such as linear variable differential transformers
(LVDTs). In contrast, the resolver signals are in the sine and cosine functions. Therefore,
the techniques mentioned above are not applicable to these resolvers.

The purpose of this study was to construct a temperature-compensation technique
for a resolver without requiring a temperature-sensitive device. From the transformer
principle, the parameters of the secondary winding side can be referred to the primary
winding side [28]. Therefore, the error of the resolver signal on the secondary winding
side because of temperature can be extracted from the primary winding side. In this study,
the error in the resolver signal due to the temperature effect was investigated from the
current flowing through the primary winding of the resolver using the opamp supply-
current-sensing technique [29-31]. The amplitude variation in the resolver signal due to the
temperature effect was determined and compensated for using subtract-and-sum topology.
The performance of the proposed technique was analyzed and confirmed by experimental
implementation. All the devices used in the proposed technique are commercially available.
Hence, the attractions of the proposed technique are its performance, simple configuration,
and low cost.

2. Principle

The principle of the resolver is shown in Figure 1 [1]. A sinusoidal signal vex = Vp
sin (wext) is applied to the primary winding Lp, where Vp is the peak amplitude voltage,
Wex = 27fex is the angular frequency, and f is the frequency of the excitation signal. Two
secondary windings are terminated by the load resistors Ry1 = Ry, and the resolver signals
vs1 and vgy are produced in form of quadrature sinusoidal signals as

Vg1 = kRgUex sin(Gs) = krsVp sin(wext) sin(95) @)

V52 = krsUex c0s(0s) = krsVp sin(wext) cos(6s) 2)

where krs denotes the transformation ratio of the resolver and 6 is the shaft angle. Prac-
tically, the amplitude of the resolver signals is affected by variations in the ambient tem-
perature because the mutual inductance, the resistance of both the primary and secondary
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windings, the magnetizing current, and the core loss current of the resolver depend on
variations in the ambient temperature.

Figure 1. Principle of the functioning of the resolver.

Therefore, the transformation ratio kggs is affected by the ambient temperature. The
resolver signals from Equations (1) and (2) can be written as

vs1 = krs(1 — aAT)Vp sin(wext) sin(fs) (3)

vsy = krs(1 — aAT)Vp sin(wext) cos(fs) (4)

where o and AT are the temperature coefficient of the resolver and the temperature devia-
tion from room temperature at 25 °C, respectively. From Equations (3) and (4), sin (wext)
can be simply removed by a synchronous demodulator. Thus, the resolver signals can be
expressed as

vs1 = krs(1 — aAT)Vpsin(6s) ®)

vs2 = krs(1 — «AT)Vp cos(fs) ©)

The amplitude of the resolver signals depends on variation in the ambient temperature.
The variation in the ambient temperature affects all the quantities of the resolver and causes
deviation in the transformation ratio krs. Based on the principle on which transformers
function, the secondary winding currents flowing through the load resistors Ry and Rp»
can be referred to the primary side [28]. Therefore, the primary winding current ip can
be used to investigate the secondary winding current. The disturbance of the primary
winding current ip (which includes the magnetizing current and the core loss current) by
the ambient temperature can be approximated as
. (1 — aAT)veyx
ip=-~——""=(1—aAT)krvex (7)
|ZpL|
where kg = 1/1Zp. |, and Zpy is the combination of the primary-side impedance and
the secondary-side impedance referred to the primary side of the resolver. It should
be noted that the changes in the magnetizing current and the core loss current due to
temperature are very small compared to the change in the secondary winding current,
which can be considered as negligible [25,32]. If the temperature effect on the primary
winding current is compensated for, then the secondary winding current is compensated
simultaneously. Practically, the primary winding Lp of the resolver is driven by the opamp,
as shown in Figure 2a. From Figure 2a, the output state of the opamp is generally a class-AB
configuration where the output current of the opamp exists within its supply current. In
this study, a bipolar opamp was used for experimental implementation. From Figure 2a,
the supply currents isp and isy of the opamp can be expressed as [29-31]

\/ (% +413) +ip

2

isp =Ig+ fOT’ ‘Zp‘ < 2[5 (8)
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and

(12 +412) —ip
(fp +455) for|ip| < 215 )

2

where Ip and Is denote the quiescent current and the bias current of the class-AB output
state of the opamp, respectively.

isn = Ip+

+Vee
P ise
| input | i’
| stage i class AB output stage
= i : +Vee
Q
1 UVin
| = i
i 'LTP ¢
| resolver
QZ: resolver - Lp primary
<“1 | Lp| | primary VL',W winding
! winding
| —Vrr —
(a)
+Vee
isp R
3
ié R»
N
vsp R
‘ M =
Vin + by A2 —0 URC
. ¢1‘P +
—Tosn resolver
_ Lr pl'iillnr‘_:f —
J!SNVL winding
Ry
— R
—Vee
(b)
AT o - Qar
+
0] ) + kC URC
in O—— O
B (Tps+1)
(c)

Figure 2. (a) Opamp equivalent circuit; (b) opamp supply-current sensing technique; (c) block
diagram of primary winding current extraction including the temperature effect.

For the large-amplitude primary winding current ip or |ip | > 2Ig, the currents igp and
iy can be described by
Ig+ip forip > 2Ig
isp = (10)
Ip fOT ip < —2Ig
and
Ip fOT’ ip > 2Ig
isN = (11)
Ig+ip forip < —2Ig
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The primary winding current ip of a resolver affected by temperature can be observed
from the supply current of the opamp. The schematic diagram used to achieve the supply
current of the opamp is shown in Figure 2b. From the circuit in Figure 2b, if the input
signal v,y is applied, then the primary winding current ip can be described by vey/Zpy.
The resistors Rp and Ry convert the current signals igp and igy to the voltage signals vgp
and vgy, respectively. Opamp A, and the resistors Rj, Ry, and Rj3 function as a summing
amplifier to sum the voltage signals vsp and vgy [30,31]. Thus, the primary winding current
ip of the resolver is determined in the form of the voltage signal vgrc. The voltage signal

vRc can be stated as
RpR3. RNRj3 .
URC = TRy ISP TR isN (12)

Practically, the resistances Ry = Ry and Rp = Ry are assigned. If the peak amplitude of
the current signal ip is greater than 2Is or lip | > 2Ig, then Equation (12) can be written as

RpR
P o = (1 — aAT)kckguiy (13)

ORC =

The primary winding current of the resolver can be determined from the voltage
signal vgc. Practically, the parameter k¢ is normally assigned as 1/kg. The simulation result
of the circuit depicted in Figure 2b obtained using the PSPICE analog simulation program
is shown in Figure 3, where a sinusoidal signal of 3 kHz with a peak amplitude of 2V is
applied as the input signal v;,. The parameters of the primary winding Lp were measured
and modeled from the resolver used in this study. From Figure 3, the phase lag 6p occurs
between the excitation signal v;,, and the signal vrc due to the behavior of the resolver.
Therefore, the resolver behavior can be approximated by a single-pole expression as

vre(s) _ (1—aAT)kckg
vinls)  (Ts +1) (9

for
_ tan®p

Wex

TR

where Tf is the time constant of the resolver. From Equation (14), the circuit in Figure 2b
affected by temperature can be represented by the block diagram shown in Figure 2c, where
XR = O(kR.

3.0

2.04

1.04 F

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0
Time (ms)

Figure 3. Simulation result of Figure 2b.
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or(s)

3. Temperature-Compensation Technique

A simple closed-loop configuration to compensate for the temperature effect is shown
in Figure 4a, where the subtract-and-sum topology is depicted within the dashed-line
frame. The phase-lead compensator in Figure 4a is required to compensate for the phase
lag 8p of the resolver’s behavior. Therefore, the time constant T} of the phase-lead network
is set to equal the time constant T for the in-phase condition between the signals vr and
v;,. From Figure 4a, the closed loop transfer function can be stated as

(14 kp)ykckrkr Yarkckrkg

(14 vkckrpkpkg) (1 1 s

) Vin(s) — AT (15)

YT;s
T kckrkpky) (1+vkckrkpkr) (1 + (1+’chklPkPkR)>

where kp and kr are the proportional gain and the compensation gain, respectively, and v
is the attenuation factor of the phase-lead compensator. Normally, kc = 1/kg and kr =1/
are assigned. If kp >> 1 and ykckgkpkr >> 1, then Equation (15) can be expressed as

vr(s) = <Uin(5) - g“) (1:”5) (16)

From Equation (16), the magnitude of the signal vr for v;, = Vpsin(weyt) can be
approximated as

(17)

or(jo)] = (v 2a7) e (172?)2)

From Equation (17), the parameters of v = 0.1, T} = 67.63 ps, and w,y = 18.85 krad/s
were achieved from experimental implementation. Thus, the denominator of the terms
in the square brackets in Equation (17) can be approximated as 1. It is evident that the
temperature effect of the primary winding current ip on the resolver can be minimized by
increasing the gain value kp. The proposed circuit for the block diagram in Figure 4a is
shown in Figure 4b. The block diagram of the sum-and-subtract topology in the dashed-line
frame in Figure 4a can be replaced by the dashed-line block SS; in Figure 4b to minimize
the active device used for the experimental implementation.

The proposed circuit consists of three opamps as active devices. The operation of the
proposed circuit can be explained as follows: from Figure 4b, the opamp A; and resistors Rpy
and Rp, function following the sum-and-subtract scheme to obtain the error signal between
the input signal v;, and the feedback signal vr. The capacitance C¢ is employed to avoid
unstable sum-and-subtract scheme operation [27]. For a small value of the capacitance Cc,
the output signal v,, of the opamp A; can be stated as

R

2
Vex = Ujy + T;(Uin - UP) = Ujp + kP(UiH - UF) (18)
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Figure 4. (a) Principle of the temperature-compensation technique; (b) the proposed circuit; (c) block diagram of the

proposed circuit.

Notably, the signal v,y is provided as the excitation signal for the resolver. From
Equation (18), the signal v,y is in sum-and-subtract form, corresponding to the sum-and-
subtract topology in Figure 4a. The primary winding current ip is detected by the resistors
Rp and Ry in the form of voltage signals vsp and vgy, respectively. Opamp A; forms the
inverting amplifier to obtain the signal vgc from the vgp and vgy signals. The phase-lead
compensator formed by capacitor Cj; and resistors R;; and R;p provides the phase lead 61
to compensate for the phase lag 6p caused by the behavior of the resolver. Opamp A3, the
resistors Rcq and Ry, and the variable resistor Ry provide the compensation gain kr for
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the phase-lead compensator. The relationship between the voltage signals vgrc and vF in
Figure 4b for Rcq1 = Rep can be expressed as

vr(s) _ 2<S + %1) _ 7vkp(Tis+1) (19)
vRc(s) /S(s%—%n) (7Tis +1)

where v = Rj2/(Rj1 + Rjp) is an attenuation factor, kr = 2/ is a compensation factor, and
T; = Rj1Cpp. The compensation factor kr is set to 1/ for |vp(jw) | = vrc(jw) |. Notably, the
pole at s = —1/+T; must be far from the left of the zero at s = —1/T; to prevent phase error
at the excitation frequency. Therefore, the factor v < 0.1 is chosen to assign the location of
the pole shifted left from the location of the 0 by at least 1 decade. The phase lead 6], in
Equation (19) can be stated as

0r = tan N (wer T)) — tan ™! (ywex T) (20)
If 0; = 10p | is set, then the voltage signal vr and the input signal v;,, are in phase.

4. Performance Analysis

In practical implementation, a deviation from the ideal performance is caused by the
non-ideal characteristic of the devices used in the proposed circuit. The tolerances of the
resistors and non-identical supply currents of opamp Ay, isp, and igy contribute to the
amplitude error and the DC offset voltage in the vgrc and vF signals. The feedback signal vf,
which includes error due to the non-ideal characteristic of the devices used in the circuit in
Figure 4b, can be written as

Y2R3RRp -
b=yl | 21
3 BR Ry (1+e1)ip + Vossser (21)
for
€1 =04 +0Rr
and

v _ 7Y2R3RcRp(Ap + Asg)
of fset — ‘BRlRC1

where J4 and Jp are the tolerances of the resistors Ry, and Rp, respectively; Ap and Ag are
the different currents of the quiescent currents (Ig; — Ipp) and the bias currents of the class-
AB output state (Is; — Isz) of the opamp Aj, respectively; and Vg, is a DC offset voltage.
Practically, the resistances in Equation (21) are set to Rc1 = Rep, Rp =500 (), Ry =10 kQ,
and Rj3 = 322.7 k), which were chosen for the tolerance of 0.1% or 64 = dg = 0.001. From
Equation (21), the error &; can be calculated as 2 x 1073. The effect of the error ¢; can be
minimized by tuning the compensation factor kr = 2/p. The different currents Ap and Ag
are measured from opamp A; as about 3.8 and 2.1 pA, respectively. Therefore, the offset
voltage Vg, can be calculated as 95.2 mV for kp = 1/7. The offset voltage Vg, can be
cancelled by adjusting the voltage V¢ in Figure 4b to an appropriate value. The tolerance
of the resistors in the proposed circuit also induces harmonic distortion in the feedback
signal v for the amplitude of the primary winding current ip varying in the range of +2Is.
The total harmonic distortion (THD) as a percentage of the feedback signal v for —2Ig <
ip < 2Ig can be expressed as

THD — (5A -0—51; —:js)ip
16(1+ 2438 ) I

x 100% (22)

where 5 = Ag/Is. From Equation (22), the maximum percentage of THD occurs when the
amplitude of the primary winding current |ip | is equal to 2Is. If the class-AB bias current
Is of opamp A; is 1.302 mA, then the THD percentage will be about 0.09%. Notably, the
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effect of THD can be prevented. The second factor is the unstable operation of the proposed
circuit caused by intermodulation distortion (IMD) and phase shift due to the behavior of
the opamps. IMD occurs on the v, signal due to the intrinsic pole of the opamp A;. To
avoid IMD, a capacitance Cc is connected in parallel to the resistance Ry, to generate the
dominant pole for the sum-and-subtract SS;. The dynamic behavior of the opamps A1, Ay,
and A3, caused by the gain bandwidth product (GBP) and the gains kp and kr, introduces
a phase shift in the feedback signal vr. Figure 4c shows a block diagram of the proposed
circuit where the dynamic behaviors of the opamps are depicted. The time constants Tq, T»,
and T3 of the opamps A1, Aj, and A3, respectively, depend on the amplification gains and
GBPs of each opamp. From Figure 4b, the time constant T¢ = RpCc is obtained. In addition,
the corner frequency wc of the term (Tcs + 1)~ ! should be assigned in the range of 10w,y <
wc < 0.1GBP; to avoid the unstable operation of the proposed scheme. Practically, the time
constant T¢ = (0.1GBP;)lis assigned. The time constant T} = Ty is provided to compensate
for the phase lag of the primary winding in the resolver structure. The time constants T,
T», and T3 can be stated as

_ (IT+kp)
h= GBP, (23)
. (1 +kc)
I, = GTPQ (24)
and (1 . )
_ U +kr
Ts = GBP; (25)

where GBP; is the gain bandwidth product of opamp A; used in this paper. From
Equations (23)-(25), the time constants Tq, T, and T3 are proportional to the value of
the gains kp, kc, and kr, respectively. Notably, a high value of kp is used to minimize the
temperature effect. In addition, high values of kp and kr cause the proposed scheme to
operate unstably. The phase shift caused by the pole at s = —1/T; should approach 0° at
the excitation frequency wey to avoid unstable operation. Therefore, the time constant T is
assigned to be less than at least 1 decade for the period of the excitation frequency wey or
T1 <1/10wey. From Equation (19), the pole at s = —1/+T] of the phase-lead compensator
should be placed to the left of the 0 at s = —1/T; by more than 1 decade by adjusting
the factor <y to prevent phase error. Therefore, the maximum values of the amplification
factors kp and kr for maintaining the stable operation of the proposed technique can be
expressed as

GBP,
kp = —1 26
P = T0wey (26)
and GBP
kp = 3 1 27
F = 10w, (27)

From Equations (26) and (27), the maximum value of kp and kr for the stability
condition is 132.33 for w,, = 18.85 krad /s GBP; = GBP, = GBP3 = 25.13 Mrad/s. From
Equations (23) and (25), the time constants T and T3 are calculated as 4.02 and 0.44 ps for
kp =100 and kr = 10, respectively. The compensated gain k¢ is set to 32.27. Therefore, the
time constant T, can be determined from Equation (24) as 1.32 us. From Figure 4b, the
resistances Ry and Rp, are assigned as 2 and 200 k() for the proportional gain kp = 100,
respectively. If the time constant Tc = RpCc is set to 0.1GBPy, about 0.4 ps, then the
capacitance C¢ can be determined as 1.99 pE. The phase shifts 61, 65, and 63 of the poles at
s=—1/Ty,s=—1/T,,and s = —1/T3, respectively, can be described by

(28)

61 = — tan ! {w”(l + kp)}

GBP,

0, = —tan ! [w”((;l;l;zkc)} (29)
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and

1+k
63 = —tan"! {“’”éBg £ )] (30)

For kp = 100, kr = 10, and k¢ = 32.27, the phases 61, 8, and 03 are —4.33°, —1.43°,
and —0.47°, respectively. These phase shifts deteriorate the stability of the proposed tech-
nique but can be compensated by increasing the phase 6} of the phase-lead compensator.
Therefore, the time constant T; of the phase-lead compensator can be written as

_ tan(|0p[ + [61] + |62] + |63])
Wex

T (31)

For 6p = —51.89°, the time constant T} can be determined as 85.3 ps.

In addition, the temperature effect causes deviation of the winding inductance, which
is exhibited in the phase shift term ¢p in the primary winding current. The phase shift ¢p
can be approximated by the first-order pole at s = —1/Tp, where Tp = (tan ¢p)/wex. The
effect of phase shift ¢p in the time constant T can be included in Equation (17) as

jop (je)| = (vp _ R AT ! (32)

kr > \/<1 + ((7Tl+k7;D)wex)2>

Practically, the time constant Tp is much less than the time constant yT; and can be
omitted. From Equation (32), the denominator of the term in the square brackets can be
approximated as 1, corresponding to Equation (17). Therefore, the performance of the
proposed scheme is unaffected by the phase shift ¢p.

5. Experimental Results

The proposed technique was implemented using commercially available devices. The
opamps used in this study were LE351 for opamp A; and LE353, comprising two opamps
in the same package for opamps A; and A3, where LF351 and LF353 provide a GBP of
25.13 Mrad/s. The measured average values of the currents I, Is, Ag, and Ag for opamp
A1 were 2.39 mA, 1.3 mA, 3.8 pA, and 2.1 pA, respectively. The passive devices were
chosen as R1 = Rz =10 kQ, RCl = RCZ =30 kQ, Rf2 =200 kQ, Rfl =2 kQ, Rp = RN =500 Q,
Cc =2 pF, and a variable resistor R, = 1 k(). All resistors used in the proposed circuit
were selected for having a tolerance of 0.1%. The power supply was set to £12 V. The
resolver used to demonstrate the performance of the proposed technique was a SANYO
101-4100 with a transformation factor krs of 0.37. The excitation signal was assigned as a
3 kHz sinusoidal wave with 2 V peak amplitude. The load resistors Ry and R;, for the
resolver were assigned as 100 k(). The impedance of the resolver including the impedance
of the secondary side referred to the primary side was measured from the primary winding
using a HIOKI 3532-50 LCR meter as 16.135 k() at room temperature (25 °C). Therefore,
the conversion factor kg was determined as 61.977 x 10~® A/V. From Equation (13), the
factor kc = 1/kg = 16.135 x 10° V/A was set. Therefore, the resistor Rz of Equation (13)
was determined as 322.7 k() for Ry = Rp = 500 Q) and R; and R, = 10 kQ). The variable
resistor was used for the resistor R3 to achieve 322.7 k(). The circuit in Figure 2b was used
to determine the dynamic behavior of the resolver.

Figure 5 shows the measured result of the phase shift between the signal v;, and the
primary winding current represented by the signal vgrc. From Figure 5, the phase lag 6p
between signal v;, and signal vgc was measured as 51.98° at a room temperature of 25 °C.
Therefore, the primary winding impedance including the impedance of the secondary
side referred from the primary side can be provided in polar form as 16.135 k() £ —51.98°.
The time constant Ty representing the dynamic behavior of the circuit in Figure 2b was
calculated from Equation (14) as 67.63 pus. From Figure 4b, the time constant T; = T was
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assigned to compensate for the phase lag due to the total impedance of the resolver. The
attenuation factor v = 0.1 was chosen in this experiment. Subsequently, yT; = 676 us was
obtained. The resistances R;; and R, were determined as 6.76 k() and 676 (), respectively,
for Cj; = 0.01 pF. In this experiment, the resistances R;; and R;; were chosen as 6.8 k
and 680 ), respectively. Therefore, the attenuation factor v was recalculated as 0.09.
The feedback gain kr was determined as 11.11 by adjusting the variable resistor R,. The
operation environment of the resolver in this experiment was a chamber capable of varying
the temperature from 25 to 70 °C. The shaft angle s of the resolver was set to 45° to
obtain equal amplitudes of the secondary winding signals v51 and vg,. The experimental
setup and the prototype of the proposed circuit in Figure 4b are shown in Figure 6a and
Figure 6b, respectively.

~ 00V~ B 1.00V % W 100ps IR ChT L 360mY

Figure 5. Measured result of signals vgc and v;,,.

If phase 0p of the primary winding current at 25 °C is set as a phase reference, the
phase shift ¢p of the primary winding current shift from the phase reference 0p can be seen
in Figure 7 for the variations in the ambient temperature from 25 to 70 °C. From Figure 7,
the maximum value of the phase shift ¢p at 70 °C is about 1.78°, which corresponds to
the time constant Tp = 1.649 ps. The time constant yT; = 676 us is much larger than the
time constant Tp. Notably, the effect of the phase shift ¢p on the circuit performance is
insignificant and can be neglected.

The phase shift gp can be inferred from the change in the resolver inductance. From
Figure 7, the variation in the ambient temperature had little influence on the winding
inductance of the resolver, in agreement with a recently reported approach [25]. The
measured result of the primary winding current in Figure 2a, represented by the signal vgc
versus the variation in the ambient temperature, is shown in Figure 8a, which was used to
determine the temperature coefficient a of the resolver. The temperature coefficient « of the
resolver in the term of ag was approximated from the signal vgc as —1.71 mV/°C fora2 V
peak amplitude of the excitation signal. The temperature effect on the secondary winding
signals vg1 and vg, was also measured as shown in Figure 8b. The percentage error for this
experimental result can be described as

lexpected value — measured value)

ercentage error =
P § expected value

x 100% (33)
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Figure 6. (a) Experimental setup; (b) prototype of the proposed circuit.

Phase shift ¢b (%)

1.8

1.6

1.4

2 = 2 =
S« -~ T )

<
[

Ambient temperature (°C)

Figure 7. Measured result of phase shift ¢p.
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Figure 8. Measured results and percentage errors of resolver signals; (a) voltage signal vgc; (b) re-
solver signals vg; and vgj.

As shown in Figure 8a,b, the magnitude of signals vgrc, vs1, and vg, decreased with
increasing ambient temperature. The percentage errors at 70 °C of the signals vrc, vs1,
and vgy were 3.728%, 1.463%, and 1.44%, respectively. These errors are too high for
precision control systems. Therefore, the resolvers require temperature compensation.
From Figure 8b, the effect of temperature variation on the resolver signal vg, was the
same as on the resolver signal vs;. Therefore, only the resolver signal vg; was used to
demonstrate the performance of the proposed technique.

The prototype board in Figure 6b was connected to the resolver for the investigation
of the circuit’s performance, where the operation environment of the resolver was the
same as in the above-described experiment. The experimental results for both signals vrc
and vg; in terms of percentage error are provided in Figure 9a,b, respectively. Figure 9a,b
show that the errors of the signal vgc and the resolver signals were significantly reduced.
Figure 9c depicts the waveform of the excitation signal v,, and the signal vr for an ambient
temperature of 70 °C. The signals v,y and vr were in phase. From Equation (32), the time



Sensors 2021, 21, 6069

14 of 16

constant Tp was weighted by the proportional gain kp. Therefore, the performance of the
proposed circuit was independent of the time constant T or the phase shift ¢p. As shown
in Figures 8a and 9a, the percentage error of the primary winding current represented
by the signal vrc could be minimized from 3.728% to 0.043% at 70 °C. Additionally, the
percentage errors of the resolver signal vg; in Figures 8b and 9b could be reduced from
1.463% to 0.017%. Obviously, the accuracy of the resolver was improved more than 100-fold
using the proposed technique. These experimental results confirm that the proposed circuit
provides high-quality performance and offers advantages due to a small and simple circuit
configuration. In addition, the proposed circuit can be placed between the resolver and a
commercial signal conditioner without disturbing the operation of the system.
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Figure 9. Cont.
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Figure 9. Percentage errors of resolver signals with temperature compensation using the proposed

technique: (a) voltage signal vrc; (b) resolver signal vsy; (c) waveform of signals vey and vr.
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