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Abstract

Resolvers, as magnetic position sensors, are increasingly used in motion-control systems. Due to electro-magnetic
structure, they preserve more accurate and reliable operation than optical encoders in stressful conditions. Usually,
to evaluate the performance of a resolver, total harmonic distortion (THD) of output signals is calculated. In this
study, by using analytical expressions, it is shown that THD of output signal is not a reliable indicator of the

performance of a resolver.
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1. INTRODUCTION

Position sensors are widely used in almost all
motion-control systems. In industry, the two well-
known position sensors are encoders and resolvers
[1], [2]. Contrary to encoders, resolvers provide
absolute position over one revolution/translation [3]
and thanks to resolvers’ analog output signals. They
suggest infinite resolution [4]. Moreover, resolvers,
due to their ability to work in harsh and polluted
environments, low sensitivity to temperature and
pressure variations, and simple structure, have found
wide applications in aviation, robotics and
automation, motor drives, and electric vehicles [5]-
[7]. Fig. 1 shows the structure of a typical 2-pole
rotary resolver. Generally, resolvers are comprised of
two sets of coils; excitation and signal coils. By
feeding the excitation coil, located on the moving
part, with a high frequency sinusoidal voltage, a
voltage is induced in the output coils, called signal
windings [8]. Signal windings are physically 90
degrees apart. Therefore, the induced voltages are
proportional to the sine and cosine of the relative
position of the moving and stationary parts.
Additionally, there is a rotary transformer to transfer
the excitation voltage V. to the moving part. Output
signals, V; andV,, are then fed to an electronic
Resolver to Digital Converter (RDC) [9]-[10]. In fact,
the function of RDC is to find the envelope of output

signals and calculate the position of moving part (8).
Accordingly, studies in the field of resolvers are
categorized into two branches. While the first groups
of studies are devoted to the magnetic structure of
resolver, the other ones focus on the RDC.

Symbol Quantity

By maximum of magnetic flux density

Bp maximum of fundamental(Pt") magnetic flux
density

Bp_yi maximum of (P — ki)™ harmonic of magnetic flux
density

fo ] we excitation voltage frequency / angular speed

a an arbitrary position in the air-gap

S a surface located between the moving and
stationary parts

aS is the boundary of surface §

E electric field

velocity of the boundary 05

<

V./V/V, Excitation / Sin/ Cos winding voltage

V, | Vin RMS value of Excitation / Sin and Cos winding
Wi angular(mechanical) speed of moving part

2] instantaneous position of moving part

M, mutual inductance of moving and stationary parts
I RMS value of excitation winding current

P pole pairs of resolver as an electrical machine

38

Electromechanical Energy Conversion Systems (EECS), Vol. 1, Issue. 1, Winter 2021


http://www.a-pdf.com/?tr-demo

Misconception Of Total Harmonic Distortion In Resolvers.

The studies intend to minimize the estimated position
error by modifications in the magnetic design of
resolver and/or suppressing error in the electronic
part by using compensators. Resolvers, due to
manufacturing imperfections, slotting effects, tooth
harmonics, coils’ overhang leakage flux, mechanical
misalignments, and winding topology, experience
some voltage harmonics in the output signals [11].
Despite the fact that RDC is able to compensate some
errors, machine designers are eager to reduce these
errors at their origin. The most common approach for
performance evaluation of a resolver is to measure
the analog signals’ THD [12]. Investigations have
frequently used the THD and harmonic contents of
output signals as a reliable index to evaluate the
performance of a resolver [2]-[8], [11]-[16].
performance is defined as the accuracy of estimated
position, then it will be shown that the THD of
analog signals is not a reliable indicator of a resolver
performance.
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Fig.1. Basic StrucTure OF A TypicAL 2-PoLE RoTARY RESOLVER

2. BASIC FORMULATION

When the rotor is excited with high frequency
sinusoidal voltage, magnetic flux density in the air-
gap is:

B(t) = By cos(2rf,t — a) (1)
The induced voltage in a single loop of a coil is
obtained by Faraday’s law, as:

e(t) =] (E+vxB).dl

as
0B @)

:f Eds+?§ v X B.dl
N as
The signal windings are connected to a high
impedance RDC, which leads to small currents in
output windings. Thus, the output currents can be
neglected in calculations. Using (2), the output
signals of resolver are obtained as:

V.(t,0) =V, sin(8) cos(w,t) (3)

+ (:)—m V. cos(8) sin(w,t)

e

V.(t,0) =V, cos(8) cos(wet)
— a)_ v, sin(0) sin(w,t) )

e

Vin = WMLy ®)
The first terms on the right-hand side of (3) and (4)
correspond to the transformer EMF and the second to
the motional EMF. Given that the excitation
frequency is 5 to 50 times of the angular speed, the
motional EMF can be neglected. On the other hand,
due to the slotting effect and non-ideal winding
distribution, the air-gap’s magnetic flux density and,
consequently, the mutual inductance between
excitation and signal windings is rich in harmonics.
In a resolver with 2P poles, h = P corresponds to the
order of fundamental component of output voltage. In
this essence, (3), (4) and (5) can be rewritten as:

o h
V,=V(t,0) = Zh—l V, sin (FH

(6)
+ (ph) cos(w,t)
T © h
VCZVS(tﬁQ'{'_):Z Vhsin(—0+(ph
2o ™
N hTL’) (@.0)
P cos(w,
Vh - weMrs,hIm (8)

Where h is a representation for harmonic order. Since
the phase of harmonics are calculated with reference
to the fundamental one, without losing the generality,
@pis assumed to be zero. In this study harmonics
refers to all its types including sub-harmonics and
inter-harmonics.
3. PROBLEM DEFINITION

As discussed in the earlier section, one way to
evaluate the estimated position accuracy is to
measure the output signals’ THD, as:

THD = V;”msz - VPZ/
Ve

_ «’2?;1 Vp? = VPZ/ ©)

= v,

The estimated position is calculated using (10):
(%
Bese. = tan™" (_) (10)
Ve
Fig. (2) shows the output voltage waveform and the
estimated position profile when 11" harmonic exist in
the output voltages. As seen from Fig. (2), presence
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of unwanted harmonics leads to a deviation in the
estimated position profile. Nevertheless, presence of
harmonics is not the only factor that affects the
performance of a resolver.

COS Voltage
———COS Envelope
Ideal COS
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Real Estimated Position | |
- - -ideal Position

L - i L
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Position(deg.)
Fig. 2. Waverorms OF SINE AND COSINE SIGNALS AND
EsTiMATED PosiTioN IN PREsSENCE OF HARMONICS IN

OuTPUT SIGNALS.
Logical connection among voltage harmonics plays a
major role in determining the estimated position error
which is not included in THD. In this regard, (6) and
(7) can be rewritten as:
‘/s —
cos(wet) {Vp sin(6 + @p) +
Pl [—Vh+zz”‘h (sin (20 + (ph) + sin (—ZPP_h 0+

Vi-V. h (11)
oura)) 12 s (30 ) -

. 2P-h
sin
P

- ))] + Lh=2p Vp sin (%9 +

on))

V. = cos(w,t) {VP sin (9 +@p + :) +

S 5 o 4 )

sin (2220 + gy + Z225)) +
12)
7‘/"_22””‘ (sin( 0 + ¢y —) —sin (?6 +

¥ = cos(wet) {Vp sin(0 + gp) + f=H [ (Vi +

Vyp_p) sin (9 + %) cos (%9 -

i) ®

(Vi = Vap_p) cos (6 + L2221 sin (22 —
020 4 3 mp Vi sin (56 + 1)}

V. = cos(wet) {Vp cos(8) + Zhzd [ (Vs +

Vap_p) €OS (9 + %) cos (%0 -

qah—qup-h + (P- h)”) + (V, = Vop_p) sin (9 + (14)

tpn+<pzp—h) sin (P h g — $h=P2p-h | (P—h)rr)] +
2 P 2 2P

Yn=2p Vi sin( 0+ on+ hn)}

To study the suitability of THD as an indicator of
estimated position error, two assumptions are taken
into account:

e First: It is well-known that the high order
harmonics are smaller in magnitude in
comparison with low order ones. To make the
calculations straightforward, harmonics with
f = 2fp are neglected. This assumption does not
affect the generality of the problem. Therefore,
(9) is reduced to (15):

$2PI1Y,? - vpz/

e Second: Remaining harmonics have a symmetry
around the fundamental one. In other words,
(™" and (2P — h)" components have the
following characteristics:

Y2p-n + @r- h)n))] + Yh=2p Vi sin (%9 +on + Vi = Vap_n (16)
+
hr @, <P2p,h)/2 = @p )
)
N r=1/s
By rearranging: herefore: THD = Vp (18)
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In the cases where V,, = 0, (18) is non-zero. The more
harmonics are in the output voltages, the higher
estimated position error will be. Nevertheless, using
(10), (13), (14), and the above mentioned
assumptions, the estimated position is calculated as:

Estimated position error = 0,5, — 0

- ()

) oo o2

sin(6)
cos(@)) -0 (19)

Eq. (19) shows that if the second assumption is met,
the estimated position error will be too low. In fact,
the first term in parenthesis is close to unity which
leads to minor errors. In other words, for a signal
whose harmonics have a symmetry around the
fundamental harmonic, the presence of those
harmonics has less effect on the estimated position
error. While, for the other signal whose harmonics
have no symmetry around the fundamental, even with
the same value of THD, higher estimated position
error is expected. This is contrary to the customary
use of THD as an index of resolver accuracy.

This conclusion can be explained by rotating
magnetic field in the air-gap, too. Fig. (3)-a shows
the rotating magnetic field of the fundamental
harmonic as well as (P + k;)" and (P + k,)" ones
for a typical 2P-pole resolver in the rotating d — q
frame, where k;and k,are arbitrary positive integers.
If the angular speed of fundamental component

(h=P) is taken to bew, then the mentioned

harmonics will rotate at a speed of (Wifkl)w and

Pk . respectively.  Accordingly, if  the

fundamental harmonic is taken as the reference field,
then harmonics with A > P and harmonics with
h < P rotate in the positive and negative directions
with respect to the reference field, respectively. Fig.
(3)-b shows phasor diagram of magnetic field in the
air-gap when the fundamental harmonic of magnetic
field is assumed to be the reference vector. As seen
from Fig. (3)-b, in the stationary a — 8 frame, each
harmonic has in-phase (B,) and quadrature (Bp)
components. If the second assumption is taken into
account, the quadrature component of symmetrical

harmonics (h = P + k;), will cancel each other. Fig.
(3)-c, the resultant magnetic flux density in the in the
stationary a — B frame. Symmetry of harmonics lead
to the conclusion that the resultant magnetic field
density has only in-phase component. Therefore, the
induced voltages in the stator that are resulted from
total magnetic flux density, contains symmetrical
components and, consequently, more accurate
estimated position is obtained. Fig. 4 shows
normalized output voltages, their harmonic contents
and estimated position error for three different cases
resulted from a typical 10-pole resolver. Circular
curves of output voltages are presented in Fig. 4-a.
Presence of various harmonics in the output voltages,
beside the fundamental one, lead to deviation from
the ideal curve. Ideal curve is obtained if only the 5"
harmonic exist. The harmonic content of output
voltages is shown in Fig. 4-b. As seen from Fig. 4-b,
in Case | the second assumption is met such that the
symmetrical harmonics with respect the fundamental
one contain equal magnitude and equal phases but
with a different signs. However, in Case Il and Case
I11 the second assumption is violated. All these cases
presents 14.76% as the THD of output voltages.
However, the estimated position error in Case | is
minimum among those shown in Fig. 4-c. The
average estimated position error and maximum
estimated position error in Case | are 0.028 and
0.093, in Case Il 0.104 and 3.130, and in Case Il
0.100 and 3.140, all in degrees, respectively.

Beside the above mentioned deficiency of THD as an
ideal indicator of estimated position error, it has some
further limitations. As seen from (9), THD is not
sensitive to the order and the phase of harmonics;
however, (10) shows that both those parameters
affect the estimated position error. Moreover,
quadrature error that is prevalent in resolvers, is not
included in THD. In fact, the quadrature error exists
when the two output signals are not perpendicular:

Vi(t,0) = Z Vin,(ny sin(0y,) cos(w,t) (20)

Ve(t,0) = ) Vinay c0(0y + B) cos(aet)  (21)
where g is the amount of imperfection. While the
quadrature error results in an increase in the
estimated position error, the THD of output signal
does not reflect the presence of this imperfection.
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Fig. 3. (a): PHASOR DiAGRAM OF MAGNETIC FLUX DENSITY
IN THE AIR-GAP, IN THE RoTATING D-Q FRAME, (b):
PHAsor DiacRAM OF MAGNETIC FLUX DENSITY IN THE
AIR-GAP, IN THE STATIONARY a-B FRAME, (c): RESULTANT
MaGNETIC FLUX DENSITY.
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4. CONCLUSION

In this study, the weaknesses of total harmonic
distortion, as an index of measuring the accuracy of a
resolver, were introduced. Analytical expressions
were provided to justify the claim. To sum up:

The THD of resolver’s output signals is a good
indicator for the quality of estimated position, but it
is not a reliable index. This is due to the fact that

THD is not sensitive to the order of harmonics.
Therefore, harmonics with different orders but with
the same magnitude have identical effects on the
THD. However, the estimated position error is a
function of harmonics order. Besides, THD is not
affected by the phase of harmonics and quadrature
error. It is shown that when the disturbing harmonics
are symmetrical over the fundamental one, the
estimated position error is independent of harmonics
magnitude and THD. Therefore, to improve
resolver’s performance, a winding arrangement and
machine structure should be proposed in such a way
that the output signal’s THD become minimum and
its harmonic contents have a symmetrical distribution
over the fundamental one.
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