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New Interpolation Method for Quadrature
Encoder Signals

K. K. Tan, Member, IEEEHuixing X. Zhou, and Tong Heng Le&ember, IEEE

Abstract—This paper presents a new interpolation method firstintroduced by Heydemann [1]. He used least squares fitting
suitable for increasing the measurement resolution obtainable tg compute these error components efficiently and made correc-
from quadrature encoder signals. Based on the existing sinu- yjs, for the two nonideal sinusoidal signals. Using this method,
soidal signals, high-order sinusoids can be derived, from which K_P. Birch [2 ble t lculat tical fri fracti t
binary pulses can be generated, which can be decoded using only ™ " - 'rC_ [2] was able to cal _Cu ate optica rlngg rac |on_s _O
standard servo controllers for position information. A look-up ~Nhanometric accuracy. By making use of the amplitude variation
table, constructed off-line, serves as the inferencing engine for with angle, Birch divided one period of the sinusoidal signal
the proposed method. Imperfections in the encoder signals can into N equiangular segments to increase the effective electrical
be directly compensated for in the look-up table, including mean 5,16 resolution. The micro step controller [3] and encoder code
and phase offsets, amplitude difference, and waveform distortion. tion technol a1h b d | db donthi
Simulation and experimental results are provided in this paper. compensationtechno qu_[ ] have been deve ope_ ased onthis

o _ method. Relevant applications can also be found in [5], [6].
Index Terms—Encoder resolution, interpolation errors, look-up  Thege interpolation approaches generally require explicit
tables, measurement interpolation, quadrature encoder signals. . . . .
high-precision analog-to-digital converters in the control
system, and a high-speed DSP to compute the electrical angle
|. INTRODUCTION to the required resolution. Therefore, they are inapplicable

IGH-PRECISION and resolution motion control relied® the typical servo controller with only digital incremental
ncoder interface. Furthermore, it is cumbersome to integrate

critically on the precision and resolution achievable frorfi ; . L . . )
the encoders. These factors are in turn limited by the technolo usoidal correction with interpolation since the correction
ameters must be calibrated off-line. As a result, most servo

behind the manufacturing of encoders. To date, the scale gra . .
trollers that are able to offer interpolation have assumed

on linear optical encoders can be manufactured to less t . . e
four micrometers in pitch, but, clearly, further reduction irperfect quadrature sinusoids. As a result, specifications re-

pitch is greatly constrained by physical considerations. Thlf’étlng to resolution may be achievable, but the accompanying
implies an optical resolution of one micrometer is currentl ccuracy cannot be guaranteed. The current effort for sinusoid

achievable. Interpolation using soft techniques will provid orrection also does not consider error in the form of waveform

an interesting possibility to further improve on the encod stort|0n,_|.e., Fhe actual signal may be _perlo_dlc. .bUt Is not
resolution, by processing the analog encoder signals onliperfectly sinusoidal. These errors are certainly significant when
' S

to yield the small intermediate positions. uT-hmlcron resolut|ort1 and accurat?]y grte reqwred.t both
The error sources associated with position information ob- IS paper presents a new method to carry out both correc-

tained this way can be classified under pitch and interpolatié)'ﬁn and interpolation, independent of the servo controller. As

errors. Pitch errors are due to scale manufacturing toleran rsesult, the method is applicable to most servo controllers, in-

and mounting distortion. They can be compensated via the s ding those with only digital incremental encoder interfaces.

procedures that will be carried out for general geometrical err p_e basic idea is to derive high-order sinusoids based on ex-

compensation. Interpolation errors are associated with the acging quadrature sinusoids from the encoder. These high-order

racy of subdivision within a pitch, affecting any calibration per§ignals may in trn be converted to a series of high-frequency

formed. Ideal signals from encoders are a pair of sinusoids meary pulses that are r.ead|ly degoded by standard SErvo con-
a quadrature phase difference between them. Interpolation H llers. A_|00k'uD tqble is used to implement the |d§a with little
erates on the relative difference in amplitude and phase of thé& 5nputat|ongl requirements, com'pared to the online computa-
paired sinusoids. Therefore, interpolation errors will occur ifthtéo_n of electrlc_al angle necessaryin current interpolators. S_lnu-
pair-periodic signals deviate from the ideal waveforms on whi idal corrections, including mean and phase offsets, amplitude

the interpolation computations are based. These deviations EF rence and waveform distortion, can be directly reflected in

be corrected before interpolation, using digital signal processit IIO%II('UD tabl?' TE'S prc()jcetsz 'S;SU?"yldonT offlltne, a;:thc;ugh
techniques, to reduce the interpolation errors. avle can aiso be updated adaptively oniine 1o retiect any

The technology to compensate the mean value errors, phag%seque_nt changes or drift in th_e encod_er s_ignals. Simu_lation
and amplitude errors for two quadrature sinusoidal signals [ experimental results are provided to highlight the principles
and applicability of the proposed method.

Manuscript received February 1, 2000; revised July 19, 2002. Il. PRINCIPLE OF THEPROPOSEDINTERPOLATION METHOD

The authors are with the Department of Electrical and Computer Engineering, . . . .
National University of Singapore, Singapore. The basic idea of the proposed interpolation method is to de-
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Fig. 1. Sinusoidal signals correction.

these, binary pulses can be generated which can be readilyligy some of these error components can be calibrated and
coded by standard servo controllers for position information. A®rrected.

an example, given the valuessifi(«) andcos(«), sin(2«) and Ideally, the quadrature encoder signals (denoted.byand
cos(2«) can be obtained from the trigonometry relations: uo respectively) are identical sinusoidal signals displaced by a

phase ofr/2 with respect to each other
{ sin(2a) = 2sin(«) cos(«)
cos(2a) = 1 — 2sin?(a).

1) {ul = Acosa

uy = Asin a.

3

In general, assumingin(«) andcos(«) are known with suf-
ficient precisionsin(na) andcos(na) (n € Z > 1) can be
derived from the following general equations

« denotes the instantaneous phase Arénotes the amplitude
of the signals.

According to the Heydermann method [1], the more general
equations relating the ideal and practical encoder signals are

n

sin(na) = ncos" ! (a)sin(a) — C2 cos” () sin®(a)

+ C2 cos" () sin®(a) — - - - Uy = uy +my

cos(na) = cos™(a) — C2 cos™ 2(a) sin®(a) Ty = A cos(a —¢€) + My “)
+ C2 cos"*(a) sin?(a) G
— C8cos" () sin®(a) — - - -. wherem; andm., are the mean values of the signals anslthe

2 phase shift. Th@; andu, are values obtained from the encoder.

Using an eI_ectronic compargtor to detect_ Zero Ccrossingsg,— Ay /Ay andAy, A, are the actual amplitudes of the encoder
quadrature binary pulses may in turn be obtained fsarnc)  signals.

and cos(na). These pulses are more readily decoded usingpjrect simplification of (3) and (4) yields
most standard servo controllers or CNC systems for position
information. A further four times interpolation can be obtained

from these signals. The method eliminates the need for preci-

sion analog-to-digital signal acquisition and processing Unifherek,, i = 1, 2-- - 5, are the constants, and they can be iden-
within the control system for interpolation purposes, SinGgied online or offline by a least squares fitting routine [1].

interpolation has been done independently of the controller.  prom . the offset parameters of the encoder signal may be
Alook-up table will serve as the inferencing engine to providgerived as follows

the signal interpolation (Section 1V). Errors in the originating

encoder signals can then be directly reflected in the entries of [ e —sin—! ( ks >
the look-up table without any separate correction mechanisms. Vakiks
These errors will include waveform distortion error, which has \/172

k’lﬂf + k2ﬂ22 + ksuius + kauy + ksuy =1 (5)

not been duly addressed in the literature reported, to the best of G =

our knowledge. k1

2koky — ksks
mi = ———
LT TR ks )
I1l. PRE-INTERPOLATION SIGNAL CONDITIONING
2k1ks — kska
. . o . me — —1o "7
Before interpolation, it is important to correct the errors in 2 k§ — 4k ks

the originating encoder signals. Commonly encountered errors
in the encoder signals are the mean and phase offsets, amplitude AL = \/4k2(1 + k1m? + kam3 + kamims)

difference and waveform distortion. This section will describe 4k ko — k2
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TABLE |
LOOK-UP TABLE BASED ON#; ONLY
Index 1..s1s st1..2s-12s | ... 3st1...4s-14s
Range 0~m/2 2~ | e 3n/2~2n
g] 1/s ... (s-1)/s 1 1...(s-1)/s 1/s -1 .. -(s-1)/s=1/s
sin(/6q) 0.016...-0.649 0.000 | 0.649...-0.016 0.0 |  ...... 0.649...-0.016 0.0
cos(16a) 0.999...0.760 1.000 | 0.760...0.9991.0 | ...... 0.760... 0.999 1.0
Consequently, the corrected and united signals can be obtained TABLE I
as INDEX TABLE
UL = (Ul — ml)/Al Condition Pindex Range of o
4, = (@ = my)sine + G(@ —ma) @) N>0 Ezg 2N§0-Ns %ﬁ
Ajcose Ny<=0 NS0 3No+Ns 3n/2~2n
It should be noted that this processing is usually done offline on Nc<0 3No-Ng n~37/2
logged encoder information over the entire travel of the actuator.
If my,ma, e, Ay andAsvary significantly with time, a recursive 1 — .
least square fitting can be applied to recursively compute these 0.9 B D
parameters online as they change. . 8'?
This method has assumed a sinusoidal structure in the en- 2 g
coder signal in the formulation of the least squares estimation T;m 05 P
algorithm. As a result, it is not able to handle any error due to < 04
waveform distortion. 8::23
An illustration of the sinusoidal signals with no waveform 0.1
distortion, before and after correction, using the above method 00 T2 3456 7 8 o 10

is given in Fig. 1. The correction parameters are Corresponding angle from 0 ~7/2

sine =—0.2805, G =0.8362, my =3.519 x 107%,
me =0.0022, A; = 0.533.

Fig. 2. \Variation of amplitude against angle.

IV. CONSTRUCTION OF ALOOK-UP TABLE 0.5 sin(640) 1
While sin(na) andcos(na) can be computed from (2), it is E Or o
too inefficient to be viable when the encoder signals are to be £ .05 [arcos(64r)
processed at high speed, especially whas large. A look-up < p .
table can be designed instead for this purpose. The table can 1.3 1.9 2
output directly the values ofin(na) andcos(na), given the Sampling position

inputs; = sin a andiy = cos a.
Fig. 3. Interpolation based oy, .
A. Look-Up Table Based aiy Only
To simplify the inferencing procedure, the valuesiof{na) fixed and known. Table Il serves as the search table to locate the
andcos(na) can be pre-computed and recorded correspondirglevant entries efficiently. We first define indicé&, N., Ny
to pre-determined samples of eithigror @, and the sign of the as

other (for illustration, we will use;; and the sign ofi, for this _ .
L . N, =rounds X )

purpose). To simplify the addressing of the table, these samples N. = i

(ay) are obtained at equal intervals over the entire amplitude N; —

range from—1to 1 (instead of over the entire range of electrical

angle over one period). The samples are obtainédsinterval One potential problem with this tabulation method arises due
over this range, and thus there will be a total number gdm- to the large nonlinear variation of the amplitudeigfwith the
ples obtained over each quadrant of the sinusoid. There are thlextrical anglex. Using pre-recorded samples @f equally

4s samples per period. A largewill resultin finer interpolation spaced in amplitude, will mean a varying interval of the corre-
resolution; however, the trade-off is a larger look-up table arspponding angle as shown in Fig. 2.

increased sensitivity to noise. This angle resolution is poor near the vicinity of
As an example, consider= 16 ands = 1024. The look-up @; = sina =~ 1. Thus, to have sufficient information
table is accordingly set up as in Table | for one period. pre-recorded from this part of the signalmust be very large

Given the real-time value af; and sign ofi,, the associated which will correspondingly imply a large look-up table. Fig. 3
table entry can be directly located since the sample intervalsisows the interpolation result, when= 5000 andn = 64.
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TABLE Il
LOOK-UP TABLE FORn = 16
Index 1...s-1s stl...2s | ... s+l ...... 8s
Range 0~m/4 n4~n2 | ... /427
sin(160) 0.999 ... 1.000 | 0.999 ... 0.000 |  ...... 0.000 ... 0.000
cos(160) 0.016 ... 0.000 | 0.023 ... 1.000 |  ...... 1.000 ... 1.000
TABLE IV 1 T 7
INDEX TABLE 05k sin(c) y sin(64a,)
Condition Pindex Range of a u, or u,used % 5
NoNo | N0 | 2Ng-N, n/4~n/2 ~ g os(64c)
N<0 2No+N¢ n/2~3m/4 U, g 0.5  cos(a) €
Ny<=-No | Ne>0 6No+Ne 5m/4~37/2 1 AN/ ) . ) .
N.<0 6Nop+N, 3n/2~Tn/4 13 14 15 16 17 18 19 2
Ne>No N>0 Ns 0~n/4 ~ Sampling position
N;<0 8No+N;s Tn/4~2n u
Ne<=-No | Ni>0 4No-Ns 3n/4~n Fig. 4. Interpolation based on boih andi..
Ns<0 4N0+Ns n~5n/4
1 L
0.8 “ Distorted
The waveforms ofin(64«) andcos(64«) are distorted around (g o Ve
. - : // \ Y waveform
sin(a) =~ 1. 04 /, \ }
0.2 /’ )
B. Look-Up Table Based on Both and s 0 7 7
To overcome this difficulty, amplitudes of botin(n«) '8‘21 { A\ /
andcos(na) may be pre-recorded, since for the regioq arou_r: : \ \ /Q\ Mapped
sin(a) = 1, 42 = cos(a) has a much more even relationshif ™~ \\ N - waveform
between the amplitude and phase angle. Therefgrean be -0.8 S~ ~ L

used more effectively for the inferencing procedure instead
these areas. To this end, we propose thatidgfr < 0.707, we
will use i, as the basis to search for the table entry. Otherwisgy. 5. waveform error mapping.
the amplitude ofi, is used. Essentially, this means the look-up
table now consists of more portions (eight instead of fouQd. Maximum Interpolation
corresponding to various parts @f ands.

The look-up table fon = 16 is given in Table III.

-_1.5..1_25 -1-0.7505025 0 025050.75 1 1.251.5

The maximum interpolation* achievable is limited by the
. minimum number of samples to be recorded in one period of
There ares sample; over t_he amplitude range of 0 to 0'70t?1e raw encoder sinusoid signal, and the minimum number of
and, therefore, the division is not707/s. There are alsa samples required to appear over one period of the high-order

;amples over the range 0.'707 to.l’ thus hay_lng a finer d.'v.'s'gfﬁusoid to be generated according to the following equation:
in this poor angle resolution region. To facilitate the efficient

and quick access to the appropriate part of the look-up table, an nt = 4sy 9)
index table (similar to Table Il) is useful. To this end, we also 52
define indicesV;, Nc, No as: Here, s; is the maximum number of samples recorded in one

period ofsin(«), andss is the minimum number of samples to
appear over one period sfn(na) [since one cycle ofin(«)

N, = round(,; X ﬂl) will containn cycles ofsin(na)]. The factor of four arises due
sin(/4) to the additional fourfold interpolation for digital encoders. For
N. — round S i (8) example, ifs; = 6 and an interpolation of 1024 is required (i.e.,
o sin(w/4) > n* = 1024), thens; = 1536, i.e., we need to acquire at least
Ny = rounds x sin(r/4)). 1536 samples over one period of the raw signal. It should be

noted that the limit on interpolation due to sampling is consid-

Based on these indices, the following index table (Table I\&red in (9). Noise sensitivity is another issue that is considered
yields the actual points where the appropriaie(na) and separately in Section IV-G.
cos(na) can be directly locatedi,,...), corresponding to the
various parts ofi; andas respectively.

Fig. 4 shows the interpolation results when= 707 and In Section Ill, we have assumed that the signals from the en-
n = 64. There is no waveform distortion even thougk: 707, coder are ideal and periodic sinusoidal signals, with no wave-
which is smaller than that used in Fig. 2€ 5000). form distortion. In practice, the waveform of the actual encoder

D. Waveform Distortion
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Fig. 9. Interpolation and conversion to quadrature pulses: 16).
Fig. 7. Interpolatior(n = 4).

15
signals deviate from the ideal sinusoidal waveform. Therefore, 1r 1
corrections based on the ideal sinusoidal waveform assumption & 05k |
may yield inaccurate position information that may not be ac- a;; ~
ceptable for applications with high-precision requirements. It g Of ey
is more reasonable to assume that the encoder signal is peri- & 5| ]
odic and reproducible in the waveform that is not necessarily 5 U,
sinusoidal. In this case, since the nonsinusoidal waveforms are |

available, we can use an error mapping method to map theminto  -1.5 ; - - ' :
sinusoidal ones. The idea is depicted in Fig. 5. The look-up ta- 0.018 002 0022 80'02‘;' .0'026 0.028 003
bles of Section IV continue to be applicable. ample time

It should be cautioned that this is possible if the distorte,glg_ 10. Interpolation and conversion to quadrature pulses: 32).
waveforms are periodic and there exists a one-to-one mapping ‘
of each point to the ideal sinusoid. It is also necessary for tn'?the table can be directly converted into binary valuésad
A/D converter to have a wordlength sufficient to resolve twe, respectively) according to the following equations:
different points on the waveform. |

A=1, sin(na) >4

= -1, sin(na)< -6

B=1, cos(na)>4é
= -1, cos(na) < —6.

?

E. Conversion to Binary Pulses

In order for the encoder signals to be received by a gen- (10)

eral-purpose incremental encoder interface, the quadrature si-

nusoidal signals must be converted to a series of binary pulséBUs, we can generaté and B which are quadrature square

An analog comparator may be used to transform the high_orwves directly from Table 1116 can be 0 or a small value set

sinusoids into pulses. As shown in Fig. 6, the comparator waccording to the threshold of measurement noise.

simply switch the pulse signals when the associated sinusoidal ) o i

signal crosses zero. The rest of the analog information will nbt Piréct Conversion to Digital Position

be used. The pulse information in Table Ill can be easily converted into
Alternatively, this transformation can be more efficientlydigital position values, which can be directly used for control

done within the look-up table. Thén(na) andcos(na) entries  purposes without further computations. This is especially true
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if the aforementioned interpolation method is integrated into a V. EXPERIMENTS

general digital controller. Alternatively, the encoder card can

be made PC-bus based and the general motion controller caA dSPACE controller with a high-speed A/D card (with a

acquire the digital position value directly from the register oordlength of 12 b) is first used to acquire the raw quadrature

shared memory. In this case, the D/A converters are not requiréigusoidal signals from the Heidenhein linear encoder LIP481
for the pre-interpolation signal conditioning. The compensation

G. Practical Constraints parameters aren; = —0.0126, my = 1.4483¢ — 004, A; =

_ o . 0.1331, A; = 0.1221. This process is carried out offline.
Similar to existing interpolation methods based on computa- L :
. i . .~ Interpolation is subsequently carried out based on the pro-
tion of the electrical angle, the proposed approach is also subject

: : . L -~ 'posed method. Fig. 7 shows the interpolation result with 4.
to practical constraints such as noise sensitivity and digitizatign ; .
errors his (as well as subsequent results to be presented) is done on-
In order to resolve each sample (separated by) of the “nEWItQ tr;]e actur?tor co?troll.;;jio run at a constant speed.
encoder’s signal, the A/D converter should have a wordlength T '9- 8 shows the results with = 16.

sufficient to meet the following condition: Fig. 9 shows the results with = 16 and in addition, the
look-up table entries are converted to binary values, according
o to Section IV-D, to yield binary pulses directly. To allow the
2nt > Ch pulses (with similar amplitudes) to be shown more clearly in

Fig. 9, the amplitude of3 is deliberately set to 0.8.

Conversely, given a fixed wordlength, the resolution and  Fig. 10 shows the results with = 32.
therefore the final interpolation achievable will be limited To more clearly illustrate the situation with nonsinusoidal
accordingly. encoder signals and the correction using mapping, triangular

The bandwidth B) of the control electronics limits the waveforms are simulated and mapped to sinusoidal ones. The
number of pulses which can be acquired per unit time, whighterpolation results fon = 8 and their Lissajous figures are
in turn limits the maximum velocityV,....) achievable by the shown in Fig. 11. Current interpolators that rely on a computa-
actuator in order for interpolation at* to still work well. An  tion of electrical angle for interpolation will be inadequate when
estimate of the velocity can be obtained from the followingpplied to these periodic but nonsinusoidal signals.
equation, where,, is the encoder pitch:

B.e
Vinax = n*p- VI. CONCLUSION

Noise arising in encoder signals should be minimized prior to A New interpolation method is developed in this paper,
interpolation by proper shielding and grounding of the transmigtitable for increasing the measurement resolution obtainable
sion and reception circuits. However, it is unlikely that it can b#om quadrature encoder signals. Based on the existing sinu-
totally eliminated. The higher order sinusoids generated frosRidal signals, high-order sinusoids are derived, from which
the proposed interpolation approach can be contaminateddjary pulses are generated which can be decoded using only
measurement noise. However, the final measurement can bestandard servo controllers for position information. A look-up
atively unaffected if the conversion to binary pulses at the zef@ble, constructed off-line, serves as the inferencing engine
crossing is properly handled to avoid erroneous switching dieg an effective way of generating the signals online with
to noise. This is usually handled in practice via the hysteresiinimal computational burden. Imperfections in the encoder
(or switching threshold) in the comparator so that switching caignals can be directly compensated offline in the look-up
only happen when the zero point is crossed sufficiently. Thable, including mean and phase offsets, amplitude difference
hysteresis level is selected to correspond to an estimate of #mel waveform distortion. Simulation and experimental results
amplitude of the measurement noise. provided illustrate the effectiveness of the proposed method.
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