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Development of a New High-Resolution
Angle-Sensing Mechanism Using an RGB Sensor

Young-shin Kwon, Student Member, IEEE, and Won-jong Kim, Senior Member, IEEE

Abstract—A new high-resolution angle-sensing mechanism us-
ing a color sensor is presented in this paper. This scheme is based on
ared-green-blue (RGB) sensor that measures the radiant-intensity
variation of the light reflected off a colored surface. The propaga-
tion mechanism for the output of an RGB sensor due to the re-
flected light’s intensity on the cylindrical color track printed with
the designated RGB codes from a light-emitting-diode source is
discussed. The angle discrepancies due to color-printer character-
istics and paper roughness are compensated for by a quarter-error
compensation formula and the reference angles using a precision
potentiometer. Through the performance verification of the new
angle-sensing mechanism with a rotary position-control test bed
in frequency and time domains, the feasibility of this new cost-
effective noncontact angle-sensing mechanism is demonstrated.
The bandwidth of 4.42 kHz, resolution of 0.08°, and nonlinear-
ity of 6.63% are achieved.

Index Terms—Angle-sensing, light-emitting diode (LED), posi-
tion control, red—green-blue (RGB) sensor.

1. INTRODUCTION

HE rotation angle in rotary position-control systems is a
primary variable to control [1]. Hence, the angle sensor
is required to be accurate, sensitive, and cost-effective. Many
angle-measuring sensors based on various working principles
were studied and produced in the last five decades. Currently,
key angle sensors such as rotary potentiometers, optical en-
coders, and resolvers are used in many precision-motion-control
systems in scientific, industrial, military, and medical applica-
tions. However, the linearity degradation of the potentiometer
due to carbon debris or resistive-surface erosion remains an un-
settled drawback in a long-term operation [2], [3]. The absolute
encoder using a natural code may detect a faulty digital number
for a brief moment with all the bits not changing simultaneously
when the encoder crosses over from one section to the next [4].
The high cost of the resolver and resolver-to-digital converter is
also an entry barrier in low-cost commercial applications despite
its ruggedness and high precision [5]-[8].
In order to overcome these drawbacks, noncontact angular po-
sition sensors using ferromagnetic disks and CMOS Hall sensors
were developed [9], [10]. A multisensor approach through the
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spatial arrangement of Hall-effect sensors in order to achieve
a nanodegree angular positional accuracy was introduced by
Foong et al. [11]. Another low-cost angle sensor using a semi-
ring magnet and linear Hall-effect sensors was presented with
the accuracy of +0.6° in the range of 0°-360° [12]. Fulmek
et al. [13] developed a low-cost, robust, and contactless capaci-
tive angle-sensing system with a relative angular range of £+7.5°
with a resolution of 0.1°. Cheng et al. [14] proposed a low-
cost cylindrical capacitive sensor that can detect the whirling
motion caused by the eccentric motion with the resolution of
smaller than 1 pF. Kimura et al. [15] also developed a resolver-
compatible capacitive rotary position sensor that can directly
replace a commercial resolver with the maximum nonlinear-
ity error of £4.0°. An optoelectronic joint-angle sensor for
tendon-driven robot fingers was explored using a coupled light-
emitting diode (LED)/photodiode instead of conventional rotary
angle sensors [16]. Multiple-degree-of-freedom sensors based
on the noncontact optical sensing mechanism that detects micro-
scopic changes in consecutive images have been extensively re-
searched [17]-[21]. However, in spite of these various attempts,
most research activities for emerging RGB sensors focused on
object sorting, color identification, target recognition, and color
detection of the object’s surface so far [22]-[25].

This paper presents a novel high-resolution angle-sensing
mechanism using an RGB sensor. This sensing mechanism
presents significant advantages, such as noncontact sensing,
absolute angle measurement, and a cost-effective measuring
circuit. For this purpose, a propagation model and an error-
compensation technique for this new sensing mechanism are
described in detail. A rotary position-control test bed is also de-
veloped to verify its performance. Finally, the feasibility of this
proposed cost-effective noncontact rotary angle-sensing mech-
anism is demonstrated with remarkable experimental results.

II. ANGLE-SENSING MECHANISM

The RGB angle-sensing module consists of three parts—an
LED light source, a cylindrical color track, and an RGB sen-
sor. The schematic shown in Fig. 1 illustrates their geometrical
configuration. The light emitted from an LED illuminates the
cylindrical color track printed with the designated RGB codes
corresponding to the specific angle. The RGB sensor measures
the radiant intensity of the light reflected on the color track
and generates a reverse-bias current in proportion to the radiant
intensity of the reflected light. A built-in photodiode ampli-
fier in the RGB sensor transforms the reverse-bias current to a
significant voltage level to measure. The voltage signal is trans-
lated into an absolute angle by an angle-sensing constant. In
this section, the step-by-step procedure to obtain the dynamic
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Fig.1. Two-dimensional cross-sectional view of the angle-sensing mechanism

(illumination and reflection configuration).

propagation model for the angle-sensing mechanism is pre-
sented in detail.

A. Geometrical Configuration for the Sensing System

The object’s surface reflects the light in various ways as the
specular surface, Lambertian surface, and specular diffusion
according to its texture or the wavelength of light [26], [27]. In
this paper, the roughness of the color-coated paper is assumed
to be slightly less than the wavelength of the LED light, so a
conventional directional diffusion model is used as the surface
reflectance model [28], [29]. In such a case, since the main
transmitting power still lies on the specular line as shown in
Fig. 1, when the viewing angle (6,) of the LED is zero, the
geometrical relation among the mechanical angle (0;,) of the
LED, the arc angle (6 ) of the point S, and the mechanical
angle (A) of the RGB sensing face is given as (1) because the
incident angle (6;) is equal to the reflection angle (6,.)

Op =0, +20, =0, +2(0c —0,) =20c — 0. (1)

The incident angle due to the arbitrary viewing angle of the LED
can also be written as

0; =0c — 0 — 0, + A0, @)

where Af. = —dj g sinf, /(r¢ cos(0c — 0, — 0,)),dys isthe
distance from the light origin of the LED to the point S, and r¢
is the radius of the cylindrical track. The critical angle (6¢ 1)
for the full viewing angle is given by

ro sinfc + dpg sinfy,

Oca = tan~! ( > — 0. 3)

ro cosfc +dpg cosbp,

Herein, in order to avoid the refraction effect due to the plastic
cover of the RGB sensor and the interference due to the direct
emitted light from the full viewing angle of the LED, 6,0,
and O are determined as 90°, 30°, and 60°, respectively, so that
the specular line lies in perpendicular to the sensing face.

B. Resolution and the Angle-Detection Principle

The RGB coded pattern using the red color (that is, green
and blue have zero RGB values) depicted in Fig. 2 shows that
the angular resolution of the RGB sensor is determined by the
diameter of the beam and the rectangular cell printed with a des-
ignated RGB code per the interval of 1.0°. For example, if the
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Fig.3. (a) Current-to-voltage converter circuit of the RGB sensor and (b) time
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diameter of the incident-beam area is less than the rectangular
cell width, the resolution will be 1.0° because the irradiance
change can occur only when the incident cell changes. In con-
trast, if the diameter of the incident-beam area is bigger than the
cell width, the analog output voltage of the RGB sensor becomes
the sum of irradiance reflected from several red RGB-coded col-
ors. This reveals that since the value of the sum can vary even
with a tiny motion, the angle-sensing resolution becomes the-
oretically infinite. Thus, the actual resolution is limited by the
resolution of the analog-to-digital converter (ADC) if there is
no noise or nonlinearities. The normal distributions described
in Fig. 2 show the varying power densities of the reflected light
in accordance with the movement of the incident-beam area
due to the rotation of the cylindrical color track. As a result,
the output of the RGB sensor indicates the mechanical angular
displacement.

C. Dynamic Model Between the LED and the RGB Sensor

Since the LED is used as a constant light source in this paper,
the dynamic model between the LED source and the RGB sensor
can be derived from the propagation delay time and the time
constant of the current-to-voltage converter built in the RGB
sensor as shown in Fig. 3.

From Fig. 1, the propagation delay (7;) can be calculated by

T4 = (drs +dsr)/c 4)
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TABLE I
PARAMETERS OF THE LED AND THE RGB SENSOR [32], [34]

Specs Typical Values Unit
Wavelength 635 (Red) nm
. . 0.0033 w
LED Emitted radiant power (P;) at I =20 mA
Viewing angle at half power (@) +4 deg
Radiant intensity (/) 0.062 ~0.180 W/sr
2.73 at 645nm
Irradiance responsivity coefficient (r,) 2.04 at 542nm V/mW/cm®
RGB 1.54 at 460nm
SENSOT nyetector effective area (Ag) 0.1x0.1 cm?
Dark voltage (V,, ) 15 mV

where c is the speed of light and dgp is the distance between
the point S and the sensing face of the RGB sensor. The transfer
function of the output voltage of the RGB sensor for the reverse-
bias current due to the radiant intensity can also be derived
as [30], [31]

R, R,

“RCst1 p(8) = ————=1,(s) &)

V.
O(S) TreS + 1 P

where R, and C, are the resistance and capacitance in the
RGB amplifier circuit, respectively, 7rco is the time constant
of the amplifier circuit, and I, is the reverse-bias current of
the photodiode. From (4) and (5), the bandwidth (BW) of the
propagation mechanism can be approximated as (6) in terms of
the reciprocal of the total time constant described in Fig. 3(b)

1
27(74 + TrRe)

Ipw ~ (6)
Since the propagation-delay time constant is much smaller
than the time constant of the current-to-voltage converter, the
BW is mainly governed by the RGB sensor. Eventually, the
effective BW of the sensing mechanism is computed at around
4.42 kHz for the maximum-gain condition from the datasheet
of the RGB sensor [32]. This effective BW implies that the
transfer function of the RGB angle sensor in the control system
with a low BW can be expressed by a simple scaling factor and
the sensing mechanism can also be modeled from the steady-
state characteristics of the RGB sensor. The steady-state output
voltage of the RGB sensor can be written as (7) from (5)

Vo = Ryiy. 7

The reverse-bias current of the RGB sensor is expressed linearly
in terms of the diode’s responsivity (7 ) and the received radiant
flux (®.) as [31], [33]

iy =rs®,. (8)

Thus, according to (7) and (8), the output voltage of the RGB
sensor for the received irradiance can be derived as

Vo = Rrrqbq)e - Rr'rd)ARErr - ’reEr'r' (9)

where Ap is the effective sensing area of the RGB sensor,
and FE,, is the received irradiance. The irradiance responsivity
coefficient (r.) is given in Table 1.
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Fig. 4. (a) Normalized 3-D Lambertian radiant intensity pattern of the LED.

(b) Normalized radiant intensity according to the angle displacement of the LED
(HLMP-EGO08-Y2000) used in this paper.

D. Steady-State Propagation Model

The received power of the RGB sensor transmitted from the
LED source can be computed effectively by considering the line-
of-sight (LOS) propagation path and directed-nonLOS path by
using [35]. Since it is assumed that the emission of the LED
light source has a Lambertian radiation pattern [30], [35], the
radiant intensity according to the viewing angle (6, ) of the LED
is given by

m+1
2

L(0,) =P, [ cos™ (m] (10)
where P, is the radiant flux (optical power) emitted from the
LED, m is the order of the Lambertian emission and given by
the semiangle at half power as m = —In 2/ In(cos(®; /5 )) [34],
[35], and the half-power angle @/, is given from the LED
datasheet. Fig. 4 shows the normalized three-dimensional (3-D)
Lambertian radiant intensity pattern and the definitions for the
full power-viewing angle, and a half power-viewing angle of the
LED used in this paper.

The irradiance (E;) and the received optical power (P;;) on
the tangential surface on the crossing point S in Fig. 1 can be
written as (11) and (12), respectively,

B m+1 cos(0;)
Ets (QU) = _Pt |:27|' COS (911):| d%s (11)
st (91x> = Ets (ev)dAI (12)

where d A; is the infinitesimal incident-beam area in the vicinity
of the point .S. The received optical power on the incident surface
becomes the new light source of the RGB sensor. The emitted
power (P,;) from the surface at point S can be expressed by
the linear combination of the Lambertian irradiance and the
specular irradiance as [29]

dP, (91”97"7 Qor) =P (Ef,s(ev) + Egg (91'; 0., @r)) dAr (13)

T T

(14)

where p is the reflectance factor that varies according to the
reflector type and has the value between 0 and 1, E, is the
irradiance of the specular diffusion function, o is the standard
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deviation of roughness of the surface, o = I,k /(d% 4\/2705),
where kg that takes the value between 0 and 1 is determined
by p, and ¢, is the azimuth angle on the surface. The direc-
tional diffusion pattern of irradiance in Fig. 5 illustrates that the
expected reflected optical power density decreases due to the
surface color, surface roughness, and viewing angle of the LED
for the single-color surface.

The received irradiance (E,., ) on the sensing face of the RGB
sensor can be given as

_ dP(0,,6:,9,)

dE;; (0,0, ¢,) = cos(;)

md%p (15)
where 6, is the incident angle of the reflected light with respect to
the normal vector of the RGB sensing face. The received power
is a constant if the stationary system with a constant optical
power source has a time-invariant reflectance factor such as a
wall or a fixed color surface. However, if the reflectance factor
is defined as a function of the rotation angle of the cylindrical
color track, the RGB sensor’s output voltage can be derived
from (9) and (15) as follows:

Vo (9,,1 5 01}, 0, 5 ¢r) =r. b, (am s 01: s 07“7 ¢7)

(m—+1) cos™ (6, )cos(by)
= /re-Pt 27(2 . F(Qm)W (COS(&Z)+B) dA[

(16)

where B = ksexp (—0.50%)/\2m05,0 = ((6; —0,)/04)* +
(o, /204)%, and T'(6,,) is the reflectance-factor function ac-
cording to the rotation angle of the cylindrical color track. Ad-
ditionally, the integration in (16) can be rewritten as a sum (17)
with the small cell size and the reflectance factor corresponding
to each designated color code in Fig. 2

(m+1)

27_(_2 Z Fk (em + kAem)

k=-n
X H(k)AA[

where 2n + 1 is the total number of the RGB cells in the
incident area, and H (k) is [cos™ (O, )cos(bsk)(cos(b;x) +
By)]/|d? g d3g ). Assuming that the light source with a small
viewing angle also has the small incident-beam area due to the

Vo (9771 3 ev 5 97‘a (br) = rePt

a7
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short distance, the irradiance on the incident surface area is the
same on the entire incident-beam area. Thus, the output voltage
of the RGB sensor can be presented as the product of the con-
stant H(0) and the sum of each reflectance factor of the RGB
cells in the incident-beam area corresponding to the rotation
angle. This relation can be rewritten by means of the average
reflectance factor because the reflectance function is assumed
as a function of the rotation angle (' (6,,,) = pr.6,)

(m+1)
272
o To(On) + -+ D (0 + A0, ) AA;

(m+1)2n+1)
272

Vo (em ) Ry H(O)[F—n (em - nAGm)

~ . H(())AAI pem =h ﬁem

(18)

where p is the average reflectance factor of the incident area and
hyisr.Pi((m +1)(2n + 1)/27%) H(0)AA;. Since the output
voltage in (18) physically implies the sensing angle of the RGB
sensor for the mechanical angle, the initial angle-sensing con-
stant of the output voltage for the input angle can be derived as
follows:

_ Uo<9m2) - Uo(eml)
hlp B 9m2 - 0m1

where 6,,1 and 0,,, are the minimum and maximum angles of
the color track with a full scale range, respectively, v,(6,,1)
and v, (0,,2) are the output voltages corresponding to each
rotation angle, respectively, and K, is the angle-sensing con-
stant between the RGB sensor and the color track. From (19),
the directional angle can be obtained in (20) by defining the
RGB code 127 as 0.0°

AK, (19)

Vo = Krgm — URGB127- (20)

E. Optimization of Design Parameters

The red LED (HLMP-EGO08-Y2000) with a wavelength of
635 nm and a half power at the viewing angle of £4° was used
in this paper as shown in Fig. 4(b). The incident-beam area is
given by the visible viewing angle that is larger than the half-
power viewing angle. The solid and dash lines in Fig. 6 show
the visible viewing angle and the diameter of the incident-beam
area in accordance with the displacement of djg defined in
Fig. 1, respectively. These measurement results reveal that dy g
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Fig. 7. Output voltages of the-red color channel of the RGB sensor (HDJD-
S$822-QR999) according to the RGB codes on the cylindrical track and the
displacement dgr when dy s = 0.015 m, I = 20 mA, and the physical cell
size of each RGB code on the cylinder is 0.0005236 x 0.01 m?.

should be less than 0.042 m due to the critical viewing angle
defined in (3) as well as less than 0.017 m due to the maximum
allowable incident-beam area. For instance, if the distance is
longer than 0.042 m, the larger beam than the critical viewing
angle is reflected in the opposite direction. Also, if the distance
is longer than 0.017 m, the diameter of the incident area is bigger
than the track width of 0.01 m depicted in Fig. 2. Finally, the
distance of less than 0.015 m causes the direct interference from
the visible viewing angle and blocks the reflected beam path
with respect to the configuration of Fig. 1. Hence, the distance
was selected as 0.015 m in this paper. The LED’s XY-coordinates
from the center of the cylinder are as follows:
(resinfc +dpssinfy, r.cosbe +dpscosfy). (21)
The experimental data given in Fig. 7 indicate that the optimal
displacement of dgp is determined as 0.0065 m in order to
obtain the maximum received power and avoid the blocking of
the incident beam due to the sensor module, although the output
voltages for the linear variation of the RGB codes at the same
distance do not have the perfect linear relationship due to the
imperfection of the color laser printer (XEROX 7500 Phaser)
used in this research.

E. Calibration of the Angle-Sensing Constant

The color laser printer was used to print the color track with
only red RGB codes on plain paper. Each cell with its own
red RGB code from 0 to 255 (where G = 0 and B = 0) was
sequentially printed with the interval of 1.0° (0.0005236 m) and
the track width of 0.01 m as shown in Fig. 2.

Since the undesired ambient light source affects the bias volt-
age of the RGB sensor, a black plastic cover is used to minimize
the magnitude and fluctuation of the bias voltage. Although the
measured bias voltage of 36.8 mV (when the LED light source
is turned OFF in our indoor lab) was larger than the dark voltage
of the RGB sensor of 15 mV, this voltage is still much smaller
than the peak voltage for the full RGB code as shown in Fig. 7.
Thus, the configuration of Fig. 1 is applicable to angle sensing
within the desired angular range.

The color track expressed as the reflectance-factor function
in (16) is mainly affected by the printer’s color variety as shown
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in Fig. 7. The uncompensated result of Fig. 8 shows that the
color track using the initially designated sequential red RGB
codes from 0 to 255 exhibits the nonlinear characteristics. This
implies that the sequential RGB codes should be compensated
for to be employed for a new angle-sensing mechanism. For this
purpose, the errors of the uncompensated sensing angle were
iteratively calibrated with a quarter-error compensation formula
(22), and the reference angles were measured by a precision
potentiometer (Samuris HP-200) with the nonlinearity of less
than 0.1%

Oce = (917 - Qrgb)/4 (22)
where 0, is the potentiometer angle, 0,1, is the angle of the RGB
sensor, and 6. is the compensated angle. The factor of 4 was
empirically selected to make the error converge to zero without
error bounce. This is due to the fact that an error is correlated
with the other errors in the range of the same incident-beam area.
And then, the new RGB code of each angle cell was generated
by using (22) and (23)

CODEggp = round [255 (6rg, — Occ)] (23)
where CODERgp is the digital RGB code value from 0 to 255.
The results in Fig. 8 indicate that the nonlinearity for the scal-
ing factor is remarkably improved after four iterations. Eventu-
ally, if the bias voltage of (20) is defined as 0°, the transfer func-
tion of the RGB angle sensor with a high BW can be expressed
as (24) with the angle-sensing constant (K*) compensated for
by the quarter-error compensation formula and the least-square
estimation
vy ~ K0y, . 24)
The statistic performance index for the uncompensated and
compensated sensing angles in Table II demonstrates that the
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TABLE II
STATISTIC PERFORMANCE OF UNCOMPENSATED AND COMPENSATED TRACKS

Uncompensated Compensated
Least-square slope (0, /0, ) 1.05 1.02
Nonlinearity 19.97% 6.63%
Mean error —-13.50° —1.46°
Standard deviation 9.02° 2.85°
Ty
RGB Sensor Lead "
Scale Factor Compensator g
O s l Q
S. ) * s+, +y—| ] 1 5
K, MKy — KK, PO» — |- — >
. staw, = | Jes s
K= 200 T
W. = 17.548 7~4
W, = 351.88
Fig. 9. Closed-loop block diagram of the rotary position-control system.

uncertainties of this RGB angle-sensing mechanism are reduced
by the compensation formula given in (22) and (23).

G. Integration Into the Rotary Position-Control System

The closed-loop block diagram in Fig. 9 illustrates the ro-
tary position-control system with a lead compensator and the
RGB angle sensor. The phase margin in the position loop with
a double integrator is usually insufficient to provide a good re-
sponse for the abrupt step input command without overshoot in
a fast position-control system. To mitigate this drawback, a lead
compensator can be a good candidate, leading to a desirable dc
gain at low frequency [36]. The closed-loop transfer function
for Fig. 9 is described as a continuous form (25) instead of a
discrete form because the sampling rate (250 Hz) of the digital
controller is much faster than the position loop BW (=2 9.6 Hz)

B Kl(s—i—wz)@r(s)—i—(s—i—wp)%d
T3+ (Jewy + Ty )s2 + (Tyw, + Ki)s + Kiw,

(25)
where ©,, is the mechanical rotation angle, ©,. is the reference
angle, .J, is the effective inertia of the cylinder (0.00073 kg-m2 ),
T, 1is the viscous friction (0.000766 N-m/rad/s), Ty is the
Coulomb friction (0.0062 N-m) with the sign depending on
the rotation direction. K; is K,K,K,, K}, where K, is the
transconductance-amplifier gain (0.3 A/V), K,, is the torque
constant of the motor (0.3875 N-m/A), and K is the scale
factor of the RGB sensing angle (0.425 V/rad).

The simulation results in Fig. 10 show the frequency re-
sponses of the uncompensated and compensated rotary position-
control systems. The uncompensated system has the phase mar-
gin of 26° at the gain crossover frequency of 1.3 Hz. On the
other hand, the compensated system has the improved phase
margin of 52° at the gain crossover frequency of 7.0 Hz as well
as the ten times increased low frequency gain by the applied
lead compensator.

O,.(9)
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Fig. 10.  Frequency responses of the uncompensated and compensated rotary

position-control systems.

III. HARDWARE IMPLEMENTATION

The hardware block diagram in Fig. 11 shows the test bed of
the rotary position-control system implemented with six com-
ponents: the mechanical part consisting of a cylindrical inertia,
brush-type DC motor, mechanical coupler, and rotary poten-
tiometer; the color sensor module; the sensor interface board
between the color sensor and a digital signal processor (DSP)
module; the TMS320F28069 module (control stick by Texas In-
struments) running the digital controller and the real-time serial
communication with a LabView console on a PC; a DAQ (data
acquisition, ACPI-3120 by ADDI-DATA) board generating the
analog voltage output corresponding to the control command re-
ceived from the DSP; the analog-output circuit board interfacing
between the DAQ board and the transconductance amplifier. The
DSP with a 1-kHz update rate generates the control command
using the error between the reference command and the filtered
output voltage of the RGB sensor through an internal 12-bit
ADC built in the DSP.

The lead compensator implemented on the DSP outputs the
control command into the DAQ board through the RS422 serial
communication at 250 Hz. This command is conveyed through
the DAC of the DAQ board by LabView. The output voltage of
the DAC is delivered as a current output through the transcon-
ductance amplifier. The motor starts to rotate to reach the desired
reference angle. The color-sensing module measures the irradi-
ance change of the reflected light corresponding to the rotation
angle, and then, converts it into the voltage output proportional
to the reflected luminous intensity.

IV. EXPERIMENTAL RESULTS

In this section, key experimental results are presented and
discussed to demonstrate the performance of the new high-
resolution angle-sensing mechanism employed in the rotary
position-control test bed shown in Fig. 12.
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Fig. 11. Hardware block diagram of the rotary position-control system.
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The step responses in Fig. 13 follow the reference angle com-
mands very closely even if there are some jerks or ridges during
the transient interval due to the nonlinearity of the RGB sensing
angle. In addition, the maximum steady-state errors are less than
0.4°.
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Fig. 14. Response to a sinusoidal reference input with the magnitude of 60°
and the period of 2 s.
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Fig. 15. Resolution of the rotary position-control system with the new sensing
mechanism.

The response to a sinusoidal reference command with the
magnitude of 60° shown in Fig. 14 tracks the input command
well. The repeated differences between the potentiometer an-
gle and the RGB sensing angle shown in the mark “A” of
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Fig. 14 originated from the nonlinearity discussed in Section
II-F. Although these nonlinear behaviors hinder more accurate
responses, this cost-effective sensing mechanism is sufficient to
be used in a fast position-control system with permissible error
bounds. Thus, both step- and sinusoidal-response results proved
the feasibility that this new angle-sensing mechanism can be
employed in a precision rotary position-control system.

The repetitive step responses in Fig. 15 show the resolution of
the sensing angle. The resolution, which is the angular interval
divided by the total number of step change, is found to be around
0.08°. This value is essentially the same as the resolution of the
ADC implemented in this system.

V. CONCLUSION

The main purpose of this research is to develop a new cost-
effective angle-sensing mechanism that can be employed in a
high-resolution rotary position-control system with fast dynam-
ics. For this purpose, a noncontact RGB sensor was used. A
comprehensive model for this sensing mechanism was derived
on the basis of the directed non-LOS path, directional diffu-
sion model, and Lambertian emission pattern of the LED light
source. The color track with the reflectance factor corresponding
to the rotation angle was printed on plain paper by a commer-
cial color printer. The reflectance factor for each small cell of
the color track was controlled by compensating for the desig-
nated RGB codes. The feasibility of this sensing system was
demonstrated with the promising results such as the high BW
of 4.42 kHz, the mean error of —1.46°, the standard deviation
of 2.85°, and the high resolution of 0.08° limited by the ADC’s
resolution. These results can be much improved with accurate
color-printing techniques and paper-quality controls. In the end,
the performance of the rotary position-control system using this
sensing mechanism was successfully demonstrated with vari-
ous step and sinusoidal responses. These experimental results
are well in agreement with our analysis and simulation.
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