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ABSTRACT The accuracy and operational stability of a turntable system can be reduced by the backlash
problem that occurs in the reducer’s gear transmission system. To solve this problem, this work proposes a
scheme in which two motors are used to eliminate the effects of backlash through a linearization process.
By calculating and outputting two independent torques synchronously from the two servo motors to the
system output shaft’s gears, a nonlinear system with backlash can be transformed into a linear system without
backlash, thus making the resulting system easy to control. Experiments verify that the system will remain

stable after the movement of the output shaft stops.

INDEX TERMS Backlash, double-motor system, gear transmission system, linearization algorithm.

I. INTRODUCTION

Turntable systems are currently used in a wide range of
industrial applications, from machine tools to robotics and
aviation. To ensure that the turntable will run stably and accu-
rately in these systems, a servo motor is often used to drive the
turntable. Servo motors generally offer high rotation speeds
and output relatively low torques, but turntable systems con-
versely require low rotation speeds and high output torques,
and gear transmission systems are thus used as reducers in
servo turntable systems.

In the gear transmission system, backlash from the gear
clearance can cause system shock and hysteresis errors.
Through construction and analysis of gear models, sev-
eral studies [1]-[3] have proved that different effects could
be caused by backlash, including meshing force impact,
torque instability, cumulative damage to the gear system, and
reduced transmission accuracy.

Mechanical methods and electrical methods offer two
different ways to reduce the effects of backlash. Mechan-
ical methods mainly focus on the structures of the gears
and the transmission systems. Reference [4] analyzed the
meshing characteristics of both anti-backlash single-roller
and anti-backlash double-roller enveloping hourglass worm
gears. The rotary vector (RV) reducer provides low trans-
mission backlash but has a complex structure, and [5]
therefore proposed a matching algorithm and applied it
to selective assembly of the RV reducer to realize high
assembly accuracy. Reference [6] proposed a new tooth
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profile modification method for cycloidal gears that can be
used in precision reducers or RV reducers. This method
produced better meshing characteristics and improved trans-
mission performance. Reference [7] designed a new type of
cylindrical gear with tapered teeth and used it in a reducer.
This gear enabled adjustment of the backlash between the
flanks of the joint teeth. Reference [8] used pneumatic
devices in the bearing part of a jaw crusher system. Dur-
ing system operation, the pneumatic devices could press the
movable half-bearing against the journal bearings to make
them mesh with each other constantly, thus enabling the
backlash to be eliminated. Reference [9] presented a new
design for a single-roller enveloping hourglass worm gear.
Through mathematical modeling, the study found that gear
backlash could be eliminated by adjusting the radius of the
roller and the base circle; the problems of teeth seizing and
scuffing caused by zero backlash could also be avoided by
using the roller’s self-rotation property. References [10], [11]
presented designs for different bearings that could eliminate
the protective backlash and used these bearings in an active
magnetic bearing system.

Electrical methods mainly use different methods to com-
pensate for the nonlinear effects caused by backlash.
References [12], [13] both used feedforward compensators
to compensate for the backlash effect. Reference [14]
added an offset to the output torque to compensate
for and eliminate the distortion caused by backlash.
Reference [15] used a compensation method based on ideal
model control and designed a fuzzy controller with angle
difference feedback. Reference [16] presented a switch con-
trol method in which time-optimal sliding mode control
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FIGURE 1. Mesh curve between the drive gear and the driven gear.

was used when the system entered backlash and a nonlin-
ear proportional-integral-derivative (PID) controller was used
when the gears were meshed. References [17], [18] used sta-
tistical linearization methods to deal with the nonlinear char-
acteristics caused by backlash. References [19]-[21] applied
adaptive controllers based on different inputs to compensate
for the errors caused by backlash.

The studies described above show that the mechanical
methods to eliminate backlash effects often require additional
complex processes in the gear transmission system, while the
electrical methods require cumbersome algorithms. Along
with the continuing improvements in microchip technology,
the use of double motors to eliminate the effects of back-
lash has become a focus of research and numerous studies
of this approach have been performed worldwide. In this
article, a scheme that uses double motors and is based on
a linearization approach is proposed. When compared with
other research in this field, the scheme proposed here has
no requirements for special components or processing, and
it simplifies the control algorithm to allow the system’s
response speed and stability to be improved.

Il. DYNAMIC MODEL OF THE SYSTEM

During gear system design, clearances are allowed to prevent
clogging problems. These clearances may become enlarged
as a result of processing and installation errors and the accu-
racy of the system’s motion will be affected by the backlash
from clearances of this type. When a drive gear meshes with
a driven gear, the meshing curve is as shown in Fig. 1. The
abscissa 6; shown in the figure is the drive gear’s angular
displacement, the ordinate 6, is the driven gear’s angular dis-
placement, and the clearance is 26;. Lines AB and CD repre-
sent the motions during which the drive gear drives the driven
gear to cause these gears to move together without backlash.
Lines BC and DA represent the corresponding motions when
the drive gear is operating in reverse. At this time, the driven
gear did not mesh with the drive gear because of the backlash
and had no displacement. Fig. 2 shows a simplified curve of
the flexibility torque between two gears, in which the abscissa
represents the relative angular displacement between the
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FIGURE 2. Torque curve between the drive gear and the driven gear.
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FIGURE 3. Principle of the two-motor system.

two gears, and the ordinate represents the flexibility torque.
The figure shows that when the displacement is less than 6,
there is no flexibility torque between the two gears, which
means that the teeth of the drive gear are within range of the
backlash and thus do not mesh with the driven gear.

From the description above, it can be seen that the gear
system motion with the backlash is a nonlinear motion and
would thus affect the final system output.

To solve this problem, a backlash elimination scheme that
uses double motors is proposed here. Fig. 3 illustrates the
principle of the proposed scheme. This system uses two
motors to drive two gears separately through two reducers;
these two gears then both mesh with the load gear and drive
it to drive the final load.

Without consideration of the backlash, the dynamic equa-
tions for the two-motor system can be written as:

3 .
Ty = Epnllﬂfllql
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where T, and T,» [N-m] are the torques of the two motors,
pn1 and py are the pole numbers of the two motors, ¥y
and > [Wb] are the fluxes of the two motors, i;1 and i,
[A] are the currents of the two motors, 7,1 and 7., [N-m]
are the output torques of the two gears, i and i are the
reduction ratios of the two reducers, J;;1 and J,,,» [kg-mz] are
the rotational inertias of the two motors, J,; and J.» [kg-m?]
are the rotational inertias of the two gears, 6.1 and 6., [rad]
are the angular displacements of the drive gear and the driven
gear respectively, by, and by, are the damping coefficients of
the two motors, b.; and b, are the damping coefficients of
the two gears, i,,,; and i, are the transmission ratios from the
drive gears to the load gear, T [N-m] is the torque of the load,
Ja [kg~m2] is the rotational inertia of the load gear, J; [kg-mz]
is the rotational inertia of the load, 6, [rad] is the angular
displacement of the load gear, b, is the damping coefficient
of the load gear, and b; is the damping coefficient of the load.

Next, the backlash is brought into the system. The sim-
plified model of the flexibility torque between the two drive
gears and the load gear can be written as follows:

Ocz — imzba = Op
$:=170 10cz — imz0al < Op

Ocz — imz0a + O Ocz — imeBa < —0Op
T, =K, z=1,2 2

ecz - imzed —0p

where K| and K, are the flexibility torque coefficients
between the two drive gears and the load gear.

If (2) is brought into (1), then the nonlinear model of the
two-motor system with backlash can be built as shown in (3).

3 :
T = zpnIWfllql

Ter = %Pnzlﬁfziqz
To = Ki®1 = iaTer — (2Jm +J1 ) 60
- (iﬁlbml + bd) Oc1
Ty =K@y = iepTer — (ifszz + ch) 002
— (w2 + be) 62
im K1 ®1 + impKo®2 = Ty + (Jg +J1) 64 + (ba + by) 04
(3)

Ill. CONTROL MODEL OF THE SYSTEM

In real applications of normal turntable system, the drive
gears that are driven by the motors will enter a nonlinear
region because of the backlash between the drive gear and
the load gear; this will mean that the load gear shaft’s output
cannot maintain a linear relationship with the motor’s output,
which will finally lead to a reduction in the stability of the
system output. When the two-motor system is operational,
atorque command will be calculated and will subsequently be
decomposed into two commands to be sent to the motor con-
troller. If a control strategy can be designed to decompose the
torque command in a reasonable manner, then the two drive
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b) Torque curve of motor 2.

FIGURE 4. Bias torque curves of the two motors.

gears would be able to enter the nonlinear region separately.
There will then be at least one drive gear meshing with the
load gear at any time. This new system would be equivalent
to a single-motor system without backlash, which means that
linear control could then be realized.

The state variables that describe the proposed system
include the angular displacements and the angular velocities
of the two motors and the load gear shaft. Equation (4)
represents the state vector of the system:

X (1) = [64 @4 O @1 Oy 02]” 4

where X (¢) is the system state vector, 6, [rad] is the angular
displacement of the load gear shaft, w, [rad/s] is the angular
velocity of the load gear shaft, 6,,; [rad] is the angular dis-
placement of motor 1, wy,; [rad/s] is the angular velocity of
motor 1, 6,5 [rad] is the angular displacement of motor 2, and
w2 [rad/s] is the angular velocity of motor 2.

In this work, the two motors, the two reducers, and the two
drive gears are supposed to have same characteristic, thus
allowing the system damping to be ignored. According to
the law of rotation, the relationship between rotor’s angular
acceleration w, rotor’s rotational inertia J and motor’s output
torque 7" can be written as:

T 5
0)—7 (5)
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FIGURE 5. Schematic diagram of the turning process.
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FIGURE 6. Schematic of the feedback switching module.

The system’s state equations can then be written as:

04 = wq
= fd (Te1, Tea, im) — T
) Ja+Ji
Om1 = Om1
. fl (Tel, T, ic) (6)
Oml = —F 5 .
. Imic +Jc/ic
Om2 = wp2
. f2 (TeZ» Teo, ic)
Om2 = —F 7 .
Jic +Je/ic

where fy (T,1, T¢2, i) [N-m] is the torque function of the load
gear shaft, fi (T,1, T¢1, ic) [N-m] is the torque function from
motor 1 to drive gear 1, f5 (Te2, Te2, i) [N-m] is the torque
function from motor 2 to drive gear 2, i. is the reduction ratio
of the reducer, and J,. [kg-mz] is the rotational inertia of the
drive gear.

The torque of the load gear shaft is the sum of the output
torques from the two drive gears, and the torques of the
drive gears are the differences between the outputs of the
motors and the reaction torques from the load gear. The torque
function can then be written as:

Ja = imTc1 Od, Om1, Ob, im, ic, K)
+inTeo Bg, 0m2, Op, i, ic, K)
fi = icTet (Trer) — Te1 B, Om1, O ims ic, K)
o =icTe2 (Trer) — Tez2 (B Om2. O ims i K)
where T¢1 (84, Om1, Obs im1, ic, K) [N-m] is the torque func-
tion from drive gear 1 to the load gear, Tcz(ed,emz,eb,

I, ic, K ) [N-m] is the torque function from drive gear 2 to
the load gear, Tel(Tref) [N-m] is the output torque from

@)
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FIGURE 7. Schematic diagram of the speed switching process.
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FIGURE 8. Switching curve with reference to the feedback speed.

motor 1, T,n (Trgf) [N-m] is the output torque from motor 2,
and K is the flexibility torque coefficient of the gears.

Because of the existence of the backlash, both 7,.; and
T, are nonlinear and their values are dependent on both
the backlash and the relative angles between the drive gears
and the load gear. These relative angles can be calculated
using (8):

®

A0y = Ot /ic — Oginm
Ay = O /ic — Oginm

where A6 [rad] is the relative angle between drive gear 1 and
the load gear, and A6, [rad] is the relative angle between drive
gear 2 and the load gear.

The mesh torque direction between the drive gear and the
load gear is set as the forward direction when A9; — 6; > 0
and A6r—6; > 0. Motor 1 is set to provide the forward torque
and motor 2 is set to provide the backward torque when the
two motors provide opposite torques. If (3) is brought into (7),
then (7) could be divided into the five linear situations shown
below based on the system’s working processes.

1) System runs in forward direction. The two drive gears
mesh with the load gear in the forward direction.
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FIGURE 9. Control block diagram of the two-motor system.
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FIGURE 10. Equivalent block diagram of the two-motor system.

This system is a linear system. The torques are then
calculated using (9):

fd = imK ((Om1 + Om2) /ic — 200a4 — 26p)
fl =iT, — K (eml/ic - imed - eb)
f2 =iTpn—K (9m2/ic - imed - 9},)

System begins to change direction to backward. At this
time, motor 1 still outputs a forward torque, but
motor 2 begins to output a backward torque. Drive
gear 1 meshes with the load gear in the forward direc-
tion, but drive gear 2 does not mesh with the load gear.
The system then turns into a linear gear transmission
system driven by motor 1 and a system with motor 2.
The torques are then calculated using (10):

fa = imK Om1/ic — imba — 6p)
fi = icTet — K Bt /ic — imba — Op)
f2 = icTeZ

System is still in the process of changing direction.
Drive gear 1 meshes with the load gear in the forward
direction and drive gear 2 meshes with the load gear in
the backward direction. This system is a linear system.
The torques can then be calculated using (11):

fd = inK ((eml + 9m2) /ic - 2im9d)
fl =iT — K (Gml/ic — imOa — Qb)
f2 =il —K (9m2/ic — imBa + Op)

System finishes changing direction and begins to run
backward. At this time, motor 1 begins to output a
backward torque. Drive gear 1 does not mesh with the
load gear, but drive gear 2 meshes with the load gear
in the backward direction. The system then turns into a

C))

(10)

(11)

linear gear transmission system driven by motor 2 and
a system with motor 1. The torques can then be calcu-

lated using (12):
Ja = imK (01 /ic — imBa + 6p)
fi = icTen 12)
P =iTer — K Op2/ic — imba + 6)

5) System runs in the backward direction. The two drive
gears mesh with the load gear in the backward direc-
tion. This system is a linear system. The torques can

then be calculated using (13):

Ja = inK (Om1 + Om2) [ic — 2im0a + 20p)
St = Tetic — K (Om1/ic — imBa + 6p)
J2=Teric — K Opm2/ic — imBa + Op)
The equations above illustrate that the torque algorithm
can be designed to maintain the system in these five states

throughout the entire working process, thus allowing the
system output to be controlled in a linear manner.

(13)

IV. LINEARIZATION CONTROL METHOD FOR THE
SYSTEM
A. LINEARIZATION TORQUE CONTROL METHOD FOR THE
SYSTEM
To realize the five states described in the previous section,
bias torques must be imposed on the two drive gears during
system booting and reversal to ensure that one motor provides
dynamic torque while the other provides a resistance torque.
After system booting or reversal, the bias torques will then be
canceled and both motors will then provide dynamic torques
to drive the system.

In this work, two inflection points are set in the algorithm to
increase the motor efficiencies and prevent uneven stressing
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of the load gear. Fig. 4 shows the bias torque curves of the
two motors. Equation (14) is used to calculate the command
torque.

Ty
T
;Ef Tref =<-T
L g4 10D T, <T, T
2T, —2T0) " " 1, — 210 2= !
_ ) Ty
= T+TO =T1 =Ty =T
T, — 4Ty ToT>
T, Ty <Trr <T
2(T2 — 2TO) ref + T2 _ 2T0 1 ref 2
T
e Tryp = T
2
To
Te
ch Tref =<-T
T, — 4T ToT>
ref — -1 < Tref < -T
2(Ty — 2Ty) T, — 2Ty
T,
= %ﬁf—ro —Ty < Ty < Tj
T> ToT>
Trer — T, <Twr <1
2(T, — 2Typ) T, — 2Ty
T,
%ef Tref >T

(14)

where Ty, [N-m] is the command torque of the system,
Ty1 [N-m] is the command torque of motor 1, 7,2 [N-m]
is the command torque of motor 2, Ty [N-m] is the bias
torque, 77 [N-m] is the torque on the first inflection point, and
T> [N-m] is the torque on the second inflection point.

Ty and —T are the intersection points of the constant bias
torque curve and the graded bias torque curve, and T, and
—T, are the intersection points of the graded bias torque
curve and the zero-bias torque curve, respectively. When
no bias torque is imposed, the torque curve is then directly
proportional; when the absolute value of T lies between the
absolute values of T and 7>, the bias torque will then change
gradually; and when the absolute value of T;r is smaller than
the absolute value of T, the bias torque is then equal to T,.

Due to the two motor systems have same characteristic,
torque command will be decomlgosed evenly on two motors,
which means T,; = T,, = —5* and the slope of torque
curve is 0.5 when no bias torque is imposed. When —7'; <
Ty < Ty, constant bias torque 7, is imposed, the slope of
torque curve in this interval should still be 0.5, which means
T, = 2T,.If T, and T, can be determined, then the curve can
also be determined. These parameters are empirical values
and must be adjusted based on the working conditions to
obtain the best possible performance during practical oper-
ation. Preliminarily, T, is set at 5% of the rated torque and 7>
is set at 35% of the rated torque, then the value of 77 is 10%
of the rated torque.

The backlash mainly appears during the system booting
and reversal processes. Fig. 5 shows a schematic diagram
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FIGURE 11. Torque curves after the linearization module.

of the process that occurs when the system is reversing
from operation in the forward direction toward the backward
direction.

Initially, the system runs in the forward direction, where
Tyer = T> and both motors output dynamic torque of Tgf ,
both drive gears mesh with the load gear in the forward
direction, and there is no bias torque. Then, when the sys-
tem begins to reverse, T,r begins to decrease until 77 <
Ty < T2; the two motors then begin to impose the bias
torque, motor 2 begins to reverse, the two drive gears still
mesh with the load gear, and the system still runs in the
forward direction but is decelerating. When Tr decreases to
Tyer = T1, motor 2 then outputs zero torque and its drive gear
disengages from the load gear; motor 1’s drive gear drives the
load gear forward by itself, and the system decelerates in the
forward direction. When T,s decreases to 0 < Tyr < T,
motor 1 then outputs the dynamic torque and its gear meshes
positively with the load gear, whereas motor 2 outputs the
resistance torque and its gear meshes negatively with the load
gear. When T,¢ decreases to 0, motors 1 and 2 output equal
torques but in opposite directions and the system is stopped.
Tyor then continues decreasing until —77 < Tpr < 0
motor 1 begins to reverse and its output torque begins to
reduce, but the gear still meshes with forward load gear and
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FIGURE 12. Sum and difference characteristics of the torques of the two
motors.
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FIGURE 13. Input signal to the speed module.

the system begins to start reversing. Then, when T,y = —T1,
motor 1 outputs zero torque and its gear disengages from
the load gear; motor 2’s gear alone then drives the load
gear backward and the system accelerates backward. When
—T, < T,s < —Ti, both motors’ gears engage the load
gear backward and drive the system to run backward, and
the bias torque begins to reduce. When T,y < —1T2, both
bias torques decrease to zero, both motors output a dynamic

torque of — Tgf -, both drive gears mesh with the load gear in

155280
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FIGURE 14. Switching results obtained when only one switching point is
used.

the backward direction, and the system reversal is complete.
When the system turns back from the reverse direction toward
the forward direction, the process will be similar but opposite
to that described above.

B. LINEARIZATION METHOD FOR THE SPEED FEEDBACK
The two motors have equivalent rotational speeds and main-
tain a linear relationship with the load gear shaft speed at most
points during system operation. Therefore, the system could
use a single speed loop and the speed of one motor to provide
the feedback required to control both motors, thus allowing
the control algorithm to be simplified. However, when the
system is either booting or reversing, the gear of one of
the two motors will disengage from the load gear because of
the effect of the backlash, and its speed thus cannot reflect the
motion state of the load gear shaft in that case. If this motor’s
speed is used to provide the feedback, the system’s output
accuracy and stability will both be reduced. To resolve this
problem, a speed feedback module is designed that can switch
the feedback between motors 1 and 2 when required. When
the gear on motor 1 disengages from the load gear, the speed
of motor 2 will then be switched to be used to provide the
feedback, and vice versa. Fig. 6 shows a schematic diagram
of this module.

The module has two input signals: one conditional judg-
ment signal and one output signal. The torque command 7',¢
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FIGURE 15. Switching results obtained when two switching points are
used.

from the speed controller is used to determine the situation
of the two motors. When the output obtained from motor 1 is
reduced to be close to zero, the feedback speed of motor 2 wp»
is then switched to be used as the loop feedback speed wp,
and vice versa. A schematic diagram of the speed switching
process is shown in Fig. 7. T, is used as the switching point
in this case.
The switching formula is given by (15):

_ ] om Tref = Tinin

D2

W (15)

Trer < Thnin

where wg, [rad/s] is the speed feedback from the system,
wpp1 [rad/s] is the speed feedback from motor 1, wpy [rad/s]
is the speed feedback from motor 2, and T}, [N-m] is the
switching condition value of the system torque. To cause
switching to occur before the system torque decreases to zero,
the conditions T, # 0 and —T7 < T, < T are required.

In practical applications, the torque commands may be
subject to fluctuations caused by system disturbances. If the
torque command Tr fluctuates near Ty, the feedback will
then switch repeatedly between the signals from motor 1 and
motor 2 at high frequency, which will lead to reduced system
stability. To solve this problem, the previous control cycle’s
speed feedback w, is also used as the switching condition.
To simplify the control program required, the 7;,;, value is

VOLUME 9, 2021

—
(=]
T

Angle(rad)

<
ol
L

0.0 L 1 1 1
0 1 2 3 4

Time(s)
a) Response results obtained without linearization.

[$2]

—
<
T

Angle(rad)

<
o
L

0.0 . L L L
0 1 2 3 4

Time(s)
b) Response results obtained with linearization.

[$2]

FIGURE 16. Response curves for the step position command.

set at +0.571, The switching formula is then given by:

ot Trer = —0.5T1&w, = wpi
T, —0.5T &w,, =
wp = Wep2 ref < &KWy = Wp]1 (16)
wp2  Trr < 0.5T1&w, = w2
wp1  Trr > 0.5T1&w, = wppo

The switching curve is then as shown in Fig. 8.

If the torque command is greater than 0.577, then w1 from
motor 1 will always be used as the feedback, regardless of the
feedback that was used in the previous cycle; however, if the
torque command is in the range between 0.57 and —0.577,
the feedback that was used in the previous cycle will then
be used as the feedback and no switching will occur; finally,
if the torque command is less than —0.571, then wp,; from
motor 2 will always be used as the feedback, regardless of
the feedback that was used in the previous cycle.

If the torque command changes from positive to nega-
tive, then wp; will continue to be used as the feedback
until the torque command nears —0.577. When the torque
command is less than —0.577, the cycle will then use wg,
as the feedback and the system will not switch feedback
again, even if the command exceeds —0.57, because of
the fluctuations caused by the disturbance. When the torque
command changes from negative to positive, the process is
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FIGURE 17. Response curves for the sinusoidal position command.
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FIGURE 18. Turntable structure.

similar: wg, will continue to be used as the feedback until
the torque command nears 0.577; then, when the command is
greater than 0.577, the cycle will continue to use wyp as the
feedback and will not switch the feedback again. Throughout
this process, there will be only one switching operation when
the command reaches the switching point, and it will not be
affected by disturbances.
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After implementation of the process described above, the
speed of the load gear shaft can then be controlled linearly.
The linear relationship between the feedback speed and the
load gear shaft speed can be given as shown in (17).

a7

A block diagram of the proposed control system is shown
in Fig. 9. This system includes a position controller, a speed
controller, a torque linearization module, a speed feedback
linearization module, a current controller, a gear transmission
system, and encoders. PI control method is used in all three
controllers, and the control parameter are adjusted manually
during debugging process. When system works, the position
command is transmitted from the host computer and its differ-
ence value when compared with the position feedback is sent
to the position controller. The position controller calculates
the required speed command and the difference between this
speed command and the speed feedback from the lineariza-
tion module is then sent to the speed controller. The speed
controller then calculates the torque command and sends it to
the torque linearization module; the decomposed torques are
subsequently output from the two motors separately to drive

W = icipwd
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FIGURE 19. Servo motor structure.

FIGURE 20. Photograph of the servo motor.

FIGURE 21. Experimental platform.

the two drive gears to mesh with the load gear and thus drive
the gear.

Use of these linearization modules allows the two-motor
system to be equivalent to the single-motor linear system
without backlash shown in Fig. 10. A nonlinear system with
backlash could then realize linear control of the load gear.

V. SIMULATION OF THE SYSTEM

First, the torque linearization module and the speed feed-
back linearization module are simulated to verify their effec-
tiveness. The rated torque is set at 20 N-m and the torque
command increases from —20 N-m to 20 N-m; under these
conditions, the bias torque is then 1 N-m, the torque on the
first inflection point 77 is 2 N-m, and the torque on the
second inflection point 7> is 7 N-m, as mentioned previ-
ously. Fig. 11 shows the torque curves for the two motors
after the linearization module. In both cases, the solid curve
is the torque curve after linearization and the dotted curve is
the torque command before linearization. Fig. 12 shows the
sum and difference curves for the output torques from the two
motors.
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FIGURE 22. Control process flow chart for the two-motor system.

The curve shape shown in Fig. 11 is the same as that of
the designed curve shown in Fig. 4. Figure 12(a) shows that
the final torque is the same as the command torque obtained
from the controller, figure 12(b) shows that when the absolute
value of the command torque T,y is greater than the absolute
value at the inflection point, the two motors will then output
equivalent torques; when T, is smaller than the torque at
the inflection point, the bias torque will then be imposed to
eliminate the effects of the backlash.

To simulate the speed feedback linearization module, noise
is introduced to the system. The range for the sinusoidal
torque command is set from —2 N-m to 2 N-m, and the noise
amplitude is less than 0.5 N-m. The curve obtained for the
input signal is shown in Fig. 13.

This curve is then input to the speed feedback linearization
module to simulate switching of the feedback. The module
then outputs the selection result, where an output of 1 means
that motor 1’s feedback is selected and an output of —1 means
that motor 2’s feedback is selected. First, the single switch
condition torque value is set at —0.5 N-m and the result is then
as shown in Fig. 14. The figure shows that repeated switching
would occur with high frequency when the torque command
fluctuates near the switching point because of the noise in the
system.

When the double switching condition torque value is set at
40.5 N-m, the results are as shown in Fig. 15. If motor 1’s
feedback was used in the previous cycle, then the red curve
will be used to perform the judgment; however, if motor 2’s
feedback was used in the previous cycle, then the blue curve
will be used to perform the judgment. The figure shows that
the repeated switching problem has now been eliminated.

A step position command and a sinusoidal position com-
mand are then input to simulate the complete system.
Fig. 16 shows the results that were obtained for the step
command with and without linearization. The figure indi-
cates that the output signal obtained without linearization
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FIGURE 23. Results obtained for the system with and without the linearization algorithm.

contains jitter due to the backlash. In contrast, the output
signal obtained with linearization is stable because equivalent
bias torques acting in opposing directions are imposed on the
two drive gears, causing them to mesh with the load gear and
thus eliminate the backlash when the load gear reaches the
command position.

Figure 17 shows the results that were obtained for the
sinusoidal command with and without linearization. The
curve obtained without linearization is cut at the top,
which means that the backlash causes distortion of the
system motion when the system is reversing. In contrast,
the linearization algorithm eliminates the backlash, which
means that the curve obtained with linearization shows zero
distortion.

The simulation results show that the linearization module
can resolve the backlash problem that occurs during system
booting and reversal by imposing appropriate bias torques on
the two drive gears using the two motors.

VI. EXPERIMENT

The structures of the turntable and the motor that were
used in the experiments are illustrated in Figs. 18 and 19,
respectively.

Fig. 20 shows a photograph of the actual servo motor and
Fig. 21 shows a photograph of the experimental platform
used.

The control process flow chart is shown in Fig. 22. The
encoder signals are received initially and the motor to be used
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for the feedback is then selected. When the servo motor is
started, the speed command is calculated using the position
loop and this command is then sent to the speed loop; the
torque command is then calculated using the speed loop and
this command is then sent to the linearization module. Two
torque commands are calculated for the two servo motors
and these commands are sent to the two independent current
loops; two groups of pulse width modulation (PWM) signals
are then output to the motors for the driving process.

A 90° position command was input into the system for the
experiment. The cases without and with use of the lineariza-
tion algorithm were tested separately and the results obtained
are shown in Figs. 23.

The results presented above demonstrate that when the
linearization algorithm was not used, the system oscillated
after completion of the location process because of the back-
lash that occurred between the gears; however, when the
linearization algorithm was used, the system remained stable
after the location process because two equal torques acting in
opposing directions were still imposed on the load gear.

VIi. CONCLUSION

In this article, a backlash elimination scheme based on
linearization using a double motor system is proposed to
solve the oscillation problem that occurs in turntable systems
because of backlash in the reducer gear transmission. First,
a dynamic model of the two-motor system with backlash is
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constructed. The control model is then built and the nonlinear
system with backlash is transformed into a linear system by
providing two torques that act in opposing directions from the
two motors. The torque calculation method is then designed,
and a speed feedback module is proposed that prevents the
system from using the speed from a motor with a gear that has
disengaged from the load gear as a feedback signal. Finally,
the system is simulated and tested, and the results verify
the effectiveness of the proposed scheme. After application
of the linearization algorithm, the system oscillations are
reduced, and the system can then remain stable after the
location process is completed. The torque distribution scheme
in this manuscript is mainly focus on the turning process and
suitable for rapid locating system. For continuous rotation
system, a new torque distribution method is needed to solve
the backlash elimination problem during dynamic accelera-
tion or deceleration process.
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