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Abstract—In a conventional pesitioning system, when the
position error becomes small, the motor cannot obtain enough
deceleration torgque. Hence, the position response becomes slow.

There is also an other positioning system that is to design
a pasition reference from trapezoidal speed reference. This
positioning system is valid when load torque and the final goal
position are given. However, if the load torque and the final goal
vary, its position response cannot have the desired response. In
order to overcome these problems, this paper proposes a new high
speed positioning system of AC servo motor considering unknown
coulomb friction and windup phenomenon. The proposed always
uses the maximum acceleration or deceleration torque and the
maximum speed.

[. INTRODUCTION

Recently, AC servo motar replaces stepping motor with
rapid- development of one-chip microcomputer and DSP in
the positioning field. In comparison with AC servo motor and
stepping motor on condition of the same size, AC servo motor
is higher torque and higher efficient than stepping motor.

In the conventional positioning system of AC servo motor,
the speed reference is determined by the product of position
gain and position error, the speed reference becomes a small
value near to the final goal position. Therefore, it is difficult
to obtain the sufficient deceleration torque, and its response
becomes a slow response.

On the other hand, when the output torque, the inertia
moment and the load torque in AC servo motor are known, the
optimum speed pattern is determined by these data, and the
position reference is given from the speed reference pattern,
such as S-shape curve or spline function[1]. In this method, it
is possible 0 carry out the optimum high speed positioning,
if to give S-shape curve by the maximum acceleration as a
position reference is possible. However, it is necessary for this
control method to know the load torque of AC servo motor.
However, when the load torque varies, the ocutput response
is also changed. Theq, it is necessary to form the position
reference once more again. In this case, the goal position
changes. Moreover, generally the load torque is an unknown
variable. )

In order to overcome these problems, this paper proposes
a new algorithm for high speed positioning system by using
the goal position and the conlomb friction load. In this paper,
the coulomb friction load torque is estimated by disturbance
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observer. The effectivencss is conficrned by the numerical
simulation results and experimental resubts[2].

IT. CONVENTIONAL POSITIONING SYSTEM

The block diagram of conventional positioning system is
shown in Fig 1. The positioning system is P control system
and the speed control system is PI control system. Here,
gref is a position reference, 8,, is 2 motor position, 627" is
a position error, wT® is a speed reference, w,, is a motor
speed. wir” is a speed emor, 1, is a torque current and T, is
a disturbance torque. The frequency characteristics of current
control system is ordinary enough higher than that of the speed
control system. Hence, an output of the speed control system
becomes equal to an actual current 74. In order to carry out
the high speed positioning, the position reference 875/ of Fig.1
should be a step function.

The tested motor is a surface permanent magnet type
synchronous motor, and its specifications are shown in Table
L. Fig.2 shows the configuration of experimental system. Each
controller of position, speed and current is built in the software
servo system by DSP (ADMC401),

TABLE I

SPECIFICATIONS OF TESTED MOTOR )
Rated Power PIW] a0
Rated Veoltage VIv) 100
Flux Interlinkage & ro[Wh] 0.047
Pole Pare P 5
Rotor Inertia Jlkg-m?] | 6.0x 1073
Artature Resistance Rq[f2] 3.08
Armature Inductance Lo [mH] 828
Rated Maximum Spezd  why o [radrfs] 314
Rated Current imaxlAl %‘2
Rated Voltage Ymaz[V] 370
Encoder Pulse [pulselrev)

The position controller and the speed controller are shown
in (1) and (2). The frequency characteristics are shown in
Fig.3. Both the sampling time and the cut off frequency of
these controllers are shown in Table II. Here, Gryg(s) is the
reference input response function of position controller, and
it is equal to the complementary sensitivity function Tp(s).
Similarly, Gry..(5) is the reference input response function
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Fig. 2. Configuration of prototype

of speed controller, and it is equal to the complementary
sensitivity function T7,(8). Se(s} is sensitivity function of
position controller. §,(s) is sensitivity function of speed
controller.

TABLE 1I
CHARACTERISTICS OF TESTED SYSTEM

Cr il Position Speed Curent
Sampling Time 50[gesec] | 100[usec) 1{msec]
Cut off frequency | 40[rad/s] | 400[rad/s] | 4000[radss)

Ho(s) = Kpg =40 {1
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Fig. 3. Freguency characteristics

Block diagram of conventional positioning system

Whert the positioning system has a large reference input
signal, edch servo system of the positioning system has the
influence of output saturation. Especially, this output saturation
occurs in acceleration mode and deceleration mode[3]-[7]. In
this paper, when the output is saturated, as a conventional anti-
windup method, the integrator of PI contro! system is stopped
in the control system of Fig.2. _

Fig.4 and Fig.5 show the experimenta] results of the con-
ventional positioning system. In Fig.4 and Fig.5, the position
step reference is 6x[rad]l. The load condition of Fig.4 is no
load torque. The condition of Fig.5 has the coulomb friction
as half load torque that is generated by Prony Brake System
as shown in Fig.6. :
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Fig. 4. The experimentzl results of position step respomse of using
conventional positioning system (without load torque)

In the both results, at the accelerated period, the conven-
tional positioning system is driven by the maximum torque.
However, at the deceleration period, it does not use the
maximum torque. The position error of deceleration mode is
smaller than that of acceleration mode. As the result, the speed
reference becomes also smail.

ITI. HIGH SPEED POSITIONING SYSTEM

Fig.7 is an ideal waveform for high speed positioning with
a coulomb load torque. In order to carry.out the high speed
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Fig. 5.  The experimental results of position step response of using
conventional positioning system (with half load torque}

Fig. 6. Prony Brake System

positioning, after the acceleration mode, it is necessary for
servo motor to drive at the maximum speed. Finally, a servo
motor should decelerate using the maximum torque..

In order to realize these ideal references of motor speed and
motor current, this paper proposes a new reference generation
algorithm, as shown in Fig.7.

At [£g,t2] period in Fig.7, it becomes an ideal response by
giving the maximum speed wmaq 2s a speed reference. Next,
after the time fq, the speed reference should be zero. Then, the
torque current i, becomes the maximum deceleration torque
—tmez- However, it is difficult to calculate the time {5 by the
real time algorithm, because t2 changes by the position refer-
ence or an unknown. Accordingly, this paper newly proposes
equation (3). The position error, which deserves ¢y is obtained
the coufomb friction, which is estimated by the disturbance
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Fig. 7. Tdeal waveform of high spzed positioning system

observer.
Wm

A = o — e —

The block diagram of proposed system is shown in Fig.8.
The proposed algorithm calculates AGZT™ by using (3) in Pre
Controller of Fig.B. When the actual position error 65" is
larger than AGFT”, the maximum speed wpnag is given as
a speed reference. At the time fp, as 8577 is smaller than
AT, whef becomes zero. Afterwards, when 6277 is smaller
than :’_\.52‘:’ at the time {3, the positioning control system
switches from Pre Controller to the conventional P position
control loop. AJE" is defined by trade off of actual positioning
response.

This paper prevents the windup phenomenon by using the
proposed algorithms[6].[7], in which closed-loop character-
istics of servo system does not change. The proposed anti-
windup algorithm is a digital nonlinear algorithm. The discrete
state space equations of PI controller are shown in {(4),(5).

Wm

3

2k + 1) = azx(k) + bulk) 4)
y(k) = cx(k) + du(k) (5)

When the output g of controller is larger than the limit value
Yrnax. Y DECOMES Ypqr- Using difference between y and y02,
this paper prevents the windup phencmenon caused by the
output saturation of PI controller. The proposed anti-windup
algorithm for controller cormects state variable z(k + 1) as
shown (6) and (7). And, the corrected 7{k) is shown in (8).

i) = u) - L “mar T )

Z(k + 1) = az{k) + bii(k) ¢
F(k) = ex(k) + da(k). {8)
At the current sampling period, this algorithm corrects state ‘

variable from z{k + 1) to #(k + 1). As the results, the
contreller has no windup phenomenon caused by its own
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output saturation. When y is smaller than ypmqg. this anti- 05
windup afgorithm is not executed.
Fig.9 shows the waveform of the ideal high speed position-  _
ing in the case of small position reference. In this case, the %025—
position error reaches AG27T™ before the motor speed reaches '[_':" !
Wmaee Even in such case, the proposed algorithm is possible g 0 0o
to finish the high speed positioning by using (3). E . ! ':
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N TABLE 111
?: " FRICTION MODEL OF NUMERICAL SIMULATION
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i positive [ VISCOANS D{Nm/radfe 2.9 10—
—i | current kinetic oo iiomb K{Nm] | 2495 x 10 ¢
mat P o _IRRXTAuM S12HE | —SpmgelNm G.480
t b2 i - negative o viscous | -D[Nm/tad/s 2,22x107%
0 2 8 kinetic Sonalomn K(Nm] | 3.005 % 10-T
Fig. 9. Ideal waveform of high speed pasitioning system (short trip)
IV. NUMERICAL SIMULATION RESULTS : g =400 9
— -5
The numerical simulation is carried out in order to confirm T, =100 x 10 (10)

the effectiveness of proposed high speed positioning algorithm.
The conditions of numerical simulations are as follows:

1) without load torque, 67¢f = 6x[rad]

2} with half load torque, 852 = Gr{rad)

3) with half load torque, 875/ = #[rad]

The friction mode! of tested experimental system as shown
in Fig.6 is shown in Fig.10 and Table 111,

This paper designs the ordinary disturbance observer as
shown in Fig.11. The disturbance ebserver which frequency
band is 400{rad/s] and sampling time is 100[usec). In Fig. 11,
the gain g and T, are defined as (%) and (10).

Each numerical simulation results are shown in Fig.12,
Fig.13 and Fig.14. In Fig.12, the servo moter is accelerated
by using the maximum torque curtent +i,, without load
torque, and the serve motor also is decelerated by using the
maximum torque current —i;,,,. In Fig.13, it is confirmed that
the servo motor similarly accelerates by using the maximum
torque curtent i, with half rated load torque. Av last,
the motor speed decelerates at the time i3 based on the
estimated coulomb friction torque 73, and the positioning
control is finished. In Fig. 14, the servo motor is accelerated by
using the maximum current +4y,,,. and the deceleration mode
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Fig. 11. Block diagram of disturbance observer

starts before the motor speed reaches wma.. These numerical
position responses are the desires responses, which are nearly
¢qual to the ideal responses.
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Fig. 12.  Numerical simulation results {without load torgue)

V. EXPERIMENTAL RESULTS

The experimental resulis without load torque are shown
as in Fig.15, and Fig.16 is the experimental results with
half load torque by Prony Brake System. Both experimental
results are fine responses, since the acceleration mode and
the deceleration mode are using the maximum torque current
of servo motor on condition of any large torque. From the
view point of Fig.4 and Fig.5, the proposed positioning system
has more quick performance than the conventional positioning
system. When the position reference is small as shown in
Fig.17, the proposed positioning system alsc has high speed
positioning performance. These experimental results are also
the desired responses, which are also nearly equal to the ideal
responses.

VI. CONCLUSION

This paper proposes a new high speed positioning system
of AC servo motor considering unknown coulomb friction and
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Fig. 13. Mumerical simulation results (with half load torque)
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Fig. 14. Numerical simulation results ¢(with half load terque, 855f = rfrad})

windup phenomenon. The proposed always uses the maximum
acceleration or deceleration torque and the maximum speed.

The proposed algorithm uses the goal position and the
coulomb friction load. In this paper, the coulomb friction load
torque is estimated by disturbance observer,

In order to confirm the validity of proposed high speed po-
sitioning algorithm, this paper shows the numerical simulation
results and the experimental results for position step response.
The conditions of experirnent and numerical simulation are as
follows:

1) position reference 75/ = 6x[rad), without load torque
2) position reference 8¢/ = 8w[rad], with half load torque
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Fig. 16, Experimental results with proposed system (with half load torque)

3) position reference 655 — x[rad], with half load torque
The experimental results and the numerical simulation results
point out that the proposed high speed positioning system
always has the desired position response, which is nearly equal

to the ideal

response.
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