‘91 KACC 1991. 10. 22~24

SOFTWARE LINEAR AND EXPONENTIAL ACCELERATION/DECELERATION METHODS
FOR INDUSTRIAL ROBOTS AND CNC MACHINE TOOLS

Dong~-Il Kim, Jin-Il Song, Yong~Gyu Lim, and Sungkwun Kim

Control R/D Team, Production Engineering Division,
Consumer Electronics Business, Samsung Electronics.

Abstract

Software linear and exponential acceleration
/deceleration algorithms for control of machine
axes of motion in industrial robots and CNC
machine tools are proposed. Typical hardware
systems used to accelerate and decelerate axes

of motion are mathematically analyzed. Discrete-
time state equations are derived from the
mathematical analyses for the development of

goftware acceleration/deceleration algorithms.

Synchronous control method of multiple axes
of motion in industrial robots and CNC machine
tools is shown to be easily obtained on the basis
of the proposed acceleration/deceleration
algorithms.

The path error analyses are carried out for
the case where the software linear and exponen-
tial  acceleration/deceleration algorithms  are
applied to a circular interpolator.

A motion control system based on a floating
point digital signal processor (DSP} TMS 320C30
is developed in order to implement the proposed
algorithms. Experimental results demonstrate that
the developed algorithms and the motion control
system are available for control of multiple axes
and nonlinear motion composed of a combination
of lines and circles which industrial robots and
CNC machine tools require.

1. Introduction

The new era of automation, which started with
the introduction of industrial robots and CNC
machine tools, was undoubtedly stimulated by the
digital computer. Digital technology and high
performance microprocessors enabled the control
systems for industrial robots and CNC machine
tools to be designed more flexibly., The advan-
tages of flexible control systems are adaptability
to change of products in a short time. In addi-
tion, such control systems can resolve stringent
restrictions in performances required in indus-
try.

The significant common requirement of indus~
trial robots and CNC machine tools is to generate
coordinated movement of the separately driven
axes of motion to achieve the desired path
tracking of the tool or arm relative to the work-
piece. This involves both the generation of ref-
erence signals prescribing the shape of the pro-
duced part and the control of the machine to
follow these signals. Generally, industrial robots
and CNC machine tools require distinct interpo-
lation routines and acceleration/deceleration rou-
tines to generate their corresponding signals.

The desired path in an industrial robot or a
CNC machine tool is usually built up from a com-
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bination of linear and circular segments, and ac-
cordingly, both linear and circular interpolation
routines are basically contained in the reference
signal generation [1], [2]. However, a well-known
2 dimensional circular interpolator (so called ref-
erence-word interpolators) is only discussed
briefly in this paper.

For control of movable elements with little
rigidity without vibration at start and stop
points in industrial robots and CNC machine
tools, acceleration/deceleration techniques are
required. In this paper, typical hardware sys-
tems used to accelerate and decelerate axes of
motion linearly or exponentially are mathemati-
cally analyzed. Through the analyses, discrete-
time state equations describing the characteris-
tics of the hardware systems can obtained, which
enable the equivalent software algorithms to be
obtained.

In actusl operations of industrial robots and
CNC machine tools, the selection of accelera-
tion/deceleration methods deeply affects the ac-
curacy in machining. Therefore, the optimal
acceleration/deceleration method which
guarantees minimum error in machining should
be selected. Accordingly, the mathematical
analyses of path error for linear and exponential
acceleration/deceleration is performed to compare
the effect of each methoed on a circular
interpolator.

In order fur axes of motion to track the cor-
responding reference signals for a desired path,
the optimal control technique and setting of
control parameters are firstly required to be
selected. Recently, it has become possible to ap-
ply modern control theories due to the great ad-
vances in microprocessor technology.

From a view point of the robot and CNC con-
troller design, there is a greater need to sim-
plify installation, programming, and to enhance
the execution speed of the control algorithms.
Especially, the performance of tracking of the
desired path and the maximum attainable track-
ing speed are proportional to the computing
speed of interpolators, acceleration/deceleration,
and control algorithms. These practical require-
ments impose a heavier load on the microproces-
sor CPU, making the use of a DSP mandatory. In
this paper, a motion control system based on a
32 bit floating point DSP has been developed.
Software acceleration/deceleration, interpolations,
and control algorithms are executed in this sys-
tem.

Experimental results show that the proposed
algorithms and the motion control system offer
efficient solutions to the problems such as flexi-
ble control of coordinated multiple axes of motion
and nonlinear motion composed of a combination
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of lines and circles which industrial robots and
CNC machine tools require.

2. Software Acceleration/Deceleration

First, let fi shown in Fig.l1 be input to the
hardware systems for acceleration/deceleration.
One can see that the input fi is a pulse train
whose frequency is fc. The physical meaning of
each pulse in the pulse train is a unit position
increment in the movement along a desired path.

2.1. Linear Acceleration/Deceleration

The schematic diagram of the hardware sys-
tem for linear acceleration/deceleration is shown
in Fig.2 [3], where buffer registers act as delay
elements. Fig.2 shows that fi, fi delayed by m-
steps, and the output fo delayed by one step
are summed and the result is divided by m in
order to obtain the linear acceleration/decele-
ration characteristics. The final result is ex-
pressed as the following discrete-time state
equation: :

fo(k) = [fi(k)-fi(k-m)]/m + fo(k-1), (1)
is the number of buffer registers. If
then the ac-

is adjusted

where m
the sampling time is given by Te,
celeration/deceleration time tocc/dec
by the following relationship:

tacc/dec = mTs. (2)
The software linear acceleration/deceleration
algorithm for control of machine axes of motion
in industrial robots and CNC machine tools can
be obtained from (1} .

In order to analyze the linear acceleration
/deceleration characteristic, it is required to de-
rive the transfer function H(z) (Fo(z)/Fi(z)) in
the z-domain which describes the characteristic
of the discrete-time state equation (1). The
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Fig.1 Input to the hardware systems
for acceleration/deceleration.
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Fig.2 The schematic diagram of the hardware
system for linear acceleration/deceleration.
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transfer function H(z) is given by

H(z) = z(1-z-®)/m(z-1). (3)

2.2. Exponential Acceleration/Deceleration

The schematic diagram of the hardware sys-
tem for exponential acceleration/deceleration is
shown in Fig.3 [2], [4].

The mathematical expressiongs which describe
the hardware system in Fig.3 are given by the
following equations [5], [6]:

dx/dt = (fi-fo), (4)
dy/dt = xfa, (5)
fo « (dy/dt)/2e. (8)

Then, the transfer function H(s) (Fo(s)/Fi(g8)) is

obtained as

H(s) = t/(s+1), (7)
where t=fa/2" The transfer function Fo(s)/Fi(s)
represents a differential equation.

Now, we approximate the derivatives in (3)-(6)
with the backward difference approximation in
order to obtain the discrete-time state equations
describing the characteristic of the hardware
system in Fig.3. Using the backward difference
approximation, the transfer function H(z) (Fofz)
/Fi(z)) is obtained as follows:

H(z) = z(i-a)/(z-a), (8)

where a=1/(1+tT). Then, the approximated dis-
crete-time state equations are obtained as
fe(k) = fo(k-1)+alfi{k)-fo(k-1}]. (9)
The software exponential acceleration/de-
celeration algorithm for control of machine axes
of motion in industrial robots and CNC machine
tools can be obtained from (9). If fine tuning of
the acceleration/deceleration time is needed, 2n
may be replaced any arbitrary integers which
give the desired performance. Such replacement
is not possible in a hardware system but enabled
by software through a microprocessor.

Hardware systems composed of the combina-
tion of digital or analog circuits, which provide
other acceleration/decelevation methods, can be
analyzed mathematically in the discrete-time do-
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Fig.3 The schematic diagram of the hardware
system for exponential acceleration/deceleration.



main by the similar way. The mathematical analy-
ses will give discrete-time state equations, from
which software acceleration/deceleration algo-
rithms can be easily obtained.

2.3. Synchronous Control of Multiple axes
of motion

Now, the method to synchronize the movement
of four axes of motion in industrial robots and
CNC machine tools is described (6], [7]. Let us
define position deviations of x-, y-, z-, and w-
axis as Px, Py, Pz, and Pw, respectively. The
maximum value Pmax among the position devia—
tions is defined as MAX {Px, Py, Pz, Pw }. At ev-
ery sampling instant k, the increments of input
pulses to reduce the position deviations should
be calculated from maximum speeds of servo mo-
tors and resolution of position sensors mounted
on motor shafts such as optical encoders or re-
solvers. The number of iteration steps N, which
is needed to eliminate the maximum possible po-
sition deviation, is obtained from

N = Puax/fi(k)}, (10)

where fi(k) has the same value at every sam-
pling instant k. Hence, if we assume that Paac
Px, the increment of input pulse for each axis is
given by

fix(k) = fl(k)y fiy(k) = pY/N’

fiw(k) = Pu/N.

(11)
fiz(k) - Pz/N,

The velocity profile for each axis of motion
can be calculated from (1), (9), which is de-

scribed as follows:

(1) Linear acceleration/deceleration

fox(k) = [fix(k)-fix(k-m)]/m + fox(k-1),
foy(k) = [fiy(k)-fiy(k-n)1/m + foy(k-1),
fox (k) = [f1z(k}-fiz(k-m)}/m + foz(k-1), (12)
fow(k) = [fiw(k)-fiw(k-m)]}/m + fow(k-1).
(2) Exponential acceleration/deceleration
fox(k) = fox(k-1) + af[fix(k)-fox(k-1)1,
foy(k) = foy(k-1) + alfiy(k)-foy(k-1)1,

(13)

foz(k) = foz(k‘l) + a[fiz(k)-foz(k—l)],
fow(k) = fow(k-1) + alfiw(k)-fow(k-1)].

where fox("l)=foy("1)=foz(—1)=fon("1)=0. Zfo for
each axis from the initial point to an arbitrary
sampling instant k yields the position path for
elimination of the position deviation of each
axis:
3 X
Pex = T fox(i), Pcy = 2 fOY(i)v
1=0 1=0
(14)
k

k
Pcx # L foz(i), Pow =2 T fow(i),
1=0 1i=0

where Px, Pcy, Pc, and Pcw are position path
commands of x-, y-, z-, and w-axis, respectively.

3. Circular Interpolator

Linear and circular interpolators incorporated
into the foregoing acceleration/deceleration algo-
rithms efficiently provide the nonlinear motion
composed of lines and circles which industrial
robots and CNC machine tools require. In this
gection, a well-known 2 dimensional cir-cular
interpolator, which is called reference-word
interpolator, is only discussed briefly in order
to analyze the path error attributed to exponen-
tial acceleration/deceleration. In case of the
linear interpolation, there exists no path error.

In the circular interpolation, the simultaneous
motion of axes generates a circular arc at a con-
stant tangential velocity, or feedrate. The veloc-
ity components Vx and Vy are generated by the
circular interpolator and supplied as inputs to
the acceleration/deceleration algorithm. The cir-
cular arc generated in this case actually com-
prised straight line segments.

Each iteration of the interpolation algorithm
corresponds to an angle a, as is illustrated in
Fig.4., Then, the following difference equations
are obtained [1], [2]:

X(k+1) = AX(k)-BY(k),
Y(k+1) = AY(k)+BX(k), (15)
8(k+1) = 8(k)+a,
where
A = cosa and B = sina. (16)

At each iteration point X(k), Y(k), the imple-
mented circular interpolator calculates the coor-
dinates of the successive point X(k+1), Y(k+1)
according to (15). The segment lengths are ex-
pressed as

DX(k) = (A-1)X(k)-BY(k),
(17)

bY(k)

(A-1)Y(k)+BX(k),

and the corresponding velocities are given by

Vx (k) = VDX(k)/DS(k},
(18)
Vy(k) = VDY(k)/DS(k),
where

DS(k) = 4 DXZ + DY?, (19)

and V is a constant tangential velocity, or fee-
drate on a circular arc. Since the angi o is rel-

(k) e(k+)

.
Fig.4 Two successive points on a circular arc.



atively small, the chord length DS can be appro-
ximated by its arc length Ra, and the calculation
of the velocities Vx(k), Vy(k) can be simplified to

Vx(k) = -[2Vain{a/2)/a)sin(6(k)+a/2), (20)
20
Vy(k) = {2Vsin(a/2)/alsin(8(k)+a/2).
If the interpolation is performed every T sec-
ond, the following relationship is obtained:

Ra/V = T. (21)
Let 2 be V/R, then

0(k) = QTk. (22)
Substituting (21) and (22) into (20) yields

Vx(k) = -[2Rsin(a/2)/T])sin(QTk+QT/2),

Vy(k) = [2Rsin(a/2)/T}cos(QTk+QT/2). (23]

The data Vx(k), Vy(k) computed based on the
above circular interpolator are supplied as ref-
erence inputs to the acceleration/deceleration al-
gorithm to generate a circular arc.

4. Path Error Analysis for the Circular
Interpolation

We define the path error as the difference in
the radius between a required circular arc and
the one generated from the output of the accel-
eration/deceleration algorithm which has data
Vx(k), Vy(k) as input., In this section, we carry
out the path error analyses in the steady state
for the case where the linear and exponential
acceleration/deceleration algorithms are applied
to the circular interpolator described in pre-
ceding section.

As a precondition, the sampling time T is as~
sumed to be so small as to satisfy the validity of
equations to be developed. Practically, this as-
sumption is satisfied due to the high performan-
ce characteristic of « DSP TMS 32030

In case of the linear interpolation, there ex-
ists no path error attributed to linear and expo-
nential acceleration/deceleration. This can be
easily proved from the fact that the ratio
between Zx and 2y , the increment valueg in the
x- and y- axis which are input commands to ac-
celeration/deceleration, is the same as that
between output responses through acceleration
/deceleration.

Now, the path errors for linear and exponen-
tial acceleration/deceleration are analyzed. The
commands to acceleration/deceleration are the
velocity data Vx(k), Vy(k) in (23).

(1) Linear acceleration/deceleration

The output responses Yx(k) and Yy(k) to
Vx(k) and Vy(k) in (23) are given by
Yx (k) = -[2Rsin(a/2)/uT][cos(QT/2)Ye(k)+
8in(9T/2)Yc(k)],
(24)
Yy(k) = [2Rsin(a/2)/mT1[cos(QT/2)Yc(k)+
8in(QT/2)Ys (k) 1,
where
Ye(k) = [{cos(QTk+6 \/{42-2c0)+(1-co)/
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(2-2co) Ju(k) -{cos(QTk-QTm+dv)/
(42-2c0)+(1-co)/(2-2co0) }u(k-m)1/m,
(25)
Ya(k) = [{8in(QTk+®v)/(J2-2c0)+81/(2-2co0)}
u(k)-{8in(QTk-QTm+dw)/{(J2-2co ) +81/
(2-2co ) }u(k-m)]/n,
and

co cosQT, 81 8inQT,

(26)
o = atan{-sia/(l1-coa)}.

If k tends to the infinity, (24) yields

Yx(®) = -[2Rsin(a/2)/T1[28in(QTm/2)8in{QTk+
QT/24dw+n/2-QTn/2)/ (m{2=-2¢5 )],
(27)

Yy(®) = [2Rsin{a/2)/T][28in(RTm/2)cos(QTk+

QT/2+®w+11/2-0Tn/2)/ (m{2-2co)].

Now, let us define R' as the radius of the
generated circular arc from the data Vx(k),
Vy(k). Then, the following result which describes
the path error for linear acceleration /decelera—
tion is obtained from (27).

4R = R - R’ = R[1-2/wyZ-2c0]. (28)

(2) Exponential acceleration/deceleration {6]

The output responses Yx(k) and Yy(k) to

Vx{k) and Vy(k) in (23) are given by

Yx (k) = -[2Rsin(a/2)/T][Gwvein(QTK+2T/2+&w)
+ {Mawcos(2T/2)+Mcwsin(QT/2)}ak],
(29)
Yy(k) = [2Rsin(a/2)/T)[Gwcos(QTk+QT/2+dw)
+ {Mcwcos(QT/2)+Mawsin(QT/2) }ak],
where

Gv = (1-a)/{a?-Zcoa+l,

Msw (1-a)sia/(aZ-2coa+l), (30)

Mcw = (1-a)(a?-coa)/(a2-2coa+l),
If k tends to the infinity, (29) yields

Yx(®) = -[2R8in(a/2)/T][Gwsin(QTk+QT/2+8),

(31)
Yy(e) = [2Rsin{a/2)/T][Gwcos(QTk+QT/2+dw).
Finally, the following result which describes the
path error for exponential acceleration/decelera-
tion is derived from (31).

AR = R - R’ = R[1-1/{1+2a(1-co )/ (a-1)%]. (32)

If some conditions are assumed, (28) and (32)
can be approximated to much more simple forms
which represent the practical physical meanings.
However, they are not included in this paper
due to the limited space.

In case of parabolic, S-curve, or other accel-
eration/deceleration, the analysis of the path er-
ror can be carried out by the same way.

5. Motion Control System Based on a DSP

In order to implement the proposed algorithms,
a motion control system with a floating point DSP

TMS320C30 as a CPU [8], which can control six
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Fig.5 The block diagram representation of the
motion control system for one machine axis

of motion.

machine axes of motion synchronously, has been
designed [9]. The main characteristics of the
motion control system whose block diagram rep-
resentation for one machine axis of motion is
shown in Fig.5 are summarized as follows:

1) Signals between the motion controller and the
main CPU(32bit) which handles main operating
algorithms including CNC functions, graphics,
communication and user interface are processed
through dual ported RAMs.

2) The motion control system offers lin-
ear/circular interpolations, interchangeable accel-
eration/deceleration (linear, exponential, S-curve,
etc.)y and very high speed encoder capability
with precise synchronization between motion and
external events.

3) In position control! loop, velocity and acceler-
ation feedforward control terms are incorporated
into the PID (Proportional-Integral-Derivative)
controller with individually adjustable gains for
reduction or elimination of following errors {10].

4) A tunable notch filter which is used to damp
a critical machine vibration frequency is in-
cluded, if needed.

5) The motion control systems may be daisy-
chained together for extension of controlled axes
in general automaticn, robots, and CNC machine
tools.

6) The motion control system outputs either a DC
signal for driving servo motor drives or two si-
nusoidal phase commutated signals for commands
in current controllers.

6. Experimental Results

Performances of the proposed algorithms and
the motion control system were investigated by
experiments. In experiments, a cartesian type
robot of Samsung Electronics (Fara Robot (2)
whose actual photograph is shown in Fig.6 was
used instead of a real machining center. Fara
Robot C2 is driven by permanent magnet AC se-
rvo motors with position sensors whose resol-
utions are 4096 puses/rev.

First, the experimental results of linear and
exponential acceleration/deceleration algorithms
are presented. Considered was the case where
81920 pulses were needed in order to reach the
goal position in the x-axis. Fig.7(a) shows the
position path command for linear acceleration/de-
celeration and Fig.7(b) shows the position path
command for exponential acceleration/decelera~
tion.

Second, we show the experimental results for
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the circular interpolation under linear accelera-
tion/deceleration. In case of exponential accelera-
tion/deceleration, the results showed almost the
same characteristics, so are not included in this
paper. Fig.8(a) shows the locus for the linear
interpolation under linear acceleration/decelera-
tion while Fig.8(b) that for the circular inter-
polation. Actually, the offset in the input port of
a servo motor controller deteriorates the perfor-
mance of interpolations. In experiments, an adap-
tive offset compensation algorithm was incorpo-
rated into the motion control algorithm in order
to solve such demerits.

In experiments, only 12 bit position data
could be obtained due to resolution of the enco-
der mounted on a motor shaft. If the encoder
with higher resolution is used, the DSP TMS320C
30 with fast execution time will enable more ac-
curate and enhanced motion control performances
to be cbtained.

7. Conclusion

A motion control system based on a 32 bit
floating point DSP has been developed. This sys-
tem is very effective in implementing software
acceleration/deceleration, interpolation, and
control algorithms. In addition, it provides ad-
vantages such as the simplification of hardware
structure and flexibility in programming.

It has been shown that typical hardware sys-
tems which provide linear and exponential accel-
eration/deceleration characteristics can be an-
alyzed to obtain equivalent software algorithms,
This fact indicates that if the typical hardware
systems for acceleration/deceleration can be an-
alyzed mathematically, it is possible to realize
equivalent characteristics through software by
microprocessors and to derive mathematical anal-
yses of performance.

Further researches should be directed to the
mathematical analysis of the entire closed loop
system including path error, speed, and position
control loops so as to attain the efficient design
method of the motion control algorithm in indus-
trial robots and CNC machine tools.

Experimental results show that the proposed
motion control system offers efficient solutions to
the classic problems such as flexible control of
coordinated multiple axes of motion and nonlinear
motion composed of a combination of lines and
circles which CNC manufacturing systems
require.
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