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The aim of this paper is to realize robust network motion control system. One of the most significant issues
for network motion control realization is time delay during transmission. Obviously, most time delay systems are
unstable. Additionally, time delay may cause control performance degradation in motion control system. In this
paper, a modified disturbance observer with Smith predictor is proposed to compensate time delay. This modifi-
cation realizes a robust two-degree-of-freedom control system ower network. The serial compensation of Smith
predictor is utilized to compensate time delay. The validity of the proposed method is confirmed by the position
control of linear motor over network experimentally. Experimental results show that the proposed control system
has robustness against transmission delay fluctuation over network and external force.
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1 INTRODUCTION

Motion control technology is very useful and es-
sential for industrial application. Particularly, this
technology is a key technology for mechatronics
and robotics. In addition, motion control realizes
precise positioning control and vibration control in
manufacturing system.

Generally, the purpose of motion control is to
improve motion quality. Various motions, such as
positioning and pushing, are realized by motion
control. The criterion of motion quality is repre-
sented as control stiffness that changes based on
the task reference. Basically, the realization of ro-
bust control requires high control stiffness. How-
ever, the robustness and control stiffness can be set
by controling the acceleration independently. Hence,
the control of acceleration will keep robustness and
realize various motion according to the task refe-
rence [1].

Most motion control system has been applied to
closed environment system such as industrial appli-
cation. Recently, welfare and medical fields require
motion control technology where open and remote
environment system such as mobility system and
network system applied [2]. The aim of this paper
is to realize motion control system in open envi-
ronment or remote environment system over net-
work. In these environments, one of the most signi-
ficant issues for the realization of motion control is
time delay on transmission. Obviosly, in closed-loop
control system, most of time delay systems are un-
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stable. Additionaly, time dalay may cause control
performance degradation. Particularly, a slight time
delay may lead to critical problem in motion con-
trol.

Recently, network control system has received
tremendous interest in the last decade. Especially,
teleoperation control system as an example of net-
work control system has been utilized in practice
[3, 4]. Here, data communication in network con-
trol system realizes open and remote control sys-
tem. However, data communication over network
causes time delay, and data loss. Especially, closed
control system over network is unstable due to time
delay. Hence, the most considering technical issue
of network control system is to keep its stability.

Smith predictor [5] is a well known technique to
compensate time delay and to keep stability. Smith
predictor removes the impact of time delay from
closed control system through the prediction of
controlled object’s output. However, it has been
shown earlier [6, 7] that Smith predictor could not
make the steady error to zero due to step distur-
bance. To overcome this problem, a modified Smith
predictor has been suggested by Astron, et al. [8].
A subsequent article by Zhang, et al. [9] has pro-
posed a modified Smith predictor with two-degree-
-of-freedom control system where the disturbance
response is decoupled from the setpoint response.
However, the application of these methods is used
only for process control with time delay. It can not
be adjusted to motion control system directly.
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Generally, a disturbance observer is usually adop-
ted to realize robust acceleration control system
[10, 11]. Disturbance observer estimatees and com-
pensates disturbance force by the comparing con-
troller’s output and controlled object’s output. Di-
sturbance observer is one of the two-degree-of-free-
dom control system with rejection to disturbance
force. However, it can not be applied directly to
time delay system, since it requires an inverse mo-
del of controlled objects.

In this paper, disturbance observer based on net-
work motion control system is proposed to control
time delay system such as network system. Here, a
disturbance force is estimated by modified distur-
bance observer based on minimum phase system
without time delay element. Hence, the modified
disturbance observer realizes a rejection of distur-
bance force. Moreover, in the proposed system, the
serial compensation of Smith predictor to controller
is adapted to keep stability. By using this method,
it is possible to realize the rejection of disturbance
force while keeping the stability.

To confirm the validity of the proposed control
system, the realization of motion control with net-
work is performed experimently. Real-time data
communication is applied over local area network.
In the experiments, this control scheme is applied
to linear motor positioning control, and the effec-
tiveness is clarified.

2 NETWORK CONTROLLED OBJECT MODEL

In this section, the network motion control sys-
tem is described. Figure 1 shows the framework of
network motion control system. The network repre-
sented by local area network, links the controller
and the controlled object such as a linear motor.
The controller’s output and the controlled object’s
output is transmitted over the network.

Network
Controlled

Controller

object
Network

Fig. 1 Network motion control system

The mechanical dynamics of a linear motor is
expressed as follows.

Mi+F =F, (1)
F, =K, ()

where
F, load force, N

F,, generated force by linear motor, N
M  thrust rod mass, kg
X  position, m

i, current input, A

K, thrust constant, N/A

The representative of linear motor’s load forces
is friction force and external force. The linear mo-
tor generates the thrust force proportionately as
current increases. Generally, the actuator current i,
corresponds to the current reference i due to the
current minor loop which is usually equipped with.

The current reference value i and position in-
formation x are transmitted over network. However,
time delay and lack of information such as packet
loss exists due to network transmission. These in-
formations can not be transmitted over network ac-
curately. Hence, the network transmission models
are represented as follows.

i = el —d, 3)
x=e*lx-d, (4)

where T,, T are time delay over network, and d,,
d; are information error due to lack of information.

Consequently, the controlled object with network
is represented as Figure 2.

Bl

network

—— e—slb

Fig. 2 Network controlled object model

3 PROPOSED CONTROL SYSTEM
A. Modified Disturbance observer

At first, this section describes the realization of
robust motion control. Recently, a disturbance ob-
server is used to realize motion control. The con-
trol system based on disturbance observer is shown
in Figure 3. Here, r is command input, u is the
controller’s output, y is controlled object’s output,
d’ is the load force, and & is the observation noise.
Subscription »n« means nominal model. A low-pass
filter is adopted as Q(s) to the reduce observation
noise. In this structure, disturbance observer esti-
mates and compensates the disturbance force. The
disturbance force including the difference between
real and nominal model is defined as follows.

_go (11
celigy o
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Fig. 3 Disturbance observer

In Figure 3, the command input response G, (s)
and sensitivity function S(s) are represented as fol-
lows.

Gﬂ@=%§% ()
CH)P,(5)

T 1+ C(5)P,(5) )

aG,y (s)

G
56)= 25 ®)

Bi(9)

__1-06) 9)
1+C(5)P,(s)

Having disturbance observer, the command input
response and the disturbance response can be set in-
dependently from each other. Hence, two-degree-
-of-freedom control system is realized by distur-
bance observer. However, disturbance observer can
not be adapted to time delay system since it requi-
res the inverse controlled object’s model.

In this paper, a modified disturbance observer is
proposed to adapt the network controlled object
(Figure 2). The modified disturbance observer is re-
presented as Figure 4. Here, the controlled object,
the disturbance force and the observation noise are
defined as follows respectively.

a®=;@ (10)

n

1
= K_m [(Fdis +K,dy) +

+(K,eT — K, e Ty (M -M, )s2x] (11)

fze T pd—(l —e@Tyx,  (12)
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Fig. 4 Modified disturbance observer

This paper assumes that the fluctuation of trans-
mission delay over network (jitter) is included in
the disturbance force and in the observation noise
as well.

In Figure 4, the command input response G,(s)
and sensitivity function S(s) are represented as fol-
lows respectively.

%m_ammw%

- 13
1+C(s)P,(s)e* T ()

1-Q(s)e"
1+C(s)P,(s)e™ T

S(s) = (14)

The modified disturbance observer also enables
the command input response and sensitivity func-
tion to be set independently. Therefore, it is possi-
ble to reject disturbance force and realize robust
acceleration control system. However, modified dis-
turbance observer is likely to be unstable due to
time delay. Therefore, the recovery method is de-
scribed in the next section to compensate the trans-
mission delay.

B. The compensation of Smith predictor

Smith predictor, a common method to compen-
sate time delay, is shown in Figure 5. It can remo-
ve the effect of time delay that causes instability.
Hence, this paper considers to the modified distur-
bance observer to recover the stability.

Figure 6 shows the proposed control system. The
serial compensation of Smith predictor is adapted
to modified disturbance observer to keep its stabi-
lity. In Figure 6, the command input response
G,(s) and sensitivity function S(s) are represented
as follows respectively.
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Fig. 6 Proposed control system
G (S) = Me_ﬂb (15)
v 1+C(s)P,(s)

L+ CeP©A=e")A=0(e™™) 1o
1+C(s)P,(5)

S(s) =

where, 7, is nominal round trip time, and the
round trip time means total transmission delay
which is expressed as T=T,+ 7).

Hence, the proposed control system is a two-de-
gree-of-freedom control system. The characteristic
of the command input response is determined by
C(s) regardless of sensitivity function and time de-
lay. Where C(s) can be set at a desirable command
input response.

The rejection of disturbance is expressed as sen-
sitivity function. Hence, the rejection of disturbance
is determined by round trip time and Q(s). Since
QO(s) is low pass filter,

lim S(s) = 0. 17)
s—0

Consequently, the proposed control system will
make the steady error to zero due to step distur-
bance. Additionally, the compensation with Smith
predictor removes the impact of time delay from
closed control system through the prediction of
controlled object’s output. Hence, the compensa-
tion can make it stable.

4 EXPERIMENT RESULTS

The proposed control system is applied to net-
work system to confirm the validity of the proposed
control system. In the experiments, two PCs (Pen-
tium 4: 2.8 GHz) are used at 0.1 ms sampling time.
The overview of experiment system is shown in Fi-
gure 7. The network links the controller and a line-
ar motor as the controlled object. The linear motor
is shown in Figure 8. Table 1 shows the linear mo-
tor parameters. The linear motor is controlled by
the motor driver. Its position is estimated by the
position encoder with 0.1 pm resolution.

1

: i !
H Current 1 Current H
: ! reference | reference Linear motor !

............................ > |

1 1 1 R . — 1
! NICk! LAN @ D/A Motor driver !
i | uDPIP [ — [N
: : : ,m Encoder | :
! PC_| | Position | PC__ | Position :
1 1 ' 1
1 1 I 1
1 1 1
'Controller sid¢] ~ Network i Controlled object side !

Fig. 8 Experimental system

Table 1 Linear motor parameters

K; | thrust constant, N/A | 22.0
M | mass, kg 0.2

It is well-known that hard real time system is re-
quired to realize motion control. RT Linux which
is the hard real time extension for Linux is utilized
to realize hard real time system in this experiment
system. Here, network motion control system invol-
ves real time data communication. In this paper,
the real time communication network with RT-Soc-
ket is utilized. RT-Socket is a real time communica-
tion package included in RT Linux and is based on
UDP/IP protocol. Thus, it is possible to realize real
time network system. The performance of the real
time communication based on RT-socket was evalu-
ated by [12]. The real time network system of this
experiment system transmits and receives transmis-
sion data at 0.1 ms sampling time respectively.
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In the experiments, PD control system is adap-
ted to C(s) which determines the command input
response of the proposed system. In the PD con-
trol system, a one order low pass filter is adopted
to the approximate differentiation as noise reduc-
tion. A second order low pass filter is adopted as
Q(s). Table 2 shows control parameters of the pro-
posed control system.

N
C(s)=K, +K, —2— (18)
s+ 8,
2
84
O(s)=| —24—| .
©=5vg, (19)
Table 2 Controller parameters
Position gain K, rad/s 1440
Velocity gain K, rad/s 120
Differential gain g,, rad/s 100
Observer gain gy, rad/s 100
Nominal time delay 7,, ms 10
14 T T T
12 - -~ i
10 y 4 —
8 / §
£ /
g 6 I,.’ -
= i
4 4 -
2+ ’JI,’ .
0 emd —— 7
res -------
-2 1 1
0 0.05 0.1 0.15 0.2
time/s
(a) position response
]8 T T T
16 .

T/ms

0 0.05 0.1 0.15 0.2
time/s

(b) round trip time

Fig. 9 Experimental result of step response under jitter

Figure 9 shows the experimental result of step
response. It describes the robustness to transmis-
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sion delay which includes time delay, jitter, and
packet loss. 2000 packets were transmitted from
controlled object’s PC and the controller’s PC re-
ceived 629 packets for 0.2 s. Here, 68.6 % packet
was lost. Moreover, Figure 9(b) shows round trip
time and jitter. However, the response converged
to the step command in Figure 9(a). The steady
error is 0.05 mm and the settling time is 0.135 ms.

The position response is shown in Figure 10(a),
where the external force is applied to the linear
motor in position control. Applied external force is
denoted in Figure 10(a). Figure 10(b) shows trans-
mission delay with jitter. The control parameters is
the same as the previous experiment. Figure 10 re-
veals that proposed control system has the robust-
ness to external force.

15 T T , - ——— 6
i res -
or / ', Jdis T 14
A
S ; 15
E ,} __________________ 0 Z
= ‘v?‘\\ s === Z
-5+ \_____‘{ 15
-10 | 14
-15 1 1 L | 6
0 1 2 3 4 s
time/s

(a) position response

18 T T T T
16 F .
14 b i
EIO B
= gt 4
6L 4
4 i
2k 4

0 1 1 1 1
0 1 2 3 4 5

time/s
(b) round trip time

Fig. 10 Experimental result of applied external force

Finally, robustness to parameter mismatch is in-
vestigated. It is assumed that M,=M/3.0 in this ex-
periment. The position response is shown in the
Figure 11. Figure 11(a) shows that the position re-
sponse is converged to the command in spite of
the degradation of control performance. Hence, it
is revealed that proposed control system has the
robustness to parameter mismatch.
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Fig. 11 Experimental result of step response under mass mismatch

5 CONCLUSION

This paper presents network motion controls sys-
tem. The technical issue to realize this system is
time delay on transmission. Hence, this paper pro-
posed modified disturbance observer with Smith
predictor to compensate time delay. The proposed
method is two-degree-of-freedom control system.
The command input response and the disturbance
response can be set independently from each other.
In addition, the robust stability of the proposed
control system is confirmed experimentally. The ex-
perimental results show the robustness against trans-

mission delay, which includes jitter and packet loss,
external force and the mismatch of linear motor
model. Consequently, this paper shows a method to
realize network motion control system.
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Robusni sustav upravljanja gibanjem preko komunikacijske mreZe zasnovan na rekonstrukciji poremecaja. Cilj
je ovoga c¢lanka realizacija sustava upravljanja gibanjem preko komunikacijske mreze. Jedan od najvecih problema
u realizaciji sustava upravljanja gibanjem preko komunikacijske mreze jest kasnjenje u prijenosu podataka. To
kasnjenje dovodi do narusavanja svojstava sustava upravljanja gibanjem, a moze ga uciniti i nestabilnim. Za kom-
penzaciju kaSnjenja u radu se predlaze modificirani rekonstruktor poremecaja zasnovan na Smithovu prediktoru.
Predlozeni rekonstruktor omogucuje izvedbu robusnog sustava upravljanja gibanjem s dva stupnja slobode. Valja-
nost predloZzenog sustava potvrdena je eksperimentalno na sustavu upravljanja pozicijom linearnog motora preko
komunikacijske mreze. Dobiveni rezultati pokazuju robusno vladanje predloZzenog sustava u uvjetima promjenjivog
kasnjenja prijenosa podataka preko mreze i pri djelovanju vanjske sile.

Kljucne rijeci: upravljanje gibanjem, sustavi upravljanja preko mreze, rekonstrukcija signala, linearni motori

10

AUTHORS’ ADDRESSES

Atsushi Kato
Abdul Muis
Kouhei Ohnishi
Keio University, Yokohama, Japan
e-mail: atsushi@sum.sd.keio.ac.jp

muis@sum.sd.keio.ac.jp

ohnishi@sd.keio.ac.jp

Received: 2006-03-30

AUTOMATIKA 47(2006) 1-2, 5-10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


