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Web Machine Coordinated Motion Control via
Electronic Line-Shafting

Robb G. Anderson, Andrew J. Meyer, M. Anibal Valenzuela, and Robert D. LoFatiow, IEEE

Abstract—Most current multi-axis web machine controllers cessors. This inter-axis stiffness was the driving force for
are not designed to possess the inter-axis stiffness properties thatthe coordination of the multiple axes and its properties are

were the inherent coordinating force in historical mechanically not achieved by the synchronous command generation or

coupled “line-shafted” multi-axis web machines. As a result, t | trol t loai ty |
these controllers cannot maintain coordination for all operating master—slave control fopologies currently in use.

conditions. This paper presents the development of an “electronic ~ Most researchers in this area [1]-[4] recognize physical
line-shafting” control technique which serves to replicate and limitations of power conversion devices when generating
even improve on the historical mechanical line-shafted properties. command trajectories and, therefore, they focus on generating
This technique was implemented on a five-axes filament winding ¢oaqiple high-performance trajectories. However, synchronous

machine to evaluate such control during periods when the drive d tion d t . tric loadi
was in torque limit, velocity limit, or simply responding to asym- command generation does not recognize asymmetric loading

metric load-induced disturbances. The results demonstrate that and its ability to deteriorate synchronization. Master—slave
the “electronic line-shafting” technique significantly improves methods similarly only force the slaved axes to follow the

the coordination, robustness, and overall stability of multi-axis master. The master does not respond to symmetric loading of
web-handling machines subjected to realistic physical limitations. 4,4 slave(s). Under both of these circumstances, synchronized
_Index Terms—Motion control, relative stiffness control, synchro-  mgtion control is compromised. Such compromises are po-
nized control. tentially very costly in web-handling process machinery since
loss of synchronization (registration) can have large economic
I. INTRODUCTION impact on the process.

. Lorenz and Schmidt [5] proposed a topology based on rela-

?rli(v); Tgufﬁ_gzzt?;;;::gg avcgrgI%Z-r?;:zogggnv?/ﬁhs?;\é?ve stiffness control which intentionally cross coupled the inde-
chanical c<’)m onents that produced motion with respect t gndent axes and emulated a line-shaft connection. This control
P P P opology was implemented and evaluated for a two-axes exper-

common input. The power was produced by a single mOt%ental setup and compared to synchronous command genera-

driving a long common "line” shaft to which all the axes WeTfion and master—slave control topologies. Only disturbance re-

attached. S . . .
As advances in computer control, power electronics aﬂfgptlon to s_mus_m_dal_dlstl_erance torque was evalyate_d. There
! ' e two major limitations in this control topology. First, it does

high-performance servo drives became available, Fhey be%ao develop the concept of line-shaft reference to all the axis
to evolve as programmable replacements for the line-shaft

machines. Althouah this proarammable flexibilit rovide§r ves, and instead uses one of the drives as master. This makes
' 9 prog y P t difficult to extend the control configuration to web machines

) ) . ) . i
enormous strides in manufacturing automation, it lost the|th three or more driven axes. Secondly, it was configured onl
inter-axis state feedback inherent to the line-shafted pre ’ Y. 9 y

61 fixed-ratio relative motion control and, consequently, lacked

the generality required for variable-ratio web machine control
Paper MSDAD-S 00-13, presented at the 1999 Industry Applications Sgroblems.
ciety Annual Meeting, Phoenix, AZ, October 3-7, and approved for publica- Thi t . d trol struct that
tion in the IEEE RANSACTIONS ONINDUSTRY APPLICATIONS by the Industrial IS paper presents an improved control structure that em-
Automation and Control Committee of the IEEE Industry Applications Societylates the mechanical line-shaft cam/follower compliant shaft

Manuscript submitted for review October 15, 1999 and released for PUblicaﬁﬁf]‘aChines, and allows a coordinated operation of the different

August 14, 2000. This work was supported by the McClean Anderson Divisign . . .
of ISAMI, the Wisconsin Electric Machines and Power Electronics Consortiu XES, even durmg severe load disturbances or drive torque/speed

(WEMPEC) of the University of Wisconsin, Madison, and the Consolidated P&aturation. The inclusion of the cam/follower motion and force

pers Foundation. , o feedback emulation provides a unique ability to handle variable
R. G. Anderson was with the McClean Anderson Division of ISAMI

Schofield, WI 54476 USA. He is now with UNICO, Inc., Franksville, wiKinématics as required by certain web machines.
53126 USA (e-mail: andersor@unicous.com).
A. J. Meyer was with the McClean Anderson Division of ISAMI, Schofield,
WI154476 USA. He is now with the Genomics Institute of the Novartis Research 1. PHYSICAL LINE-SHAFTED SYSTEM
Foundation, San Diego, CA 92121 USA (e-mail: meyer@gnf.org).
M. A. Velanzuela is with the Department of Electrical Engineering, Univer- The starting point to better understand the proposed elec-

sity of Concepcion, Concepcién, Chile (e-mail: avalenz@die.udec.cl). L . . . .
R. D. Lorenz is with ISEA-The Power Electronics and Drives Institute, Tecﬂronlc Ime'Shaﬁmg control tOpOIOQy is the phyS|caI line-shatft

nical university of Rhein-Westfalen, 52066 Aachen, Germany, on leave from tdgiven cam/follower compliant load system. Fig. 1 shows the
Department of Mechanical Engineering and Department of Electrical and Copipck diagram of this system. The main blocks of this system
puter Engineering, University of Wisconsin, Madison, WI 53706 USA (e-mail: . . . .

lorenz@engr.wisc. edu). are the line-shaft drive, the physical connecting shaft, the cam,

Publisher Item Identifier S 0093-9994(01)00278-X. and the output and load.

0093-9994/01$10.00 © 2001 IEEE



248 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 37, NO. 1, JANUARY/FEBRUARY 2001

Physical Machine i Physical Cam Tsfbr lT Ouput & Load

Line Shaft “Motion Kinematic. = L .
- (O] ®
1 1 1
o] — g
D

Physical Cam
Force Cam i 05
Kinematics Gain l
¥
" Oerr = ewindup —I Physical Connecting Shaft
0 Tetor = Tohatt "Shaft torque via windup”

Fig. 1. Block diagram of line-shaft driven cam/follower compliant load system.
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Fig. 2. Block diagram of the electronic line-shafting control system with variable axis ratioing.

The physical line-shaft drive is modeled as a simple speeshaft machine and the follower drives which will be emulated
regulated drive. The physical connecting shaft model includesthe proposed topology.
relative shaft stiffness and relative shaft damping terms. TheThe cam model is split into two blocks: the forward motion
output (transferred) torque is proportional to these terms akithematics block and the reflected force kinematics block. In
is applied to the follower drives as the driving torque and the physical cams, the motion and force kinematic relationships
reflected back to the line-shaft machine as load torque. Thesepend on the cam surface profile. In this case, they consist of
two paths are responsible of the inherent tie between the lirsther a lookup table or a simple function. These relationships
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Fig. 3. Enhanced electronic line-shafting control system with infinite static stiffness and improved command tracking.

are identical to those used in classical kinematic system anakes, whatever this trajectory could be. The virtual line shaft
ysis and are based on the Jacobian matrix (a partial differentiats as a state filter to generate the needed position, velocity,

equation model description). and acceleration inputs via the forward motion kinematics of
the virtual cam. The virtual line shaft also directly responds to
[1l. ELECTRONIC LINE-SHAFTING CONTROL the reflected force via the inverse kinematics of the virtual cam.

. . This again exactly replicates the physical system.
Fig. 2 shows the block diagram of the proposed control struc—lt is important to recognize that this “electronic line-shafting”

ltil:]r:_'sgg;f ccaor:;;gllljvt\:gracu(;?n eﬁ:ﬁ:'ihrgf‘ilﬁztfﬁir;[geofmlfi(:himfadntrol is an improvement over the physical system due to in-
P 9- - Herent ability to introduce nondissipative damping.

contains, a “virtual line-shaft prime mover,” a “virtual, com-
pliant but well damped, connecting shaft,” and a “virtual cam”
to replace the physical elements. IV. ENHANCED “ELECTRONIC LINE-SHAFTING” CONTROL
The physical line shaft drive is modeled as a well-damped vir-
tual line-shaft drive. As in the physical case, the velocity com- Fig. 3 shows the enhanced control block diagram. This
mand for the line-shaft drive establishes the operating spdegology includes some basic enhancements to the electronic
level of the entire system. Since the virtual line-shaft drive is nbne-shaft that do not have a physical counterpart. These en-
physical, the values of,, andb,,, are relatively unconstrained hancements include: 1) the addition of state integrators on the
design variables. relative position error and 2) full state command feedforward.
The virtual compliant connecting shaft establishes the basicThe state integrators have infinite dc gain. Thus, as part of the
relative state feedback needed to force the line-shaft to slewtual connecting shaft control they produce a zero steady-state
down or to speed up according to the load changes. Unlikeéndup attribute, i.e., infinite static stiffness which cannot be
its physical counterparts, it can include significant dampinachieved by physical shafts.
without incurring any power dissipation. This virtual shaft The state command feedforward improves dynamic tracking
provides the coordination needed for relative motion control.during speed changes of the system. It is, of course, dependent
The virtual cam makes it possible to handle variable kinen the feedforward parameter accuracy.
matics relationships that are often encountered in filamentFinally, Fig. 4 shows the electronic line-shafting control
winding machines and web winding machines. By using virtuatructure extended to multi-axis systems. Each axis provides its
cams it is easy to map from the virtual line shaft referenqeart of the disturbance torque to the virtual line shaft which, in
signal states to the required trajectory of any of the connectenin, responds to keep the system synchronized.
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Fig. 4. Block diagram of variable-ratio electronic line-shafting extended to multi-axis systems.
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Fig. 5. Experimental five-axes filament winding web-machine layout.

V. EXPERIMENTAL FIVE-AXES FILAMENT WINDING WEB
MACHINE

and carriage are the two terms used to describe axes 1 and 2,
respectively, that were used for this evaluation. In this config-
uration, axis 1 has a direct one-to-one mapping of the virtual
line shaft states, and axis 2 follows a 1-m amplitude sinusoidal
(variable kinematics) trajectory.

The new motion control system was specified to be capable
of generating and executing full six-axes synchronized motion.
It was implemented utilizing an embedded PC board (EPC), an
embedded 25-MHz 32-bit floating-point dual digital signal pro-
cessor (DSP) board, analog and digital I/0 boards, and an en-
coder interface board (Fig. 6). The control computer was con-
figured around a VME-bus platform for reasons of high-perfor-
mance and interface board availability.

The two system components which perform all of the
system’s required computational tasks are the EPC and the
dual DSP board. The EPC board performs two vital functions.
First, it is the VME system controller and, therefore, oversees
and directs all of the VME bus communication. Secondly, it is
a fully functional PC and is the operator’s interface, performs
all of the system setup tasks, and displays current telemetry and
state information.

The DSP was selected to provide real-time computational re-

The mechanical layout of the test system is presented in Figs&urces for the system. It provides all of the machine sequencing
and shows the independent axes which produce the syncHor-motion tasks, execute the motion control algorithms, gener-
nized motion of the web. This filament winding web machinates command trajectories, and gathers the telemetry data from
is capable of cylindrical coordinate motions in space. Mandrisle axes and relays.
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Fig. 6. Two-axes configuration of the VME-based electronic line-shaft controller.
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Fig. 7. Experimental results with axis 2 in force saturation: axes 1 andf9- 8. Experimental results with axis 2 in force saturation: axes 1 and 2

responses using master—slave control. (a) Axis 1 response. (b) Axis 2 respoffPonses with electronic line-shaft control. (a) Axis 1 response. (b) Axis 2
response.

The timer which drives the real-time interrupt is triggereguting relative stiffness control loops. Once the time critical
every 1 ms. When the interrupt occurs, the run time portion ofal-time portion of the DSP code has been completed, the re-
the DSP code is executed. Its tasks include reading the encagl@ining time in the sample period is available for the back-
counters, computing the corresponding velocity estimator fground tasks. All of the tasks for the six-axes version of the mo-
each of the axes by using observer algorithms [8], and cotiBn control system easily fit in one of the DSPs.
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TABLE |
EXPERIMENTAL RESULTS WTHPHYSICALLY BOUNDED (SATURATED) AXIS 2 TORQUE OUTPUT
Master-Slave Control Electronic Line-Shaft Control
Condition Axis Position Error Velocity Error Position Error Velocity Error
# (max p-p) (max p-p) (max p-p) (max p-p)
Force saturation 1 0.005 rad 0.252 rad/s 0.005 rad 0.320 rad/s
2 0.539m 2.759 mv/s 0.049 m 0.224 nv/s
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Experimental results with axis 2 in velocity saturation: axes 1 andrlg. 10. Experimental results with axis 2 in velocity saturation: axes 1 and

responses using master—slave control. (a) Axis 1 response. (b) Axis 2 respogesponses with electronic line-shaft control. (a) Axis 1 response. (b) Axis 2

VI. EXPERIMENTAL EVALUATION

response.

the some of the better existing control topologies and the pro-

posed control, tests were run for both master—slave control and
The main advantages of the proposed electronic line-shaftiglgctronic line-shafting control.

control topology show up during transient conditions and during During transient conditions, such as a sudden load distur-

drive saturation in any of the axes. In order to compare betwelgance, the enhanced behavior of the electronic line-shaft control
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TABLE I
EXPERIMENTAL RESULTS WITH PHYSICALLY BOUNDED (SATURATED) AXIS 2 VELOCITY OUTPUT

Master-Slave Control Electronic Line-Shaft Control
Condition Axis Position Error Velocity Emror Position Error Velocity Error
# (max p-p) (max p-p) (max p-p) (max p-p)
Velocity 1 0.019 rad 0.235 rad/s 0.006 rad 0.265 rad/s
saturation
2 0.739 m 2.393 m/s 0.009 m 0.073 m/s

comes from two facts. First, each axis drive is torque controlled The simplest form of electronic line-shaft control inherently
and, therefore, responds faster than speed-controlled drives usad provide a form of nondissipative coupling/shaft damping
in master—slave (and synchronous command) control. Secondljch is extremely difficult to achieve by purely mechanical
at the same time, the increased load torque causes the disturbedns.
axis velocity to slow down; this torque is also reflected back to The enhanced form of electronic line-shafted control adds
the virtual line-shaft causing the virtual reference to slow dowfgatures that cannot be achieved in mechanically connected sys-
which forces the other axes to also slow down. tems. For example, an infinite static stiffness connecting shaft
During slave drive current (torque) limited operation, thenay be produced (in addition to being well damped). This im-
master—slave control is unable to maintain synchronizatigfies that no connecting shaft windup needs to be tolerated when
between the different axes due to the absence of inter-axies electronic line-shaft configuration is used.
relative stiffness. Figs. 7 and 8 compare the results obtainedn addition, the enhanced electronic line-shaft also can use
under torque limits between the classical master—slave conti@dforward to assure tracking during speed changes, such as
and the proposed electronic line-shaft control. These figurdmse that normally occur during startup and shutdown.
stand in stark contrast. The master—slave control systenThis paper has also extended the basic relative stiffness
develops significant following errors, and becomes virtuallgontrol methodology for web machines to include variable
unstable due to the windup of axis 2's state integrators. Thimematic relationships for both motion and forces. This control
electronic line-shaft control maintains a stable system resposseicture is especially helpful in maintaining synchronized
while reducing axis 2’s position and velocity following errorgnotion control during web-process startup and shutdown
by a factor larger than ten (Table I). Furthermore, no windugequences where ratios are dynamically changing.
appears between the axes. The main practical benefits of using the electronic
The other physical drive limit that affects performance dfne-shafting control, as compared to master—slave and
classical control methods is maximum velocity. To evaluate veynchronous command current controls, are as follows:
locity limited operation, the velocity limit for axis 2 was setto 1) |t allows an operation free of interruptions by properly
about 0.5 m/s. The experimental results are presented in Figs. 9  handling transient disturbances and drive limits and,
and 10. The master—slave control is unable to maintain synchro- therefore, a\/oiding damage or cuts in the process web
nized motion control between the two axes. In the electronic  due to transient loss of synchronization.

line-shaft control, the relative stiffness loop forces the trajec- 2) |t allows 100% utilization of the rated drive/motor capa-
tory of the virtual reference to nearly match the maximum axis  hjlity. Current control topologies, in order to avoid drive

2 velocity and, through the virtual line-shaft, forces all of the operation in torque or velocity limits, rate drive/motor ca-
axes to track the command at the highest feasible Speed for the pacity with 20% torque and Ve|0city margins above the
system. The results for the two control configurations are sum-  maximum operating values.

marized in Table Il. It can be seen that electronic line-shafting Although the implementation of the electronic line-shaft con-

control ha}s reduced the following error to almost one percentof| is more hardware and software demanding than classical

the error in master—slave control. methods, its requirements should fit in system capabilities of

current digital drives. In the six-axes control system developed

in this paper, the real-time tasks consumed approximately 29%
Synchronized motion control of web machines can be draf the 1-ms sample period, and the amount of memory required

matically enhanced by proper control methods. The electroriicperform the given tasks was about one-half of thex82 K

line-shafting control method presented here has demonstratéyailable program memory.

significant improvement in web process control over both clas-
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