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'Abstract: Time optimal positioning with a variable
reference has been an ever challenging task. The flying
shear is a common industrial application which requires
an electrical drive to synchronize with a moving target.
This problem is traditionally handled using a multi-loop
position controller. In this paper, an approach using
Model Predictive Control (MPC) is proposed. The
control algorithm is implemented in a Programmable
Logic Controller (PLC) connected to a permanent
magnet synchronous motor (PMSM) drive. Experimental
results prove that the predictive controller provides error
free synchronization of the motor with a moving target,
making it an eligible choice for the flying shear
application.
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1. INTRODUCTION

Model Predictive Control (MPC) possesses a series
of advantages over other methods, such as explicit
handling of constraints, compensation of measurable
disturbances,  straightforward extension to the
multivariable case, etc [1, 2]. Drawbacks are increased
computational burden and dependence on the exact
knowledge of plant parameters.

PLCs are favored by practitioners in industry, due to
their cost effective solutions for complex systems,
flexibility and reliability, making them an essential target
for MPC. Attempts to implement MPC algorithms in a
PLC so far have mostly been focused on chemical
industry applications [3-5], due to real time constraints.
Few authors have attempted to handle processes with
high dynamics, such as electrical drive control [6, 7].

The problem of time optimal positioning with a
variable reference is frequently encountered in industry.
One of the prominent examples of this problem is the
flying shear application. The flying shear (also known as
flying knife) is a common industrial application for
cutting a continuous product to a set length at line speed.
Traditional control schemes use a multi-loop position
controller with an additional feed-forward action to
achieve this goal [8].
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This paper proposes an alternative solution, using
MPC instead of classical feedback/feed-forward control.
A suitable Generalized Predictive Control (GPC)
algorithm, which takes hardware limitations into
account, is developed and tested on a Matlab/Simulink
model, and implemented in a PLC. GPC is chosen for
this purpose among numerous MPC control schemes due
to its simple formulation and natural implementation in
integrating processes (such as position control). The
effectiveness of the new approach in tracking a moving
position reference is experimentally verified. Results are
compared with the ones obtained using a standard
position synchronization controller.

2. FLYING SHEAR APPLICATION

Linear flying shears are used in a variety of
applications ranging from cutting material on the fly,
filling bottles as they are fed on a conveyor, to forming
soft material in a mold while being transferred along the
process. Linear flying shear applications can be used to
solve both random in-feed and constant feed
applications. This application controls the linear axis of
the saw to ensure accurate cutting as well as a digital
output for providing management of the cutting
mechanism.

In Fig. 1, an example of a flying shear
implementation in a cupcake production line is
presented. A more detailed description of the specific
application is given at the ABB products website [9]. As
indicated in the figure, the line is moving continuously in

Fig. 1. Example of a flying shear application: 1 —
converyor drive (master); 2 — positioning drive; 3 —
applier; 4 — master encoder; 5 — trigger (IC probe)




the given direction. In order to properly apply topping on
the cupcakes, the tool (applier) needs to move from the
home position when triggered, synchronize with the
product, and perform the desired action (in this case, a
squirt). Upon executing the action, the tool needs to
return quickly to home position, and wait for the next
trigger. The same operating principle is used for
continuous cutting of a material at a given length, filling
and sealing bottles, etc.

3. CONTROL ALGORITHM
3.1. General theory

The GPC (Generalized Predictive Control) algorithm
is a suitable candidate for industrial applications. This
well-known algorithm is explained in detail in [2]. GPC
bases its predictions on the discrete transfer function of
the plant. The input-output relationship of a single input
single output (SISO) plant is given by:

Az y(0) =B u =D+ (=" )e(r) (1)

Based on (1), after exhaustive derivations, an expression
for an N step ahead prediction of the outputs is obtained:

vy =Gu + F(z‘1 )y(t) + G'(z'1 )Au(t -, Q)

where y is the vector of N output predictions, u is the
vector of N, future control inputs, y(f) is the current
output sample, Au(z-1) the previous input increment, and
N and N, are the prediction horizon and the control
horizon, respectively. F, G and G’ are control matrices
given in [2]. The set of control moves u is determined so
that it minimizes the criterion function J:

J = i [j‘?'(mj)-w(mj)]z +2/1[Au(t+j)]z, 3)

From (2) and (3), an expression for the optimal control
sequence is derived:

u=(G'G+ A'G" (w-f), (4)
where w is the reference vector, f is the free response
vector, and 4 the control weighting factor. With receding
control strategy applied, only the first increment of the
control signal is used:

Au(t) = K(w -f),

where K is the first row of the matrix (GG + A1)'G”.

)

3.2. Controller implementation

The algorithm is programmed in a PLC as a cyclic
task with a given cycle time. Different notation, more
suitable for positioning applications, will be used from
this point on. Output samples (position feedback) will be
denoted by 6, whereas the control input (reference
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torque) will be denoted by 7, Designations of the
reference vector and free response vector will remain w
and f, respectively. At each cycle, following steps are
performed:

1. Measured value of position and estimated torque are
obtained from the drive;

Elements of the free response vector f are calculated:
ST +))=F(j,1)0,(nT -1)+F(j,2)0, (nT -2) +

F(j.3)0,,(nT -3)+G'AT, (nT-1), j=1,...,N,

where nT is the current sampling instant.;
Reference vector w is generated as a ramp function:
wnT + j)=6 nT)+w (nT)-(j-DT, j=1,..,N,
0’ (nT) being the current position reference, received
from the master, and o (n7) the current speed of the
reference point. Positive and negative slope of the
position reference ramp are limited according to the
speed limit of the drive.
The new torque increment is calculated:

AT} (nT) = K(w -f),
and added to the previous value of torque reference.
Control matrices F, K, G and G’ are calculated
offline, using transfer function coefficients obtained from
the step response of the plant [10, 11], for chosen values
of the prediction horizon N, control horizon N,, control
weighting factor A and sampling period 7. It should be
noted that the sampling period 7T is equal to the PLC
cycle time.

The control system is illustrated by the block diagram
of Fig. 2. The block denoted GPC Controller is described
by equations given in steps 1-4. Block G,4(s) represents
the transfer function of the actuator (power converter),
and can be considered a unity gain for the purpose of
position control. Total inertia of the plant is denoted by
J, and B is the friction coefficient.

2.

4. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3. The
synchronous motor drive (follower) is supposed to track
the position reference received from the induction motor
drive (master) through a TTL link. The reference profile
is generated by resetting the linearly increasing position
of the master to zero upon reaching 8000 deg. The
position of the master represents the position of a moving
product, i.e. a batch of cupcakes as in Fig. 1, whereas the
position of the follower corresponds to the position of the
applier. The follower 1is supposed to cyclically
synchronize with the master at a given position, remain
synchronized until the action (i.e. a squirt) is performed,
and then return to its initial (home) position. Both drives
are from the motion control (ABB ACSM1) series. The
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Fig. 2. Block diagram of the GPC control system
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Fig. 3. Schematic display of the experimental setup

follower is controlled by a PLC (ABB ACS800F) through
fieldbus connection. The master is speed controlled from
a local panel, similar to conveyor drive in Fig 1. The

process is operated from a PC equipped with SCADA
software via TCP/IP connection.

5. RESULTS AND DISCUSSION

The selected values of control parameters are: N = 20, N,
=1,4A=10, T = 10 ms. Plant parameters, obtained from
the step response experiment, are J = 9.71-10™ kg-mz, B
= 8.56:10* Nm's. Diagrams of position, positioning error
and follower speed obtained using different controllers
are given in Figs. 5-7.

General structure of a cascade position controller is
shown in Fig. 4, at the bottom of the page. The cascade
controller without derivative gain provides the
“smoothest” control, i.e. there is virtually no noise in the
speed response, as shown in Fig. 5. However, there is a
significant positioning error (~258 deg) when tracking a
varying position reference. This is due to the fact that a
proportional controller in the position loop requires
existence of a position error in order to output a speed
reference signal. Positioning error when tracking a
moving reference can be reduced by adding a derivative
gain (~15 deg), but at the cost of introducing significant
noise in the speed reference, as shown in Fig. 6. Such a
response would be unacceptable in most applications.
Proportional gain in the position loop is set to Kpy = 10 in
both cases. The derivative gain in the second case is set
to Kpg= 1. A complete description of the applied cascade
position controllers can be found in [12].

The GPC control algorithm provides the second best
positioning error (~18 deg). The error is only slightly
bigger than in the case of the cascade controller with
derivative gain, and it is achieved without introducing

AG

POS_REF [deg]
A== POS_ACT [deg] []
/\
A

POSITION [deg]

t[s]

| |
D S
o o
o o
T T

-800r

POSITIONING ERROR [deg]

-1000

-1200
0

t[s]
500

-500f

-1000

SPEED [rpm]

-1500

-2000

10 15
t[s]
Fig. 5. Synchronizing with a varying position
reference using a cascade controller with no
derivative gain in the control loop

noise in the motor speed (Fig. 7). A slight overshoot
observed during homing procedure can be resolved by
suitable shaping of the reference profile. A slight delay
before the speed changes sign is unavoidable, since the
PLC cycle time (10 ms) could not be further reduced on
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Fig. 4. General structure of a cascade position controller
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Fig. 6. Synchronizing with a varying position
reference using a cascade controller with derivative
gain in the control loop

the available hardware in the setup. Such a delay
wouldn’t pose a problem in industrial applications, since
no synchronization is required during the homing part of
the technological cycle.

Expressing the positioning error in degrees doesn’t
seem intuitive enough, seeing as flying shear
applications usually involve linear motion. It would be
convenient to convert these values to linear equivalents.
Assuming a line speed of 100 m/min, positioning errors
for linear motion are displayed in Fig. 8. Positioning
error during synchronization is ~18 mm when using the
cascade controller without derivative gain, reducing to
~1 mm when derivative gain is added. The positioning
error obtained in case of the GPC controller is ~1.2 mm.
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Fig. 7. Synchronizing with a varying position
reference using a GPC algorithm with a prediction
horizon N = 20

6. CONCLUSIONS

It has been shown in this paper that MPC provides
synchronization with a variable position reference with
accuracy comparable to cascade controller with
derivative gain, but without introducing noise in the
motor speed reference. This makes the MPC algorithm
convenient for the flying shear and similar applications.
The algorithm has been successfully implemented in a
PLC, thus demonstrating feasibility of implementation in
standard industrial hardware.

Robustness of the MPC algorithm to errors in
estimation of parameters of the control object is left to be
investigated. Should the controller prove to be very
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Fig. 8. Positioning errors converted to linear axis,
obtained with: proportional (top), proportional-
differential (middle) and GPC controller (bottom)

sensitive to parameter variations, adaptive MPC would
have to be applied. Another important issue is constraint
handling. MPC provides the possibility to handle
constraints explicitly. In the analyses performed in this
paper, constraints were taken into account implicitly, by
suitable shaping of the reference profile.

Adaptive MPC with explicit constraint handling is a
challenging task for commercially available PLCs, due to
high computational demands. Possible ways to work
around the increased computational burden are the use of
look-up tables or binary trees for fast calculation of
controller parameters. Estimation of plant parameters and
(re)calculation of controller parameters can be performed
as a separate PLC task, with a longer cycle time.
Alternatively, an additional dedicated processor unit

could be added to the control system. Dedicated
processor units (Technology CPUs) suitable for motion
control tasks are common in positioning applications.
Another option is to perform the task using a supervisory
system (SCADA) with high computational power.

Only the transfer function based GPC formulation of
MPC has been presented in this paper. Numerous MPC
algorithms have been developed over the years, and
might prove to be suitable for positioning applications.

All of the aforementioned considerations will be
addressed in future work.
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