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SYNOPSIS Closing the loop is often one of the least considered aspects of machine automation, seldom exploring beyond
the bounds of the widely used PID approach. This may reflect directly asaloss of performance or over-sizing of the actuation
components - both of which can be expensive. A more flexible and often more appropriate solution to loop closure is offered
by the Programmable Servo Control (PSC) approach to loop closure design and motion control. This paper outlines PSC

concepts, operation and applicationsin thefield.

1. INTRODUCTION

Closed loop servo drive technology is increasingly
becoming the norm in machine automation, where machine
operators are demanding greater precision, faster operation,
simpler adjustment and shorter down times. At the same
time there is an expectation that the price of increasing the
level of automation should be contained within acceptable
limits.

The machine builder has a bewildering number of optionsin
responding to these demands in all aspects of closed loop
automation, whether it be in the choice of actuation device,
sensor, valve, or control system. This is especialy true in
the area of controller electronics and software. Whilst the
mass-produced machine builder may be able to invest in
purpose designed hardware platforms and customised
software, this approach is often too expensive where
specialised machines are being built in smaller volumes. A
solution here is provided by the so-called 'Axis Control* or
'‘Motion Control' products offered on the market.

A good motion control product uses a high level motion
control oriented programming language where the machine
sequences can be programmed with speed and only basic
programming skills. It has all the I/O needed for the machine
application integrated into a single unit, reducing the
amount of wiring and interfacing. It should also be flexible
enough to enable the standard software to be configured
for alarge variety of applications.

Thereis another element in the selection of amotion control
product which is often over-looked. This is in the area of
the closed loop control capability, where in the main the
industry standard PID approach (maybe enhanced by
velocity feed-forward) is the only option. Thisisin spite of
well known text book control theory [1] and R&D work [2]

which demonstrates that other control strategies may
improve performance and/or result in lower cost actuation
hardware.

In this paper a new approach to closed loop control is
described where the flexibility and ease of programming
extends beyond the normal motion control (sequencing)
language to also include the structure of the closed loop
servo controller and associated real-time tasks. This is
referred to as the 'Programmable Servo Control® (PSC)
approach to axis control [3]. The paper provides an
overview of PSC operation and programming, focuses on
the real-time 'Function Block' approach to loop configur-
ation and overviews a number of applications where PSC
concepts have been exploited in thefield.

2. THE PSC CONCEPT - AN OVERVIEW

The PSC uses a 'Function Block' approach to closed loop
control, where each of the loop functions are declared
explicitly. Take for example the widely used PID position
loop structure shown in Figure 1(a).
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Figl PSC Re-Structurable Control Concept

The loop structure is made up of 3 filter functions (P, | and
D), 2 summing junction functions, analog input and output
functions, a limiting function and a demand signa
generation function. The parameter values for each of these
are set in software by the user. This also includes the
input/output connections between Function Blocks, i.e. the
controller structure definition.

The benefit of being able to change the controller structure
is seen in Figure 1(b) where the same elements are now
used to create a velocity control system. Re-connection of
the P and D elements and re-positioning of the Limiter is all
that is required to produce the new controller.

Each of the PSC Function Blocks is a simple pre-
programmed process which is executed every sample
period. The characteristics of the process may be adjusted
by the user to achieve specific objectives.

This is achieved via Control, Data, Input and Output
parameters. For example details of the Limiter Function
Block are shown in Figure 2(a). In this particular case the
limiting process includes both rate and/or output level
limiting, selected using the Mode parameter. The Max/Min
Output level and Max/Min Rate parameters are defined in
the process via the data parameters, producing the effect
shown in Figure 2(b). The process aso produces a
latchable flag which goes TRUE when limiting of the
process input occurs.

A similar approach is used to define al of the other
Function Block processes used in the PSC concept, a full
list of which is given in Appendix 1 of this paper. Some of
the more notable ones include the Filter Function Block
whereby PID, High/Low Pass Filters or any discrete filter up
to 3rd order transfer function may be defined in the control
structure. The Nonlinear Table Function Block allows any
input signal to be mapped to the output via atable of points
defined by the user. Another powerful Function Block is
the so called 'Flag Handler' which allows real-time switching
of the control loop structure. The use of these and other
Function Blocks to produce some powerful control
algorithms are described in the following sections.

PROCESS CONTROL

Enable
Mode
Flag Latch

PROCESS INPUT, | PROCESS OUTPUT
PROCESS
Flag

Max Output
Min Output
Max Rate
Min Rate

PROCESS DATA

2(a) Limiter Function Block Definition

INPUT

ouTRPUT INPUT ouTPUT
p . \
B / ‘/' ‘\
I’ R4 \‘
______ SR
1 N
Max Ouiut o b
' XY '
‘ K 3
1 kY 1 \
: s TIVE ; 7
3 . I
. . I
. - s,
Min Output by
——— ‘\‘
\|
[ Min Rate |

2(b) Limiter Function Block Characteristic

Fig2  ExampleFunction Block - The Limiter

3. POSICUT WOOD CUTTING MACHINE
3.1 Overview

The POSICUT Machine [a] demonstrates interaction
between Function Blocks and the PSC's Motion Control
Language (MCL). The objective is to lift (vertical axis) and
re-position (horizontal axis) the machine saw blade between
cuts, see Figure 3. The uncut planks of wood are measured
for length viaalaser system whilst being conveyed towards
the blade. Position demand data derived from the
measurement is fed into the PSC controller (see Appendix
1). The horizontal axisis called upon to move the demanded
distance prior to the blade being lowered and the next cut
taking place. The PSC concept enhances the cutting
sequence by the use of:

Real-time Sequence Logic
Move Time Motion Generation with Velocity and
Acceleration Limiting

The latter function allows the horizontal axis to move the
specified distance (which is different from plank to plank) in
afixed time frame. This reduces the axis accel erations to the
minimum needed to achieve the motion, thereby reducing
machine loads.



3.2 Real-Time Sequencing Logic

Theinteraction between MCL program and Function Blocks
is shown in Figure 4. At the PLC strobe command a 'Blade
Up' instruction isissued to the Up/Down Motion Generator.
The Flag Generator Function Block is loaded with avalue of
Up/Down Axis position which represents the blade
clearance level above the wood. When the blade reaches
this point, the Flag Generator produces a TRUE flag and the
Traverse Motion Generator starts moving to the new
horizontal axis demand position.

Fig.3  Ahlstrém POSICUT Wood Cutting
Machine

The Motion Generator Function Block raises a flag at the
end of the motion which triggers the blade down instruction
to the Up/Down Axis. The POSICUT Machine repeats the
cycle over and over for as many times asis necessary.
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3.3 Move TimeMotion Generation

The PSC Motion Generator Function Block may be operated
in any one of several modes which produce absolute or
relative motions. The 'Move Time' mode constrains the
motion as shown in Figure 5. The move position and
maximum velocity and acceleration parameters are defined
asnormal, but in addition atime parameter is specified.
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Fig5 MoveTimeMotion Generator Function Block

If the distance moved is small, the motion is described by
area Al in Figure 5, where the minimum acceleration and
deceleration is used. If the distance moved is larger, then
the maximum velocity may be reached (A2). If the maximum
distance (A3) is exceeded, then a flag is raised and the
move continues at the maximum acceleration and velocity,
but exceeding the defined time frame (A4).

4. INJECTION MOULDING MACHINE
4.1 Overview

Another commonly occurring process is where the servo
axis is required to switch between 2 control strategies at a
particular point in the machine cycle. For example injection
moulding machines include a velocity profile as the material
is entered into the die. Thisis followed by a pressure cycle
which commences when the injection pressure (which is
monitored during the velocity profile) exceeds the trigger
value. A simplified representation of this process is shown
in Figure6.

In this application the PSC concept is used to ensure that
the switch over point is as smooth (bumpless) as possible,
even when the transition point occurs at high speed. Thisis
achieved by:

Pressure/Position Control

Red-Time Triggering

Pressure Loop Output Tracking (Bumpless
Transfer) at the X to P Switch Over
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4.2 Pressure/Position Control Triggering

The PSC Function Block construction for the position and
pressure loop structures are shown in Figure 7. The two
loops run in parallel, one or the other being used as valve
demand. The pressure loop derives an effective pressure
feedback using the Ratio Function Block which corrects for
the unequal area effect in the cylinder drive. The use of
appropriately placed | and D filters gives good static
accuracy and dynamic response.

The trigger detection circuit is built up using standard
Function Blocks and set to produce a TRUE flag when the
difference in demanded and actual pressure is within the
pressure error window (defined viathe Flag Generator). The
trigger point is also user adjustable (via the D term) and
may be advanced in time (pre-triggered) depending on the
rate of change of pressure at impact. This helps to reduce
the overshoot of pressure at the switching point.

The path switching action in this example introduces the
Flag Handler Function Block which is the key to real-time
control structure switching. In this case the Flag Handler is
triggered from the Flag Generator and is set up to connect
the output from either the Pressure Controller or the
Position Controller to the valve drive D/A output. Path
switching is one of several modes of operation of the Flag
Handler [3].

4.3 Bumpless Transfer

The smoothness of the transfer between position and
pressure control may be improved by the inclusion of a
Tracking Controller. This is produced in PSC Function
Blocks as shown in Figure 7. The Tracking Controller is
active during position control mode (via a second Flag
Handler) and is designed to ensure that the valve demand
output of the pressure control loop tracks the position loop
output. This minimisestransients at the trigger point.
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5.LARGE MANIPULATOR (LAMA)
5.1 Overview

Hydraulic manipulators which have long reach (over 15m)
and substantial payload (over 250 kg) exhibit large scale
structural and hydraulic flexibility. The resulting low overall
natural frequencies - combined with very little damping -
present difficulties when it comes to closed loop controal. In
addition to this, the large variation in cylinder load (which
may be up to 95% of the stall pressure) and the use of
kinematic (4 bar chain) linkages at each joint (converting
linear to rotary motion), exhibit severe nonlinearities. If not
corrected these cause further deterioration in servo
performance.

The LAMA manipulator [b], (having 20m reach and 450 kg
payload), suffers from all of the effects described above
(seeFigure8).
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In this particular case PSC concepts are implemented using
distributed control hardware platforms (as in Appendix 1)
mounted locally at each of the 6 main and 3 wrist axes. Each
controller receives demand data in real-time via the seria
communication link established between the base mounted
Host Control System and each distributed hardware
platform.

The PSC sensor system utilises a high precision angular
resolver for position feedback from which velocity feedback
is also derived. Active structural and hydraulic damping is
achieved via the additional feedback of cylinder pressures
Paand Pb (see Figure 9). Each servo cylinder isfitted with a
pressure compensated servo valve designed to include 10%
overlap for safety reasons. The pressure compensator
(enhanced by PSC control strategies) is used to maintain a
constant servo valve flow gain (via control of valve
pressure drop) in the face of changing cylinder load
conditions.
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The same overall control scheme is used for al of the
LAMA axes (see Figure 10), having the following
characteristics built from PSC Function Blocks:

Nonlinear correction for;
Vave Overlap and Cylinder Area Ratio
Kinematic Linkage Correction
L oad Pressure Compensation

Adaptive Control Correction for;
Effective InertiaVariation
High Precision Tracking

5.2 Nonlinear Correction

The key Function Blocks used in creating nonlinear
agorithms are Limiters, Tables, Flag Generators and Flag
Handlers. The Limiter Function Block for exampleis used as
part of the valve overlap and cylinder area ratio corrector,
(seeFigure 11).
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The Table Function Block allows a number of points to be
defined which describe a single input/output function. For
example the LAMA kinematic linkage nonlinearity causes a
gain change which can be corrected by defining the da/dx
characteristic in the table. The measured angle a isthe table
input and da/dx the table output, which is used to correct
the P gain prior to the valve output (see Figure 10).
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Flag Generators, Limiters, Tables and Flag Handlers may
also be used together to provide more complex nonlinear
functions. The Pressure Compensator Controller (P.Comp in
Figure 10) is a good example. The hydromechanical
compensator is intended to maintain 15 bar pressure drop
across the in-flowing metering edge of the servo valve.
However there are cases (depending on which of Paor Pbis
the higher and whether the valve is open +ve or -ve) when



the compensator fails to operate as required (see Figure
12(a)). A gain adjustment parameter correcting for the
compensator error (depending on Pa-Pb) is contained in a
Table Function Block. Real-time logic, based on Flag
Generator and Handler (switching) Function Blocks is
configured as shown in Figure 12(b). At the appropriate
operating points (determined by the logic) the P gain may
be adjusted in real-time by afactor up to 5 times.

This example shows in particular the power of switching
Flag Handler Function Blocks which may be combined to
produce more complex logic functions or configured to
directly change controller gain values.
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5.3 Adaptive Control

Adaptive control mechanisms alow gain values to be
adjusted to correct for time variable changes in servo
behaviour. The adaptation process may be based on the
direct or indirect measurement of parameters as they change
(Gain Scheduling), or on the observation and minimisation

of some performance criteria, usually related to controller
performance [4]. The LAMA controller utilises both of
these processes as indicated in Figure 10.

The effective inertia adaptation gain schedule is based on 3
input parameters. These are; calculated effective inertia
(information supplied directly from the Host Controller over
the serial link), the locally measured angular position and
the locally tabulated kinematic gains (see Figure 10). The 3
input parameters are manipulated using a combination of
Table Function Blocks and arithmetic functions available in
the PSC background Motion Control Language (MCL). In
total the gain schedule allows for the correction of 3
controller gains, these are; position gain, velocity feedback
gain and pressure damping gain as shown in Figure 10.

The LAMA aso makes good use of the PSC Filter Design
Tool Box, which in addition to the classic P, | and D
constructions, allows high pass and low pass (HP/LP)
filters to be defined up to 3rd order. The Tool Box aso
allows discrete (Generic) transfer functions up to 3rd order
to be created (see Figure 10). In the case of the LAMA
these are used to improve the overall control behaviour.
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Another example of adaptive control using the PSC
Function Block concept is illustrated in Figure 13. Once
more the control structure is built up using Flag Handler,
Flag Generator and Limiter Function Blocks. The adapt-
ation criteriaused hereisto adjust the velocity feed forward
gain so that the tracking error is forced to zero during
motion.

The PSC Function Block implementation of the adaptive
tracking controller utilises 2 mechanisms which work
together to generate appropriate gain values. These are the



'Adaptation Loop' itself and the 'Directional and Minimum
Speed Logic' as shown in Figure 13.

The adaptation loop uses position control error as a basis
for determining the rate of change of the velocity gain. Note
the use of a Limiter with feedback to provide a limited
output integrating effect (thereby controlling the range of
adaptation of the velocity gain). The adaptation loop also
provides a means of trading off gain adaptation rate against
robustness (via the Pr gain in Figure 13) and a means of
switching to a fixed velocity gain depending on the state of
the Adapt On/Off Flag.

The adaptation logic mechanism determines the state of the
Ps gain in Figure 13 which may be one of 3 values; +1 or -1
depending on the direction of motion or 0 depending on the
speed of motion. The latter is important to prevent
adaptation at low or zero speed where noise and non-
linearities may distort velocity gain values.

6. CONCLUSIONS

PSC real-time Function Block concepts are demonstrated as
being a powerful tool in control engineering, where
advanced control concepts can be implemented and
adjusted with easein real industrial situations.

Significant performance improvements may be achieved by
the use of Logic Function Blocks in combination with
flexible control structures.

PSC concepts may be used in providing correction for
actuation system and load nonlinearities. Further to this,
time variable nonlinearities may be corrected by on-line gain
adaptation. Smooth transition between control modes may
be achieved using PSC high speed logic functions.

Above all, the industrial application of PSC concepts
presented in this paper demonstrate the benefits in giving
careful consideration to closed loop requirements when
choosing aMotion Control product (See Appendix 1).
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APPENDI X 1-PSC HARDWARE PLATFORM
(Lor 2AXES)
Moog Controls Limited Model No E122-211

DESCRIPTION

The Programmable Servo Controller (PSC) is a
microprocessor based |oop closure and motion sequencing
card available in 'Single Eurocard' (DIN 41612 connector)
format. The unit provides extensive 1/0O capability, a high
level Motion Control Programming Language and real-time
Function Block Programming according to the following
specification:

FUNCTION BLOCK PROGRAMMING

Description No Off
Summing Junction (4 input) 4
Limiter/Summing (3 input) 6
Filter (up to 3rd order) 24
Ratio Block (2 input) 4
Signal Generator 2
Trajectory Generator 2
Control Error Monitor 4
Flag Generator (Comparator) 16
Flag Handler (L ogic Switch) 16
Nonlinear Table 4

Scale 2
Data L ogging Channel 3
Timer 16

MOTION CONTROL LANGUAGE PROGRAMMING
Command Type

Move Abs./Rel.
Move Time, Jog
Stop/Quick Stop
Assign/Set
Comment
If/Then/Else
GoTo

Repeat

Units

Wait True/False
Arithmetic
Bitwise Logic
Boolean Logic
Set Connection
Greater/Less Than

Motion:

Programming:

Expressions:

HARDWARE (1/0) SPECIFICATION

Function
Analog Output:
Analog Input:
Digita Input:
Digital Output:

Seria Transducer:
Serial Com.s:

1/0O Expansion:

PSC PICTORIAL VIEW

Details

20ff, 12hit, +/-10V or
+/-10, 30, 50, 100mA

60ff, 12bit, +/-10V plus
options

4 off opto-isolated 24V

4 off opto-isolated 24V
20ff SSI Protocol, Rs-422
Rs-232 Set-Up Link
Rs-485 Sync Link

Can Bus

Dual Encoder

Logicl/O

Analog Conditioning
Parallel Input
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