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ABSTRACT

Programmable Logic Controller (PLC) program testing in an off ice environment has always
proven difficult.  In the past, the use of the actual control panels, I/O racks and a dexterous
simulator adjusting controls, or a separate computer emulator, has been required. Even with this
effort, real time response has been lacking, limiting the testing to a simplistic approximation of
the actual process.  It also prevented installation of control panels until the program testing was
complete.

Utilizing a simulation program occupying spare PLC memory, a more rigorous test of the
program may be performed.  Actual I/O response, including analog devices, may be simulated
with adequate accuracy for all but the most demanding applications.

This paper will describe the techniques used in the recent testing of a group of programs
designed for PLC-5’s.  Included are I/O assignment conventions and remote processor/computer
responses to perform as much simulation as possible short of actual connection to the process.
This was accomplished using only the PLC-5 in a rack with no I/O and operator controls
consisting of a CRT and keyboard.

An additional benefit of this simulation was its use in training operators.  No expensive hardware
or programming personnel were needed to imitate the process.



THE USE OF SIMULATION WITHIN A PLC TO IMPROVE PROGRAM
DEVELOPMENT AND TESTING

Fifteen years ago, programmable logic controllers (PLC) were beginning to be applied as a
replacement for cabinets full of relays.  The testing of programs was accomplished with a panel
full of switches and lamps or often by using actual devices, such as motors, solenoids and similar
hardware.  Most of the time damage to process equipment was avoided only by an emergency-
stop button manned by a vigilant operator.  Between the speed of the process and available
memory, a program of 200-300 rungs was common.

This size of program was such that a single programmer could not only perform all coding but
could understand all the interactions of each part of a program with its other parts.
Documentation was typically performed by hand; however, some beginning attempts at
automating this task were available.1

As processors became faster and implemented math and logic functions in addition to larger
memory capabilities, automating of the documentation task took on added importance.  With
larger programs, a programmer might not be able to comprehend the entire program at one time.
In addition, more than one programmer may be involved in a PLC program effort, requiring
additional data for adequate design parameters.2

TESTING OF THESE SYSTEMS used relays or lamps and switches to replace outputs and
inputs. A drawback of this method was the large quantity of components to purchase, connect
and maintain. In addition, more complex projects might also require motors, potentiometers,
valves, etc.  Testing could only begin after the I/O panels were built and before field installation
of those panels, usually causing project delays.3

Performance testing required for I/O panels is a relatively small portion of the overall task in
validating the control system.  A control panel should be checked for module performance,
accurate wiring conforming to the design drawings, and calibration of panel mounted devices
interfaced to those modules.  Beyond those parameters, testing using I/O panels is only to test the
program, not the hardware.  Eliminating the need for I/O panels to test program performance can
have a posi tive impact on the overall project schedule.

A question that must be addressed is “How much testing is enough?”  No single answer exists,
even with programs that are similar in size and purpose.  Often the limit to testing a system is the
specific knowledge of the process conditions and its dynamic response to the controlled outputs.
Sufficient testing should be performed to establish that personnel safety, equipment security and
process requirements (in that order) are adequately assured.  All hazardous conditions should be
detected and equipment brought to a safe shutdown condition by program design.

Testing should be such that an appropriate digital (and where applicable, analog) input represents
the response expected from an output change.  Whether that response is adequate, it must be
evaluated by the programmer or testing staff.  Input from other disciplines within the design team
and the end user is also useful in evaluating the overall performance.



THE KEY TO SUCCESSFUL TESTING is defining what is a normal response to an output
change.  Understanding and evaluating the process flow diagrams to determine secondary
responses is crucial to adequate program testing.

Most digital input responses to a digital output change are quite predictable.  Limit switches on
valves, motor run contacts and similar devices are direct cause/effect reactions.  Fill ing of a
container, pressure increases and similar delayed responses lend themselves to simple retentative
timers or counters to keep track of level, pressure and flow.

Related values of analog inputs affected by digital outputs can be simplified to periodic addition
or subtraction of a constant to the word representing the raw analog input module value.  In a
tank or other container this process works well ; however, it is less than precise if used on a pipe
or vessel that is being pressurized.  In the latter case, adding or subtracting a percentage of the
difference between the ultimate top or bottom limit rather than use of a constant is much more
representative.

FIGURE 1

Figure 1 illustrates the typical response curves for these two calculations.  The slopes of both
curves are affected by the specific time and rate constants used.  Particularly, the period with
both valves open (on the right portion of the graph) could have a positive or negative slope.
Limits must be used to prevent excursions of the analog variable outside of reasonable values.

A more complex set of calculations is required when evaluating the response to an analog output.
Many analog I/O are paired and are used in a PID loop to control the input at a specific value.  A
simple (but reasonable) approximation to process responses is to combine a pure, dead time lag,
an exponential (or first order lag) response to the error and an integration of the error signal.



Often two of these three lags are sufficient to adequately model the system’s response and an
exponential (or first order lag) response to the error, an integration of the error signal.4

To simulate a pure time delay, a PLC can use a first-in, first-out (FIFO) file.  An exponential
function adds a portion of the difference between the output and present value (similar to
percentage of difference, above).  A simple addition with a value determined by the amount of
error will work as an integral function (similar to constant fill or drain, above).  An example of
each, implemented in a PLC-5 is shown in Appendix A.

REPLACING ACTUAL INPUTS, BOTH DIGITAL AND ANALOG, in typical processors with
simulated responses can vary in complexity.  This paper focuses on an Allen-Bradley series PLC
due to the product line’s popularity and because of its use in the example project described
below.

The data table in a typical PLC-5 is actually an image (or copy) of the input module’s state,
updated between scans of logic.  If the updating of the input status is interrupted, no changes
occur to the image table data.  In the PLC-5, any rack of I/O can be inhibited, allowing other
logic to control the input image table. Block transfers will not operate if a rack containing analog
input modules is inhibited so these words of data can also be controlled by simulation logic.
Even Rack 0, which contains the processor, can be inhibited.

In other processors where I/O update cannot be inhibited, one or several rungs of logic may be
added at the beginning of the scan of logic copying the simulation logic words into the input
words used by the program.  As an example, Modicon I/O is updated in segments; each segment
of logic would begin with its input words copied to the specific input words used by that
segment.  Since a Model 984 (and other models) prevents writing to IXXXX or 3XXXX series
words, an additional step of translating the input words to coils or 4XXXX words is necessary.
After testing, translating back to the original assignments and removal of testing code is required.
This can be accomplished quickly by use of most documentation/ programming software
packages.

Compact code can be written to simulate entire modules.  If the same bit in 3 I/O words are used
for a valve output, valve energized and valve de-energized inputs, all 8 (or 16) bits of a module
can be treated similarly.  This allows the use of word instructions instead of bit (contact/coil )
logic.  Examples of simulation of both a valve with two limit switches and a motor controller are
given in Appendix B.  Bits not used in an output module or not having corresponding inputs can
be masked by this logic.

To improve the performance of the simulation and more realistically imitate the “real world,” an
addition of randomness to analog variables is desired.  A small amount of variation can be
introduced by generating a pseudo-random number and adding it to the analog input using the
equation5:

ANEW =A+B+E+l, where

ENEW = D, DNEW = C, CNEW = B, BNEW = A, for the next calculation.



The code also limits ANEW to ±Y by masking higher order bits. A number string which is
approximately equally distributed around 0 is generated for ANEW.  An example of this code is
shown in Appendix C.

To simulate typical delays in response to valve motion and motor starter pickup, the simulation
code should be scanned periodically rather than continuously.  A rate of 0.5 to 1.0 scan per
second is suggested.  In the PLC-5, a program file can be executed on a timed basis by use of the
Timed Interrupt function.  Other PLCs can execute subroutines or specific segments of logic by
using a real time clock, independent cycling timer or other repeti tive event driver.

EXAMPLE PROJECT

To put the above in perspective, a description of a recent project designed at AVCA using
simulation logic follows.  Allen-Bradley PLC-5’s, Advisor PC software and 1784-T35 terminals
were used as operator interfaces to control a chemical process.  Ten PLC’s, four operator
terminals and a supervisory plant computer networked on two data links controlled the process.
Each terminal could display any screen available but could control only selected local process
devices.  All PLCs sent and received data over one of the networks, and, in addition, sent critical
interlock data via hardwired I/O.

The task for the simulation included, on average, 25 digital (ON-OFF) valves with open/close
position switches, ten motors, 4-7 analog inputs (one of which was controlled as a PID loop) and
communications sent to the up and downstream processors.  This simulation was required to
operate as a stand alone PLC with a programming terminal, in concert with an operator terminal
and with up to two other PLCs to test the interface logic.

Referring to Appendix B, digital I/O that conformed to the bit assignment convention were
masked into the simulation words with all rack I/O inhibited.  Unique I/O that required special
treatment (such as isolated input modules) were separately controlled using conventional contact/
coil logic.  Outputs sent to other PLCs communicated via MSG instructions embedded in the
simulation file.

Analog signals affected by the digital I/O were simulated by use of addition and subtraction
blocks modifying the 0-4095 analog input words.  Since scaling and alarming were performed in
the PLC on this project rather than in the analog module, this approach included the check of
scaling logic, factors and alarms.

The PID loop used in this processor controlled the flow rate when transferring liquid between
tanks.  As such, a relatively small dead time lag and a steep first order lag were programmed into
a FIFO and in subtract/multiply function blocks.

Simulation logic was executed once every 1500 mS, allowing a reasonable response for valve
action, motor starting and minimal memory usage for functions such as FIFOs.  When the I/O
racks are disabled, forcing of the digital module bits is not required. Unless the program modifies



the I/O bit, simply writing a 1 or 0 into the memory location is sufficient.  This facilitated the
programmer’s task of mimicking operator actions such as switching selector switches or pressing
pushbuttons.

COSTS ASSOCIATED WITH DEVELOPING SIMULATION SOFTWARE are typically less
than 5% of the cost to write the original code. In our example project, an average of just under
500 hours were expended per PLC to develop the installed program.  Simulation code took
roughly 15 - 25 hours to write, enter and de-bug per processor.  Our experience, using traditional
methods for testing, required 20% of the hours used to program a PLC for check-out of a
program before field installation.  Use of the simulation code dropped this testing time to about
10%, providing a net savings of 5% on code ready for installation.

Beyond the direct cost savings, the confidence factor in the PLC program, by both AVCA and
client personnel, was markedly improved.  The ability to visualize the complete process, via the
operator interface, in real-time provided the opportunity to not only observe normal operation,
but also allowed a chance to perform “what if...” analysis.  Alarms were checked against known
fault conditions, and proper reaction to that specific fault could easily be confirmed.  This
capability provided adequate testing to shorten the commissioning tests required at start-up.
While no specific hour or dollar figures were available, start-up personnel often were waiting to
allow construction to complete its next phase.  All equipment that was operational finished
commissioning tests in short order.

TRAINING OF OPERATING PERSONNEL became a relatively simple extension of the simu-
lation program.  A real-time appearance to CRT screens and pilot lights by the simulation soft-
ware made the process “work” i n the classroom.  Correct operation of controls was demonstrated
and practiced with illustrations of abnormal conditions easily generated.  No equipment hazard
or spoiled product resulted from these practice sessions.  Scheduling of training sessions were at
the plant’s convenience, and occurred in parallel with the installation work.

Initially, the plant training personnel planned classroom sessions to last one week using printouts
of the screens to ill ustrate functions available on the operator terminal.  After demonstration of
the simulation software to training personnel, this schedule was shortened to three days using the
1784-T35 terminal as an integral part of each day’s session.  Selected operators from each shift
received additional detailed training using the “free” days that had been allocated but not used.

Even though the simulation was designed to emulate real-time responses, programmers could
easily advance soaks or ramps to shorten cycles for training purposes.  Since occasionally new
operators must be trained, the simulation file only was exported into a library file and later
reloaded into the final field verified program.  This incorporated all late changes in the main
program and allowed training on equipment with the “feel” of the real equipment.



CONCLUSION

Simulation, using spare memory within a PLC, provides several advantages with little time or
cost expended.  Those advantages include the following:

Eff iciency, in testing application programs more quickly than traditional methods.

Quality, in testing programs to a higher level, stressing all portions of a program with real-time
responses and allowing a “What if...” analysis.

Cost, by not requiring additional hardware or by delaying completed panel delivery.

Training, providing a method to train personnel on equipment without risking loss of product or
damage.  This training can still provide operators a close to real-time response to their actions.
The completed product can be installed in less time and with more confidence in meeting
performance specifications.
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