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Abstract

The following document contains the stages involved in the design of a linear positioning system,
centred on a PLC. Along with the actual system operation there’s also some HMI screens included
for ease of use and diagnostics by the user. The entire process is detailed, explaining the various
elements and how they interact with each other. The transfer function for the PID control has also
been simulated in Matlab, to ensure smooth operation. The document concludes with a frank

evaluation of the system, along with a few suggested improvements.
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Introduction

The aim of this report is to cover the design and simulation of a PID control system for use on a
linear positioning drilling head that is intended for use on heavy metal sheets, In order to design this
system TIA Portal will be used for the PLC programming, ladder logic and the HMI screens. The
different HMI screens used will be a main root screen, errors screen, alarms screen and a settings
screen. Various alarms and errors will be generated by the system when the drill head parameters
move towards limits, X position, speed etc. Matlab will be used (o create a PID transfer function to

mect a sct specification list for the system parameters.

Motor Drive — PWM.

Max drive PWM output 85%

Warning if PWM output is greater than 80% of max
Alarm if PWM output is greater than 85% of max
Absolute Max response time (to steady state) 20secs.
Absolute Max over-shoot to a step-change 5%
Warning if position is greater than 80% of max
Warning if position is less than 20% of max

Alarm if position is greater than 90% of max

Alarm if position is less than 10% of max

System must include an E-stop button

PLC Structure
The basic components within a PLC are:

PLC System

| Central ]
Input I processing H Output
sensing unit (CPU) Joad
i —— |
Caer© ! program data |
i 1
OﬂicaI/ t \0
Isclation

ptical
Q Isolation

Pramming davice
[1]

Figure 1 - PLC Block Diagram
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This will supply the necessary power for the PLC, common levels are
Power Supply - 24V DC and 120/230V AC.

This controls the PLC making the decisions based on the program
loaded, limitations of the CPU will restrict the PLC in terms of speed
CPU - . :
and size of the programs it can handle.
Typically connects to a serial or Ethernet of a computer. this is used to
Programming Connector - load and monitor programs on the PLC.

A variety of inputs and outputs can be connected to the PLC, digital
inputs are usually binary, either on or off, examples of these could be
switches or sensors. Analogue inputs tend to change continuously,

Q= temperature and pressure sensors. Outputs of a PLC could be: motors,
buzzers, lights, relays etc.
This will hold the PLC’s program and needs to be non-volatile so it’s
Memory - not lost in the event of a power failure.

Controller
Set Point ~— Error ("  Proportional Output
> — ) » >+
. &
Integral
L@
Process T N
Variable

v

Derivative

n

ddt

v
—|

2]

Figure 2 - PID Control

The block diagram in Figure 2 shows a basic example of Proportional Integral Derivative (PID)
control, this type of control algorithm is typically used in industrial closed loop systems, its

popularity attests to the positive features it can offer a system.
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s Process Yariable
vershoot Set Pint L
1
1.0- - - : : ¥
= Seftling Time 4
n
Steady-State Error
0|5-
ﬂ.ﬂ'u—w [ 1 1 1 [ 1 1 | 1 1 1
00 02 04 06 08 410 12 14 16 18 20 22 24 26 2B 30D
Time, s=conds
Figure 3 - Closed Loop Response [3]

The graph in Figure 3 shows the signal response of a closed loop system trying to go from zero up to
the dotted line below one, the different stages of the response are labelled with the rise time defined

as the time to change from 10% — 90% max.

There’s one link missing from the diagram in Figure 2 and that’s the sensor feedback being taken
from the output back to the process variable, this is what defines a closed loop system. The setpoint
is the desired value, be that a specific temperature or any other variable. This is then taken through a
summation block which compares the two values, in order to ascertain whether the system needs to
increase or decrease the temperature. This generates an error signal that allows the system to make
changes to reach the desired value. This signal feeds into the PID element which sums the output
from the three different sections. The proportional element is gain, so if the temperature needs to
increase by 20°C this will introduce gain to the signal in order to achieve it, increasing this value will

generally speed up the system response, however too much gain will cause overshoot and oscillation.

The integral element looks at the signal over time, adding the error which will increase over time,
unless there’s no error. The aim of this is to compensate for the error, and reduce the steady state

Crror.
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The derivative element isn’t always necessary in systems; it works by looking at the rate of change in
the signal, and uses this to determine where the signal will be at a time in the future. This can be used
to adjust the response of the system, either to react to changes faster or to slow the system down,

reducing ripple and overshoot. [3], [4]

1. Matlab Program, PID & Graphs

2.

3.

Matlab was used to generate a transfer function that could be used with the PID element of the PLC
later on, Matlab was selected as it is a powerful piece of software that can allow lots of calculations,
simulations, and modelling to be carried out that would take a great deal longer using conventional
calculating and developing. Some data from a system in response to a step change was provided, in
order to be used with Matlab.

1ATLAB

)

Command Window

New to MATLAB? See resources for Getting Started.

‘Workspace

X | Name Value

I ke 1
Academic License b ki 1
HH ke 1
5> kp = 1 Hin 100
>> ki = 1;
> kd = 1;
>> n=100;

Figure 4 - Initial PID Values

Figure 4 shows the initial values set for P, I. D and n in the Matlab program, prior to starting the PID

tool.
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&‘ ImLDDI\ - C:\Users\p15210MDesktop\opdatal.csv

IMFORT

Column delimers:
'Q Deimited

| © Fixed Wh @ oo optins
| DELIMITERS
| opdatal.csv

Eelmner -

Variable Names Row: |

SELECTION

Range: ETM (03 bt

1| Colurmn veclors

ot Numeric Matrix

| 11 Cell Amay

LT o
IMPORTED DATA

.‘[
1
|
|

"

A
InputData

HUMEBER -

= aE-EE-aE-aE-EE-}

0.057256044
P.109065169
0.155943189
10 0198360176
11 236740653
12 P.271468745
13 P.302892022
14 P331324979
15 P.357052182
16 380331118
17 40139477

18 420453051
19 437699411
20

21

P.453303749
0467423137

Figure 5 - Imported Data

11" Feb 2017

The input data that was included with the assignment was imported into Matlab, with the name being

changed to InputData. This method was used rather than capturing data from a plant process as

would be the case in some applications.
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(B4 vaebles dnputDote = RECE
putten | Mame = Vahse
HH 106wt dauble | InputData 106x] doub:
1 2 3 . 5 @ D 3 9 10 n 12 12 n Ih :" Jl'
i it 1
2 [ n 100
[
5 . g
5 [
[ [
7 00872
[ 0103
2 01558
10 01984
1 02367
1 [T
13 0302
14 03303
18 03571
1 03805
1 [
18 4205
1 3T
) [T
7 04674
n 04802
e 7 YT = 2
Cornenand Window =
Mew 12 MATLAET See recourcet of Gatting Stated. *
Academic License
> kp = 1r
3 kL= 1
3> kd = 1y
55 n=100;
5 >

Figure 6 — Data Entered in Matlab

Figure 6 shows the completed data added into the Matlab program. in the top right it shows that the

data has been saved as type double, which indicates it’s a double precision data type, capable of
holding a 64 bit floating point variable.

i ' P10 Tune - Saep Pos: Referesse tacking
i o R
et e F .| Doman
ol T ey
 Papest @ o I apt
Pl 1 CONTROALER i RGN
5| | Gup Plok Reberence acking
i
F
= 15
F
as
B
<
o
sl " " |
o L8] o4 s as or o8 o8 1 =
Time (seconds) @
*
Contolle Prrarmsiars g = 1

Figure 7 — PID Tool
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Figure 7 shows the Matlab pidtool being opened once all the data has been saved in the program, this

will allow the transfer function to be simulated using different parameters in order to produce an

output that meets the specification.

Output Signal

Specify as & double vector, timeseries or an idaata object containing one ouiput signal

linputData

Name [output )
Input Signal

Amplitude (A): |1
Oftset (kg

Onsel Lag (T} [7]

Name: [nput [u)

Time Vector
Start Tne (T0) [0
Sempe Time (4T): [1

Units: [ secands -l

Figure 8

ime ‘Irl

& @

Step Response

The data that was imported into Matlab earlier is now linked with the pidtool, a step function was

selected for the data and the parameters shown in Figure 7 were set. The onset lag was set to 7 as

that’s when the input data changed from zero. With the parameters set, these were imported.

10
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«\ PID Tuner - Plant Identification

PO TUMER PLANT DENTFICATION

Plantldentification |

= | Step Plot: Reference tracking
E Identified Plant Structure: One Pole
§ - Step Plot: Reference tracking . 07 | Output (y)
| —— Mentfication Data
(== ldentfied Plant
0.6 K T, Adjustor —

a0 B0 80 100

] 02 04 06 08 1 0 20
Time (seconds)

Time (seconds)

Plank Parameters: K = 060156, T, =98 .

Figure 9 — One Pole Test
Figure 9 shows the first structure tested, which was a one pole. This gave one position to adjust the
waveform, indicated by the red x. the idea was to try and match the blue line with the green

identification data. Figurc 10 shows the best manual adjustment possible.

11
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4\ FID Tuner - Plant ldentification R— - - - (=B =
TRUCTURE APRLY
| Step Plot Reference tracking 0 | i ' [ Plantidentification
Identified Plant Structure: One Pole
Step Plot: Reference tracking 07 Output {y)
15
—— Ideniification Dala
[ Tuned mepane] — lentied Pant
0.6 ¥ T, Adjustor —
3 05
© 0.4
g S
% 05 §
2 <03
0.2
ot
01
05 1]
02 0.4 06 :1:3 1 1] 20 40 60 80 100
Time (seconds) Time (seconds)
Plant Parameters: K = 059959, T, = BE0E9 .

Figure 10 — Manual One Pole Adjustment

Figure 11 -

Figure 11 shows the transfer function of the system, which didn’t match the green line well enough.

12
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| Estimation Progress

o\ Plant Idennification

Process Medel Identification

Estimation data: Time domain data

Data has 1 cutpats, 1 inpats and 106 samples.
Model Type: Fl

Estimating measured dynamics medel =

KHonlinear least squares with sutomatically chosen line search method

Horm of First-crder Izprovement (%)
Tieracion Coat step optinal Expected Achieved  Bisections
0 0.000392852 - 7.17e+04 - -
1 0.000283969 2.533 81,1 T.1Te+04 0
2 0.000283432  0.0412 16.7 503 0
3 0.000283422  0.00347 2.34 2.94 [
4 0.000283422 0.000595 0.356 0.227 0
5 0.000283422 8.9%4e-05 0.053%  0.00523 [
6 0.000283422 1.36e-0% 0.00816  0.00012 [
7 0.000283422 2.06e-06 0.00124  2.76e-06 [
Result

Termination condition: Near (local) minimum, {(norm(g) < tel).
Bumber of ite.

tions: 7, Wumber of functicn evaluations: 1§

Status: Estimeted using FEM with Focus = "simulation”
Fit to ssvimaticn data: 93.97%, FPL: 0.000253332

W Stcp

re 12 — Auto Estimate Figures

11" Feb 2017

Figure 12 shows the data produced by the pidtool when auto estimation takes place, rather than

adjusting the blue line manually the tool performs calculations, and attempts to match the green line.

Fforence tracking >

Step Plot: Reference tracking

Amplitude
e

Figure 13 — Auto Estimate One Pole

Kantified Plant Structure: One Pole
Outpust ()
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Figure 13 shows the auto estimation still didn’t produce the desired output, it also has an anomaly

between 1-8 seconds. which should be zero as there wasn’t any data input.

Data Browser |

4\ PID Tuner - Plant Identification i [ESEEEN =
P TUNER PLANT DENTIFICATION
9e %7} Structure: i;..| Two
Get VO Data  Preprocess -
- v r ~ MZero :
INPUTCOUTPUT DATA | PLANT STRUCTURE ) d
Step Plot: Reference tracking J Plant Identification 1
Identified Plant Structure: Two Real Poles
Step Plot: Reference tracking o= Output {y)
15 :
Identification Data
—— icenified Plant
0.6 X T, Adjuster =
» Tz Adjustor
1 0.5
o 0.4
) °
E {2
= 05 -3
g E
< <« 0.3
0.2
0
01
0.5 : (1]
1] 02 04 08 08 1 0 20 40 60 80 100
Time (seconds) Time (seconds)
Plant Parameters: K = 0.59822, T1 =0, T2 = 86623 .

Figure 14 — Manual Two Real Poles

The same process was repeated using a 2 pole estimation; this produced a slightly better fit, although

still not suitable. The transfer function for this system can be seen in the top middle of the

screenshot.

14
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o Plont entification Progress

Process Model Identification

Eatimation data: Time domain data

ﬂ@

11" Feb 2017

SUTRUTS, L iRputs and 106 sasples.

Estimation Progress

z 0.000267758
3 0.000267757
4 0.000267757
& 0.000267787
L] 0.00026778T
7 0.000267787
] 0.00026775T
% 0.000267757
10 0.000267757
1L 0.000267757
1z 0.000267757
13 0.000267757
14 0.000267757

17 0.000267757

0.0z4%

Q.0013
€.000834
3.4e-08
_0de-08
7. 4Te-01
1.11e-07
3.22e
2.06e
146
1.76e:

-22e=14

2.53e+04 2,05e+05 L) -
T.ERReD3  2.08805 ]
1.026403 2045405 ]
162 2.04e+05 ]
24 2.04e+0S ]
1.87 ]
0.506 ]
0.506 ]
0.472 3
0.0436 1]

0.0439 T =

0.0435 a2 16 i
0.0435 2.04e+05 2.0Ze-14 B
0.0435  2.08e+05  2.0Ze-14 12
0.0435 2.04e+05 2.0Ze-14 20
00435 2.04es05  2.02e-14 15

Result

Terminacicn condition: No improvemsnc aleng the search direction with line search,
Maxber of ireracisas: 18, Husber of fumccion evaluacisna: 307

Status: Eatimated using PEM wich Focus = “simulatiol

Fit ©o estimation data: 90,258, FPE: 0.000294263
oure 15 — Two Pole Estimate Figures
Identified Plant Structure: Two Real Poles
Qutput [y)
07T T T T T T T T T
eentfaton Data
— Iconifiod Plant
M T, Adjustor
X T, Adjustor
8
=
<
.
0 10 20 40 ] [ 70 80 %0 100
Time (seconds)

Figure 16 —Two Poles Auto

15
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Figure 15 shows the data produced during the auto estimation, along with Figure 16 showing the
auto estimation using 2 real poles. The blue line follows the green more closely this time: however

there are still some issues below 10 seconds.

© | Plantidentdication

dentified Plant Undard, Pair
Cutput {yh
L .

identfication Dat
= idantfiad Pt
T+ Aduater

2

B

= a

oz}
" Tima It‘slaconds}w "’ . w
Underdamped Pair - K
(T2
@ 5°+2qTys+1)
Figure 17 - Underdamped pair Manual Zexa. M integ

Figure 17 shows the manual plot using an underdamped pair model; this had a different adjustment
method compared with the poles, and the blue line oscillated prior to being formed into the best

estimation. It still doesn’t match the green line particularly well.

16
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Py ——— - Ber==)
Frocess Model Identificaticn
Estiaticn data: Tize dosain dats
Data hes L cutputs, 1 inguts and 106 samples.
Hotel Type: F20
Estimation Progress
5 0.3 588 2.79es04 1.3 7 »
€ [ @5 2.THe0d 0148 7
7 9.0712 3 2.73e4 1 ]
e 0.064 359 186 1.6 ]
s 9.0632 364 1.T7es0d 0.275 ]
10 9.0631 364 1.75es04 0.0521 ]
1 9.063L 364 1.7Sertd 0.0112 ]
12 0.0631 364 1.75esd 0.00351 ]
13 0.000726637  0.0631 364 1.7Serd 0.00315 ]
14 0.000786E2L  0.063 364 7504 ]
15 0.0007BEEDE  0.063 364 1.75e:0d &
16 0.00072679  0.063 364 1.75es04 ] L
11 TRETTA 0.063 64 1.75es04 &
18 TREISS  0.063 364 1758804 ]
13 TRETTI 0.083 34 1.T6esd 2
20 TEETIS  0.063 364 1.75es04 ]
Result
Termination condition: Maxizum mumoer of iteraticns reached.
f iterations: 20, Husber of function evalusticns: 79
Status: Estimated using PEM with Facus = “sisulation
TiC To esTimAEion data: §3.420, FEE: 0.0D03S049
B Siop L _Close }

gure 18 — Underdamped Pair Figures

| Plart ldenshicasen = |
Palr
A . ) _ ouputiy . )
osf ! B — J
08 1
oa} {
2
£
| . |
<
02 1
04 | {
af {
L E = - : -
(] 0 2 = % 50 & ] L . 100
Time isaconds)

Figure 19 — Underdamped Auto Estimate

The underdamped pair auto estimation has smoothed the line below 10 seconds,

11" Feb 2017

although not

entirely. It still has an error, and doesn’t follow the identification data verly well.

17
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Plat Identification

Plant L Pair + Real Pole
Cutput (v}

identification Data
—— Wdorified Plard
KT, Adustar
T+ Adntor

&0 =
Time (secondsh

Underdamped Pair + Real Pole v K
—_—
(T s+ 1)(TGs2+20Te5+1)
Zero M integrator

Figure 20 — Underdamped + Real Pole

11" Feb 2017

The final model tested was the underdamped pair + real pole: this removed the error below 10

seconds, but still didn’t match the identification data well at all.

18




P152109

Plint Idenication

PLC 11" Feb 2017

Idantified Plant Structure: Underdam ped Pair + Real Pale
Output {y)

Amplitade

&0 0 80 80 00

20 a0 0
Time (seconds)

Figure 21 — Underdamped + Pole Auto

The auto estimation produced a smooth line; however there was either too much damping or not

enough gain to allow the line to reach the desired amplitude.

Output Signal
Specify a3 e double veclor, limeseries or en iddata abject containing one owlput signal.

inputdata
Marma: |0ulpul(}"l
Input Signal

[
Ampltude (&) [1 ] Ts

o (4 Ly

Offset(uyy o ] = A

¥
Onsat Lag (T, ). [7 | 1 U,

Y
Hame: Tnput (u) | im T
To 1

Time Vecior

Start Time (T0}): E'.I.
Sample Time (AT): |1 ]

Unie: seconds "|
e

Figure 22 — Modified Step Response

19
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With little success in the previous simulations, the step response settings were revisited. One setting
was changed as it was suspected that starting at zero time might be introducing errors as there was no

data for this time in the original excel spreadsheet, this can be seen in Figure 22,

| Plant Kentification l_
Identified Plant Structure: Undardamped Pair + Real Pole
0.7 Outputy)
Kentiicaton I.ML&\
—— lentlied Plant
XK T, Adjunter
T+ ¢ Adjster
0.6
0.4 4
o
<
£
k4

E i [ 0

Time (seconds)

Figure 23 — New Step & Underdamped + Real Pole

The new Import settings shown acting on the line in Figure 23 show an immediate improvement,

with no errors below 10 seconds and a smoother line that reaches the green line, it still doesn’t meet

the specifications detailed in the assignment brief though.

20
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Time (seconds)

Figure 24
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Plent Menshicstron

Amplitude

Proportional Gain

Ide ntified Plant Structure: Underdamped Pair + Real Pole

utgut ()

Idemtfication Dot
—deriid Pl
} T, Adpater

T+ Adpsior

Time (saccnds)

With a suitable plant structure selected, it was now time to vary the response time in order to meet
the specifications. Figure 24 shows a simulation with just proportional control, with the slider in the
top right the speed could be adjusted to try and improve the system. Although this showed a smooth

line that followed the green line fairly accurately. it didn’t meet the desired amplitude of 1.
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Figure 25 — Proportional Gain cont

Figure 25 shows the same simulation with proportional gain, as seen in Figure 24. The controller
parameters have been included which shows it’s met the majority of the criteria, apart from the
actual peak value. The required specifications being a sub 20s rise and settling time, along with <5%

overshoot. The orange rises fairly steeply which shows why the overall time is good, there’s very

little overshoot with no oscillations, some ripple can be seen along the top section though, but this

may down to the image resolution.
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Figure 26 — PI Control
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Figure 26 shows the inclusion of integral on top of the proportional already used. This has improved

the peak amplitude of the system, and the overshoot is still within specification. Adjusting the

response time and the transient behaviour through the max range was still unable to reduce the time

below 20s though. This can be seen when looking at the orange plot, although the line is fairly steep

the time scale on the x axis has been increased. Viewing the orange line it appears that the overshoot

has increased. with a wide arc before settling.
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Figure 27 = PID Control

PID was tested initially in Figure 27 with fairly poor results, the overshoot and peak value met the
specifications however the time was a lot slower than just PI control. The tuned response has a
gradual rise time, the timescale has been increased even further along the bottom, and the overshoot

appears to have increased, however it’s still within the specification. At this point it appeared that PI

was the most suitable for the desired performance.
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Figure 28 — PID Complete

The settings of the PID system were continued to be adjusted, and the results can be seen in Figure
28 and Figure 29 with the specifications met. The settings had to be adjusted until the speed was
almost at the maximum and the transient response was at all the way to robust. This yielded the
results shown in Figure 29. The purple line has a much quicker rise time, with barely any overshoot
and appears to settle straight away. The figures for Kp, Ki and Kd can now be used when adding the

PID controller in the PLC program.
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; Controller Parameters

Tuned
Kp [32.2533
Ki 0.71569
Kd 3633815
Tf n/a
| Perfermance and Robustness
Tuned
Rise time 4.77 seconds
Settling time 797 seconds
Overshaot 0.274 %
Peak 1
Gain margin Inf dB @ NaN rad/s
Phase margin 89 deg @ 0.444 rad/s
| |Closed-loop stability [Stable

Figure 29 — Final Control Parameters

PID algeorithm
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PID_Compact is a PIDT1 controller with anti-windup and weighting of the proportional and derivative actions. The PID algorithm operates according to the following equation
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“Figure 30 - PLC PID Control Block from TIA portal help

Figure 30 shows the block diagram of the PID control block used in the PLC program, the values

generated in Matlab can be entered in this to achieve the desired system response.
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4. HMI Screen Design

4.1. HMI Navigation Diagram

Settings

Root
Screen

~ N

Errors

Figure 31 - HMI Navigation

Figure 31 shows the navigation through the HMI screens, the root/ main screen has links to the three
others, and they can each return to the route screen. It’s not possible to go straight from alarms to

errors for instance.
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4.2. Root Screen

Start Button -
Stop Button -
Errors -

Error light -

Alarms -
Alarm light -

Settings -

X Position -

Set Point -

P-
I-
D-

E Stop -

SIEMENS
BT {Root screen

Errors Alarms Settings

Set Point

[ooom0] s

St i X Position
m

Figure 32 - Main HMI Screen

Used to start the operation of the Lincar Positioning System.
Used to stop the operation of the Linear Positioning System.
This button switches the display to the Error Screen.

This light illuminates when the system has detected an error condition, it requires
cancelling by sclecting the error screen, and returning to the root screen.

This button switches the display to the Alarm Screen.
This light illuminates when the system has detected an alarm condition.

Navigates to the settings screen, which shows Proportional, Integral, and
derivative values along with the drill head parameters.

Shows the linear position of the drill head in millimetres.

Entered by the operator or program in order to send the drill head to the next
location.

Shows the value of the Proportional gain.
Shows the value of the Integral time.
Shows the value of the Derivative time.

Emergency stop button to stop everything, this generates an error which needs to
be acknowledged in the error screen.
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4.3. Errors Screen

Figure 33 — Errors HM I Screen

PWM Exceeded Max - The light illuminates when the error condition is met, PWM
Exceeded Max. This value is set within the settings screen.

Position Exceeded Max -  The DrillHead has moved beyond the max limit. This value is set
within the settings screen.

Position Below Min - As above the light illuminates when the error condition is met,
Position under Min. This value is set within the settings screen.

Operator Setpoint Operator Setpoint Exceeded Max. Operator has entered a value
Exceeded Max - beyond the upper limit.

Operator Setpoint Below  Operator has attempted to send the drill head to a position below the
Min - minimum allowable limit.

Software Error - The light illuminates when the error condition is met, Software Error.

This is an error within the PID control.
E Stop - The light illuminates when the error E Stop has been pressed.

Back Button Returns to the home screen.
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4.4. Alarms Screen

Back Button -

Position Approaching
Upper Limit -

Position Approaching
Lower Limit -

PWM Output Greater than
Limit -

Operator Setpoint High -

Operator Setpoint High -

Spare lights -
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igure 34 - Alarm HMI Screen

Returns to the Root Screen.

Indicates that the drill head has gone passed the soft limit set in the
settings screen, this is a warning before it reaches the hard stop.

As above. indicating the lower limit.

Indicates that the PWM output is high, and approaching the set limit.

Operator has input a Setpoint on the root screen that’s close to the
allowable maximum input.

As above, with the lower limit.

Two spare alarm lights, ready to be linked if required.
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4.5. Settings Screen

| 000.000 | | 000.000 |
Set Point | Speed Position
Error Error
Max Min Max Min | Max Min
[T00.000 |[ 00.000 | || [T00.00 |[ 0000 ] |[ ["00.000 ][ 00.000 |

Alarm } | Alarm
Max Min | Max Min

| o)) | |

Figure 35 - Settings HMI Screen

Back - Returns to the home screen.

Proportional - Displays the value of the Proportional Gain.

Integral - Displays the value of the Integral.

Derivative - Displays the value of the Derivative.

Set Point Error Max - Allows Maximum set point to be specified, if the operator enters a

value that’s out of limits on the root screen, this triggers an error.

Set Point Error Min - Allows Minimum set point to be specified, if the operator enters a
value that’s out of limits on the root screen, this triggers an error,

Set Point Alarm Max - A soft Maximum position can be entered, that will trigger an alarm to
inform the operator the drill head is nearing the maximum position.

Set Point Alarm Min - A soft Minimum position can be entered, that will trigger an alarm to
inform the operator the drill head is nearing the maximum position.

Speed Max - Allows the operator to enter the Max speed value.

Position Error Max - Allows a Maximum DrillHead position to be specified. if the
DrillHead tries to move beyond this it triggers an error.

Position Error Min - Allows a Minimum DrillHead position to be specified, if the DrillHead
tries to move beyond this it triggers an error.
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Position Alarm Max -

Position Alarm Min -

4.6.PLC Tags
FP D% @
PLC tags
Name
1 4 Start
2 4 Swp
3 <@ Operate
4 <@ Error Light
s <@ Alarm Light
& @ XPosition
7 <@ Y Position
8 43 Erors
9 @ ESwp
10 4@ Eror 1
11 4@ Emor2
12 4@ Emor3
13 & Erord
14 4@ Eror5
15 4@ Eror6
16 4@ Error Flag
17 @ Alarms
18 4@ Alarm0
19 4@ Alerm1
20 4@ Alarm2
21 43 Alarm3
22 @ Asrmd
23 @ Aarms
24 4@ Alarm 6
25 <@ Alarmflag
26 @ Milimetres
27 4@ Anslogue Input

28 4@ Set Poim
29 4@ OutPer

30 4@ SetpointEL
31 4@ SewpointEH
32 4 Setpoint WL
33 4@ SetpointWH
34 <@ PWMhigh
35 @ PWMatlimit
36 4@ Positien EH
37 4@ PositionEL
38 @ Position AL

PLC
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Values can be entered that are slightly less than the maximum

DrillHead position; this will trigger an alarm that notifies the operator

of the DrillHead approaching the Maximum.

As above. but with a Minimum alarm condition.

Tag table

Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Defsult tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Defoult tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table
Default tag table

Int
Real

Defaulttag table |w| Real

Default tag table
Default 1ag table
Defaulttag table
Defaulttag table
Default tag table
Default tag table
Default tag table
Default tag table

Real
Real
Int

Int

Real
Real
Real
Real

®I0.5

a3

Figure 36 - PLC Tags
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Name Data Type | Address Description

Start Bool 10.6 Links with the physical buttons onthe PLC, also linked with the visual
buttons onthe HMI screen. Defined as Boolean asthere’s only two states (on
& off).

Stop Bool 10.5 As Above

Operate Bool Q03 Qindicates an output, set to the conveyor.

Error Light Bool M24 Mindicates 2 memory location, usedto hold ermor if emvor flagis triggered.

Alarm hight Bool M2.5 As above, but for alalm

X Position Bool Q0.6 Qindicates an output. Don’t believe it was jised.

Emrors Byte MBO Enors hasbeenset as abyte with 7 different errors within it, if any ofthese
are triggered the emor condition is triggered, this saves linking each error
individually later.

E Stop Bool MO.0 Memory locationlnked wath E stop.

Emor 1-6 Bool MO0.1-0.6 | Memorylocations for varous errors within the Emors Byte.

Emror Flag Bool MO0.7 As above, for emror flag

Alams Byte MB1 Similar to Errors, Byte used to store 7 Alamms.

Alamm 0-6 Bool M1.0-16 | Memorvlocation fora few Alaims

Alarm flag Bool M2.0 Separate memory location for alarm flag, so it’s notlinked with other alarms.

Millimetres Real MD4 Realnumberand will be used to show the actualposition ofthe DrillHead,
MD indicates a memory location with real number.

Analogue Int we4 Integerinput as shown by the address IW, used for the potentiometer mput

mput mdicating the DnllHead position

Set Pomt Real MD2 Memory location for a real number. Will be entered by user.

Out Per Int MWI12 Memory location forinteger value, will be output from PID block.

Setpoint EL | Real MD14 Memory Location fora real yalue, will be entered by anengineer for Enror
Low setpoint. Real values require 4 memory spaces.

Setpoint EH | Real MD48 Az above for Error High

Setpoint WL | Real MD20 As above for Waming low

Setpoint WH | Real MD24 Az above forwaming low

PWM High Int MW28 Memory value for anmteger. will be entered by an engmeer on settings
screen. Indicatesthe PWM 1s higher thanusual

PWM at Int MW32 Az above, PWM has gone too fast.

Limit

Position EH | Real MD34 Memory Location forareal yalue, will be entered by anengineer for Enror
high position. Real values require 4 memory spaces.

Position EL | Real MD52 As above foremor low position.

Position AL | Real MD40 As above foralammlow position.

Position AH | Real MD44 As above for Alarm high position.
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4.6. HMI Tags

HM tags
Name & Tag table Data type Connectivn | FLC name: PLC tag | Address. Access mode | Acquis

8 Hem Default tag table ] ool mzlr‘loa._il | =T "Alarmn 0 = || symbolic sccess>  [wl 15
| Herm1 Default 1ag table Eacl HM_Connectio.. PLC_1 *Alarm 1* symbalic access= 13
@  Hem2 Default tag table Bocl Pl *Alaim 2* aymbalic access> 13
| Aerm3 Defoulttag sable Baol A “Alyrmn 3 <symbalic sceess> 13
@  Aarm: Default tag rable Bacl HM_Connectio... PLC_1 *Alarm 4° symbalic access> 1s
@ Homs Default tag table (2] HM_Connectio.. PLC_1 *Alarm 5 aymbalic access> 13
| Aemé Default tag table Bocl HM_Connectic.. PLC 1 “Alaimn & <symbelic access> 1s
@ Hamight Defavittag table Bool HM_Comnectia... PLC1 *alam Light asymbalic azcasss 13
|a Aarms Defavie tag mble By HMI_Connectio.. PLC_1 Alarms aymbalic accesss 12
@ Enslogue Input Defsuit tag table Int HM_Connectio.. PLC_1 *Analogue Input” esymbalic access> 15
& EStp Defauit tag table Bool HM_Connectio.. PLC_1 °E Stop* symbalic sccass> 1s
@  Ererl Defauie g mble Boel HMI_Cennectio... PLC1 "Erer 1* aymbelic sceess> 13
4§ Emor? Defavit tag table Baol HM_Connectio.. PLC_1 “Emor ° «symbalic access> 1s
@ Emord Defavlt tag table Bool HM_Connectio.. PLC_1 “Emor 3* asymbalic sccess> 1
@ Ermerd Defave tag mable Boel HMI_Cennectio.. PLC1 "Eror 4" aymbelic sccess> 13
@& Emers Defeult tag table Boal HM_Connectio.. PLC_1 “Emor 5° ymhalic access> 13
& Emork Default tag table Baol HM_Connect PLC “Emor aymbalic access> 1s
| Erorflag Default g table Baol HM_Connectio.. PLC1 “Ewor Flag” ymbalic access> 1%
|  Emorlight Default tag table Eool HM_Connectio... PLC_1 “Emor Light" aymhalic access> 13
&  Emors Defauit ag mble Byte HM_Connectio... PLC_1 Ertors aymbalic access> 13
| HM g1 Default g table It dnitemnal tag> <Undefined> 15
@ Mlimetes Default ag mble Real HM_Connectio... PLC_1 Milimees aymhalic access> s
&  Opene Default g table Eool HM_Connec PC 1 Operate aymbalic access> 13
@& Oupuvalue Defautt 1ag table It HM_Connectio... PLC_1 “Out Per <symbalic accesss 13
@  FD_Compaci_1_Retain_CulPar_. Default iag table Real PLC FID_Compact_1.Retain.Cr. ymbalic access> 13
4  PD_Compact_1_Retain_CulPar.. Defaulttag sable Feal RC FID_Compacs_1.Retain.Ct. aymbalic access> 13
@  PD_Compact1_Remin_CulPar_. Default g mable Feal HM_Connectio.. PLC1 FID_Compact_1 Retain Cr. symbalic access> 15
a Feal HM_Connectio... PLE1 aymblic access> 135

FiD_Compaci_1_Setpoint

Default tag table

aL

FID_Compaci_1.5etpaint

i

Figure 37 - HMI Tags
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Name Data Type Description
Alarm Byte Linkedwith Alarm 0 onthe PLC, Inked wath Lghts on HMI screen.
Alarm 1-6 Boolean As above for 1 through 6, Booleanis either on or off.
Alarm Light Boolean Linkedwith alarmhght onPLC
Alarms Byte Byteto store all alamms, Iinked with same PLC tag
Analogue Integer Integervalue, linked with PLC tagof samename.
input
E Stop Boolean Linkedwith PLC E stop tag.
Ermor 1-6 Boolean Linked with errors 1-6 onPLC tags.
Emor Flag Boolean Linked with PLC Emor Flag
Ermror Light Boolean Linked with PLC Exror Light.
Emors byte Byteto store the emmors
HMI_Tag 1 | Integer Integervalue
Millirmetres Real Realnumber, Iinked with PLC millimetres tag.
Operate Eoolean Linked with Operate in PLC tags.
Output Value | Integer Integervalue, Iinked with out per PLC tag,
PID_Retainl | Real Linkedwath the PID block, and PLC tag ofsamename.
PID Setpomt | real As above
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5. Advantages & Disadvantages of PWM

Pulse Width Modulation (PWM) offers the ability to produce an Analogue type Voltage (constantly
varying) using a digital output (either logic high or low): the main elements that can be varied within
a PWM signal are the duty cycle and frequency. The duty cycle is referred to as the percentage of
time that the voltage is high, against the total time to complete one cycle. So a 50% duty cycle means
the voltage is both high and low 50% of the time. The frequency can be altered to increase or
decrease the number of cycles per second, 10Hz being 10 times per second. The frequency would
usually need to be higher for the PWM signal to appear Analogue. but it is achievable. To calculate
the average voltage at the output the logic high voltage can be multiplied by the duty cycle.

on Time

Duty Cycle = FPertod x 100%

r -

6.0- 4 CVCLE .

50-
4.0-

30-
20-

Amplitude

1p-

0.0-
} -5 -

-1.0- 1 1 I I 1 1 | 1 1 I |
0 01 02 03 04 05 06 07 08 09 1

Time | [5]

Figure 38 - PWM Duty Cycle
In order for the PWM signal to approximate an Analogue signal the device being controlled needs
some form of integrating the high speed switching signal. The speed of a DC motor can be varied
effectively using this principle as it’s pulsed with the full voltage, so the full power is available
which maintains the operating efficiency of the motor, and the inertia of the rotor itself performs the
roll of averaging the pulsed input. If the switching frequency is high enough, the magnetic field
doesn’t have time to collapse either. This is preferable to analogue voltage control of the motor,
where in order to reduce the speed of the motor the input voltage is gradually decreased; this has the

side effect of losing torque as the motor is not operating in the most efficient region, and if the
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voltage is decreased too much the motor can stall. Power = Voltage x Current, so as the Voltage is

decreased the available power is as well.

DC Motor Control PWM Motor Control
+12V +12V
ov ov
-2V Faster -12v Faster
e ———————
[6]

Figure 39 - PWM vs Analogue

Another area where this works well is varying the brightness of an LED, as long as the pulsed
frequency is high enough the persistence of human vision causes it to appear dimmer or brighter,

rather than on/off.

Along with the advantages of PWM in terms of efficiency. it also offers an improved noise immunity
when used in communications, the data can be modulated by varying the duty cycle of the signal.
Sending the data in a digital form reduces the susceptibility to noise by requiring the noise voltage to
be large enough to confuse the receiver into believing a transmitted “0° is now a *1” or vice versa, the
voltage levels used for both conditions play a part too. With this characteristic it allows longer
transmission lines to be used when connecting devices within a system, with a reduction in the

buffering required. With an analogue signal the volt drop from the cable can cause issues as well.
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Advantages of PWM
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Efficient DC motor control. as its operating in the ideal region with the full power available.

Make small changes in the speed of a DC motor. including slowing it considerably without

stalling.

Less energy lost as heat, if transistors are used they ‘re either fully conducting or fully off,

which has less resistance compared with variations between these two states.

Digital outputs can be used from the device, without the need for any Digital to Analogue

conversion.

Circuits can be smaller in size as there’s no need for higher rated components that can
dissipate the power, along with possibly avoiding a heat sink. This will usually introduce cost

savings.

Less prone to noise interference when used in communications, as it’s a digital signal.
Allow slow ramp up for large motors and drives.
Doesn’t require a separate Analogue interface for the PLC.

Disadvantages of PWM

Increased complexity of the circuitry

Possible generation of high frequency interference, filtering may be required to minimize

this.

Frequency can be critical for precise control on some motors, if the frequency is too high or
too low, then proper averaging won't be possible, see Figure 40
More efficient with higher loads compared with lesser loads
Can create an audible hum with frequencies below 20kHz

9939

PWM =50% Tpwm =41

05.0%)
86.5%

63.2%)

PWM =50% Tpwm=2T

o-g

a
=

o 28

A =i
2%

63.2%}

Time

it

A
4t 5t T 2t 3t it 5t

Figure 40 - PWM frequency

This is only really critical in very precise applications.
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6. Program Design

Basic operational flow chart of the PLC program.

Linear
Positioning
System

Navigate to
settings screen &
Enter limits etc

-

Set Setpoint on|

Root Screen |

l

Press Start]

s the System
Running

Yes

Check Error
Screen, rectify
issue

No

No

7

-

Drill Hole

Figure 41 PLC Operational Flow Chart

Yes
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N
PLC
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Py —
HMI
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Drill Head Speed D!l Head

Position
Speed Sensor Lower Limit Upper limit
Sensor Sensor
N~ ~—— S

Figure 42 - System Block Diagram

Shows a basic block diagram of the complete system, the PLC is at the heart of the control, with the
HMI allowing some user input feedback on issues. The two main elements to control are the drill
head linear position and the drill speed. There are sensors associated with the position to indicate
whether the drill head is approaching either end of the work area. The drill speed can be ascertained

from the PWM signal.
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6.1. Ladder logic

—HF Ak =0 7 = =

v Block title: “Main Frogram Sweep (Cycle)

Comment
- Network 1:

w Normally open start button is used to start the program, the output of this is tagged as operate
which is linked to the conveyor belt. Operate is also added in parallel with the start button which
latches the switch. A normally closed switch is used for the stop button, when depressed stops the
operate. Anather normally closed input is added in series, this is linked with the emergency stop,
which will stop the operate operation.

40 .6 W0 .5 W07 %003
"Start’ "Stop” "Error Flag® "Operate”
L ] ] L
=1 {1 1 { }
%00 3
“Operate”
]l L
1T

- Network 2:
w Acomparator input defined as Errors is used to initiate an output called error flag. There's another
branch with a comparator input named Alarms, which also switches an output Alarm flag.

a,
=“MBO MO 7
“Emrors”

- “Error Flag”
<= | { }
int | vl )

0

_;aum . %M2.0
a.rms “Alarm flag”
<> I I
Int | i —
0

Figure 43 - Ladder logic 1
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- Network 3:
¥ | If Alarm flag or Error flag from the previous network are triggered., they in wrn trigger Alarm Light and
Error Light
W20 WM2.5
“Alarm flag” “Alarm Light”
11 [ 1
11 LI
o7 @eza
“Error Flag" "Errar Light"
11 [ 1
11 1 7 .
- Network 4:
+w Division network is used to divide the analogue potentiometer input, which has alreadybeen
converted to & 15 bit digital value by 32.77. The 32.77 was derived from testing the potentioreter
input which wes found to provide a full range of 32767, this equates to the maximum position of the
conveyor belt, and was divided by 1000 to equal the conveyor belt position in mm.
DV
Auto (Int)
EN — ENC 1
W64 %MD4
"Analogue Input” IN1 ouTE— "Milimetres®
3277 N2
Figure 44 - Ladder logic 2

11" Feb 2017
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v Network 5:

w PID compact block was used to enter data from the three terms, proportional gain, integral gain, and
derivative gain for best operation of the system. It takes inputs from the setpoint which is user
entered along with an analogue input which is the position of the drill head. The 3 terms have been
selected to provide the best speed, minimum avershoot, and no bounce. The alarm lightis used to
signify 1 of the connections on the PLC.

%DB1
"PID_Compact_1"
“w@0Qo 3 PID_Compact =

"Operata”

_| |— EN ENO

"FID_Compact_ DUt — -

1" Setpoint Setpoint Output
} Input Fenwn 2

AW 4 Output_PER — "Out Per”
"Analogue Input” — Input_PER OUutpuT_PWM —! ...
FALSE == | able _
, e 3 L=t
o State — —
Error —1 -
) o ErrorBits — ---

Figure 45 - Ladder logic 3

- Network 6:

w The less than comparator input has been used to generate an output on error 4 if it's triggered, error
4 is linked with position of the drill head below 10%. The same process is repeated with the greater
than comparater, setting an LED linked with error 6 (position over 90%).

“PID_Compact_ W0 4
1" Setpoint 'Errorra'
| =< | I 1}
| Real | L
WMD14

"Setpoint EL”

"PID_Compact_ UMO.6
1" Setpoint ‘Error-é'
| = | [ 1 i
| Real | A
“eMDas

"Setpoint EH"

Figure 46 - Ladder logic 4
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- Network 7:

w Two comparator blocks have been used again to look at the value setpoint from the FID network,
and compare itaginst two set limits, Setpoint WL and Setpoint WH. Setpoint is the position the user
enters on the main screen, in order to send the drill head, ifthe value is less than or greaterthan
the Waming limits the program will genertate an Alarm to inform the operator of this.

"PID_Compact_ W14
1" Setpoint 'Alarm-‘l'
| < | { }
| Real | L
WMD20
“Setpoint WL°
"PID_Compact_ %M1.3
1" Setpoint “Alarm 3°
| = | [ } .
| Real | LI
¥MD24
“Setpoint WH"

Figure 47 - Ladder logic 5

- Network 8:

w Two greater than comparator blocksare compairing Out Per from the FID control aginst two set
limits, PYWM High and PWM at Limit. If Qut Per is greater than either value, it will trigger either Error 1

or Alarm 2.
.“mmy' w2
Out Per *Alarm 2"
| = | { %
|int | v 4
“WMW28
*FVM high®
Az %01
Out Per *Error 1*
| = | { %
|int | LI
WMWE2
“PvMat limit®

Figure 48 - Ladder logic 6
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- Network 9:

w Two comparator blocks have been used again to lock atthe value Milimetres from the divider
network, and compare itaginst twoe set limits, Position EL and Pesition EH. If Milimetres is greater or
less than these valuse, it will trigger either Error 3 aor Error 2.

D4 WMo .3
“Milimetres” “Error 3
| < | I 1
| Real | ™
%MD52
*Position EL*
WD4 WMo 2
“Milimetres” "Error 2°
| = | [
| Real | v
“MD34
*Position EH®

hd Network 10:

w Two comparator blocks have been used again to look at the value Milimetres from the divider
network, and compare it aginst two set limits, Position AL and Position AH. If Milimetres is greater or
less than these valuse, it will trigger either Alarm 1 or Alarm 0.

UMDA M1
“Milimetres® "Alarm 1"
| < | ()
| Real | S

YMDA0
“Position AL"
MDA %M1.0
"Milimetres™ “Als rn-; 0*
| > | [ —=
| Real | i
YMD44
*Position AH"

Figure 49 - Ladder logic 7
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6.1.1. Audit Fault log

Errors

I'able 1 Error Log

11" Feb 2017

Identification Description

Reset Procedure

Triggered when the PWM output
driving the drill head speed goes
PWM Exceeded Max | passed the maximum defined limit.
This is altered in the Settings screen

Check the PID control to see if
there’s an issue. Enter settings
screen to reset, and go back to
home screen.

Indicates the drill head has moved
beyond the upper allowable position.
Position Exceeded This position is entered in the settings
Max screen and could correspond with the
size of the metal sheet being drilled.

Drill head must be moved back
within the acceptable area, and
the error screen must be opened,
then return to the home screen to
acknowledge error.

Indicates the drill head has moved
beyond the lower allowable position.

Position Below Min . .
Set in the settings screen.

As Above

Indicates that the operator has tried to
enter a Setpoint on the root screen
which is beyond the upper limit. If the
Operator Setpoint error wasn’t generated then the drill
Exceeded Max head would move until it triggered a
positional error. This point can be set
in the settings screen.

A new Setpoint must be entered
on the home screen, that’s within
the acceptable range. The error
can then be acknowledged by
selecting the error screen, and
then returning to the home
screen.,

Similar to the error above, however
Operator Setpoint this indicates a value below the
Below Min minimum allowable position.

As Above

This error can be generated from an
Software Error issue within the PID control.

Settings must be checked within
the PID block, altering gain
settings if required. Error
acknowledged by selecting the
error screen, and then returning
to the home screen.

Generated when a user presses either a
E Stop physical emergency stop, or the visual
one on the HMI.

Check why the button was
pressed. and resolve the issue.
The offending button must then
be reset, before selecting the
error screen, and then returning
to the home screen.
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Alarms
Table 2 - Alarm Log
Identification Description Reset Procedure

Position Approaching
Upper Limit

This is an alarm to notify the user
that the drill head is approaching
the maximum upper limit, if it
carries on the system will go into
an error state.

Light will extinguish when the drill
head moves away from the upper
limit, no user reset required.

Position Approaching
Lower Limit

As above, however the drill head is
moving towards the lower limit.

Light will extinguish when the drill
head moves away from the lower
limit, no user reset required.

Notifies the operator that the PWM

Light will extinguish when the

PWM Output Greater signal is getting close to the PWM signal decreases, no user
Than Limit maximum, much higher and the reset required.

system will generate an error.

Notifies the operator that the Light will extinguish when the
Operator Setpoint High Setpoint they "ve entered is close to | operator selects a lower setpoint,

the maximum allowed by the
system.

no user reset required.

Operator Setpoint Low

As above, however this is close to
the minimum allowable position.

Light will extinguish when the
operator selects a higher setpoint,
no user reset required.

7. Suggested improvements

The design of this system to meet the specifications has been a steep learning curve, with getting to

grips with the new software element along with a new programming method such as ladder logic.

That being said it’s been interesting to get a better understanding of how things are achieved in an

industrial application, coming from quite a different background. Eventually the system was

completed and met the specifications. however there were a few issues along the way. a couple for

them have been listed below along with some suggested improvements for the system.
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There were problems when starting the simulation, the alarm light on the root screen would flash
when an alarm condition was met, rather than stay as a solid light. This was found to be down to two

instances of the alarm light output being used in the program, one was a mistake.

Another was when the user entered variables in the settings screen, the values changed or reset back
to zero randomly. this was found when the tags had been assigned, 4 memory blocks hadn’t been left

for each real variable, as required. Only two are required for an integer value,

e Audible Alarm — this would be useful if the operator was watching the drill head and didn’t
notice the lamp flashing on the HML

e Physical Lights — both for the Alarm and Error conditions, to ensure the operator has noticed
them.

e Restricted Setpoint entry — only allow the operator to enter a Setpoint that’s within tolerance,
rather than causing an error and stopping the process. If the Setpoint tolerances set in settings
arc linked in with the HMI keypad this would streamline the process. as they couldn’t key in
an incorrect value.

e Generate an error if position limits etc haven’t been stored in the settings page before
operation, as the system could be damaged inadvertently.

e Create a log of the system operation, commands, Setpoints, speed, including all the alarms
and crrors ctc. This along with statistics such as runtime, temperaturcs ctc could highlight
when maintenance is required, or highlight why an item failed / help in fault diagnosis. Also
available if mistakes in the manufacturing process have been made.

e Facility to enter a job title and have the associated settings saved along with that, fault log
could also be linked with this.

e Settings screen password protected to avoid tampering, or changes by unauthorised users.

e Motor speed control
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