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SUMMARY

The paper looks at a new, improved control concept for a fluid coupling operating in conjunction
with a solenoid valve.

Verification of the method has been done by means of conveyor dynamic simulations and some
of the results are presented in the paper.

INTRODUCTION

Drain fluid couplings have been available in South Africa since 1987 and found their way and
acceptance in the bulk solids handling industry. However, initial high expectations have not
always been fulfilled, mainly due to some applications which showed a lack of understanding of
coupling's limits of performance and / or deficient control systems. The drain coupling can be
assisted in its performance by various means [1] and in this respect is exciting to work with for
an engineer, as the only limit may be one's imagination and / or finances.

The most common method of torque control relies on a solenoid valve which operatesin an on -
off mode supported by a PLC system which supervises overall performance within pre -
determined limits. The resulting torque curve is characterised by a saw tooth pattern as
presented by Fig. 2. The upper and lower torque limits can be adjusted as determined by specific
demands.

This technique is sufficient in most instances, however, it may be source of undesirable side
effects such as those associated with so called "bang-bang” control techniques. Despite these
difficulties, the solencid vaive remains a cost effective and robust device, well suited to the
environment of materials handling industry.

Subsequently an attempt has been made to utifise this specific device to its full potential and to
develop a suitable control system which would allow improved control of a conveyor during start

up.

BACKGROUND INFORMATION

For some time research has been performed into continuous control by means of discrete on-off
adjustment of control parameters. Trials were performed and systems implemented in areas as
far afield from bulk solids handling as switch mode power electronics and agriculture [2, 3]. As
an example of the potential of this approach [2] stated that it was possible to maintain pre -
determined level of interdependent parameters such as temperature and humidity in a
greenhouse by means of discrete action of fans, heaters and sprinklers.

While accepting definite differences in the dynamics of climatic change in a greenhouse and
conveyor start up, it was interesting to develop and test the similar concept for the application of
a solenoid valve and a drain fluid coupling.



THE CONTROL SYSTEM ALGORITHM

The control system arena has in recent years been filied with publications on modern control
techniques, such as fuzzy logic control [4] and neural networks {5] as solutions to non-linear and
muiti-variable control problems. Despite of all the success stories, more classical techniques such
as Proportional-Integral-Derivative Control (PID)[3,6], still offers many possibilities for systems with
less non-linearities and less interdependent variables. An advantage of PID-control, is that less
processor capacity and time is required, than with the intelligent control techniques. However, even
though many solutions have been suggested [6], tuning a PID-controtler still remains a difficult task,
especially in systems where trail-and-error methods are not acceptable, A disadvantage of P!D—
control is its restricted ability to accommodate system non-linearities.

The solenoid valve and drainh coupling lends itself toward application of PID-control. By controlling
the switching of the valve, the motor / coupling torque, could maintain a pre-determined pattern.
The system dead time is short enough not to contribute significantly to system non-finearity, in
which case PID-control may be applied. The control equation is described as follows [7]:

AT =K. x[E(n) - E(n-1) + TST,xE(n) +T /T, x (E(n) - 2x E(n-1) + E{n-2)] (1)
where:

E - error, difference between set point and observed value.
AT - required torque change [Nm];

K, - proportional gain;

T, - derivative time constant [s};

T, - integral time constant [s];

T, - sample time constant [s].

n - sample humber.

Contrary to the conventional PID approach Equation (1) determines the change required relative
to the current torque (AT) and not the amount of torque required as a function of the error. This
is a quicker and more convenient way to determine the output, since no numeric integration or
differentfation is required.
The number n refers to the current error measurement, n-1 to the previous measurement and
n-2 to the one before that. The time between measurements is critical. A too short sampling time
can result in excessive equipment cycling, white a too long sampling time can result in overshoot
and instability [8). The constants K, T,, T, are originally determined theoretically according to the
well known Ziegler - Nichols method [6]. These values seive as a starting point from where further
fine tuning was done experimentally. The effect of each of these constants on the controller's
performance have been described by Smith [3] and can be summarised as foliows [7]:

A small value of K, produces large overshoot but gives good stability, while iarger values

of K, reduce the overshoot but increase equipment cycling.

Small values of T, eliminate constant errors quickly, but result in rapid cycling of control
equipment. In turn, large values of T, cause constant errors to occur.

A small value of T, causes large overshoot, while a large value of T increases the
reaction time, which results in increased stability.

Although the valve can only be switched on or off, it is still possible to control the switching as if it
was a linearly varying valve, by controlling the time for which it is switched on or off. By applying
equation (2), AT is converted to a duty cycle, which is defined as follows;

Duty Cycle =1t A, x 100 [%] {2)
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where;

t.n - time for which the valve is switched on (0<t,, <t,.) [s];

t. - ime between each sample which also represents maximum time for which the valve can be
switched on during one interval (t,,, = T,) [s].

In fact the conversion may be done in several ways ranging from a simple proportional
relationship between AT and time of valve operation to a rather complex one where rates of
torque/ oil flow change are taken into account. Development and / or selection of the concept
may be governed by several factors of which simplicity of the control software and limitations of
the hardware are the two most obvious ones,

For this specific application, the valve may not be switched more than 5 times per second or 5 Hz.
The optimum length of the maximum duty cycle (1., ) may be determined by trial and error
according to specified criteria or by dynamic simulations.

CONVEYOR SIMULATIONS VERIFYING THE PERFORMANCE
OF THE DEVELOPED CONCEPT

The concept has been tested and verified by means of conveyor dynamic simulations.

The first set of simulations utilised a computer model of a conveyor which was a subject of a
detailed design investigation by Dynamika Materials Handling two years ago. The conveyor was
supplied with drain couplings working in conjunction with a three way valve, Detailed information
about the system and the conveyor may be found in [8]. The coupling characteristics utilised are
similar to that presented in [11] as it is a representative of drain fluid couplings used in South
Africa.

The torque based starting strategy was analysed in significant detail. Acceptable performance
results were obtained by adjusting the duty cycles and control settings. This led to further
expioration of a velocity based starting strategy.

To complete the investigation, the simulations were extended to conveyors of greater length and
higher installed power. Some of the graphs presented in this paper referto an 8,5 km long
overland conveyor with head and tail drives [10]. Although the actual system operates with scoap
couplings, in these simulations the conveyor was modelled with drain couplings operating in
conjunction with solenoid valves.

RESULTS OF THE CONVEYOR DYNAMIC SIMULATIONS

The influence of various lengths of the duty cycle on the performance, were investigated. In Fig.
4 to Fig. 10 results of simulations for the three different duty cycles (CYCLE 1, CYCLE 2, CYCLE
3 ) are shown. For each duty cycle two groups of control settings, named A and B, are
compared. For reference purposes results of simulations for conventional mode of on-off vaive
control are included with limits set at +- 5% (Fig. 1 and Fig. 2) and +- 10% { Fig. 3 ).

Torque was ramped at a rate of 116,0 Nm/s which is suitable for a 3,3 km long conveyor with
steel cord belting (2100 Nm should be reached in 15 sec). The resulting ramp is too steep for the
coupling during the initial stages, specifically during the initial & seconds of pump operation.
Consequently, the control system comes into action with an approximate delay of 12 seconds.

Attention is drawn to the results of CYCLE 2, control settings A (Fig.6) and CYCLE 3, control
settings A (Fig.8) and B (Fig.9), where the control system is able to produce a smooth line of
torque rise. In all the other graphs a distinctive step can be noted, resulting from on / off action
of the valve.

importance of proper fine tuning of the control constants is underlined by the resuits produced
by CYCLE 1 with control setlings B, where a specific combination of duty cycle and control
constants produced results which were inferior even to normal mode of operation (compare
Fig.1, Fig.3 and Fig. 5).

Duty cycle, CYCLE 3, with control settings B was selected for a simulated conveyor start up using
a linear velocity ramp. Fig.11 and Fig.12 present results for average acceleration of 0,06 m/s*
and 0,04 m/s? . -
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Two problems are apparent from the presented graphs:

1. initial low torque delivery does not allow instant acceleration of the conveyor. This is
possible to be rectified by adjustments in the software as is the case for the simulations.
It can be noted that the velocity ramp and controlling action starts some 8 seconds after
motors and 6 seconds after couplings’ pumps were energised.

2. The rate at which oil is discharged from the coupling is limited and may be insufficient to
counter act dynamic reaction of the conveyor and as a result, a certain degree of
overspeed can be noted in the initial stages of the start up.

Despite the mentioned problems, it may be stated that the results of the velocity ramp start up are
significantly better than can be expected from a discrete type of control operation.

Further tests, utilising different velocity curves and/ or refined tuning of the control constants
may produce better resulis.

As mentioned earlier, simulations were done to verify above findings in case of longer conveyor.
Fig.13 shows the results of simulations for an 8,5 km long overland conveyor with 5 drives situated
at both the head and tail ends.

The overall results are acceptable, however, it can be noted that the performance of tail end drive
is somehow better that those at the head end.

For each drive it is possible to notice a period of increased oscillations of torque / tensions
between the peried of 12 and 22 seconds in the start up. Once again, by adjusting seftings and
{ or the length of the duty cycle, the results can improved. :

CONCLUSIONS

Based on the results of simulations the following conclusions can be made:

- The objectives which were set for the control concept of the solenoid valve have been
achleved to a large extent. It was possible to convert the discrete action of the valve into
a precise, continuous output.

- New system allows application of the solenoid valve for velocity based starting strategy,
however, control may not be as precise as for a torque based strategy, specifically during

initial stages of the start up.
- Care must be taken in fine tuning of the contral parameters. Simulation results have
shown that badly selected control parameters may lead to poor performance results.

- As was shown the concept may be applied both to very long and medium length
conveyors. Existence of the tail drive is not a restriction for the application, however, only
torque based starting strategy has been tested in this case.

- PID-control is a classic control technique which is widely applied in the process industry
and which has provided good solutions to diverse control problems, provided that it is well-
funed.

ACKNOWLEDGMENTS

This paper has been presented with kin permission of Trans Tech Publications, Clausthal -
Zellerfeld, Germany.



L

REFERENCES

1.

10.

11.

Otrebski M.: Torque Control Using Drain Fluid Coupling; bulk solids handling Vol. 16
(1996) No. 1, pp 39-41.

Putter E., Gouws J.: An Automatic Environmental Controller for Greenhouses; Elektron
(Journal for South African Institute for Electronic Engineers) August 1996, pp 66-67.

Smith C.L.: Digital Computer Process Control; Intext Educational Publishers, New York,
1972.

Zadeh L.A.: Similarity Relations and Fuzzy Orderings; Information and Science, Vol 3
1971, pp 177-200.

Kosko B.; Neural Networks and Fuzzy Systems - A Dynamical Systems Approach to
Machine Intelligence; Preniice-Hall International Editions, New Jersey 1992,

Franklin G.F., Poweil D.J., Emami-Naeini A.: Feedback Control of Dynamic Systems;
Addison-Wesley Publishing Company, 1986. )

Putter E. : Multi-variable Control Techniques for Greenhouses; Master's Thesis (Electrical
and Electronic Engineering), Rand Afrikaans University 1996, South Africa.

Macdonald R.D., Hawton J., Hayward G.L.: A Proportional-Integral-Derivative Control
System for Heating and Ventilating Livestock Buildings; Journal of CSAE, Vol 31, 1989,
No. 1, pp 45-49.

Pretorius J.L.: Design of a Long Conveyor System with Combined Ascending and
Descending Sections; bulk solids handling Vol. 16 (1996) No. 2, pp 195 -201.

Fauerbach R., Otrebski M.: .The Syferfontein Overland Conveyor System at the Sasol
Secunda Plant in South Africa; bulk solids handling Vol. 13 (1993) No. 2, pp 289 - 295.

Page J. L. et al.: Design of Long Overland Conveyor with Tight Horizontal Curves; bulk
solids handling Vol 14 {1994) No. 1, pp 21-28.



MARIAN OTREBSKI! graduated in 1976, and obtained a Master's degree in Mechanical Engineering at
the Technical University of Wroclaw. Whilst in Poland he worked for the brown coal industry, both in the
operation and design of the machines. In 1982 Mr. Otrebski emigrated to South Africa and has since been
involved in the design of bulk materials handling systems for various South African projects.

ESTELLE PUTTER obtained a degree in Electrical and Electronic Engineering in 1994 at the Rand
Afrikaans University, Johannesburg, South Africa. Her studies was furthered towards a Master's Degree
in Control Systems, specializing in multi-variable control techniques for application in greenhouses. She
is currently studying towards a PhD in Control Systems. She is a member of the South African Council for
Automation and Control, as well as the Air & Waste Management Assaciation in the U.S.A,, and is one of
the founder members of the South African Association for Women in Engineering. Her fields of interest
inciude Non-linear Modelling, Intelligent Control Techniques, Machine Vision, Chemicai Process Control
and Control Systems for Materials Handling.

MARTEN F. SCHEFFER obtained a degree in Electrical and Electronic engineering in 1991 at the Rand
Afrikaans University, Johannesburg, South Africa. In 1993 he was awarded a M. Eng in Control System
Engineering, specialising in real - time and inteliigent control methods. He was awarded a Ph D in
Teletraffic Methods and Systems in 1897. He is a member of the |IEEE and the South African Council for
Automation and Computation, His fields of interest include Non-linear Modelling and Control, Bulk Solids
Handling Systems and Intelligent Contral.



peay a1 18 (Tamo]) [s/m] Laofea pue (13ddn) [N] worsuag jo sypdragy ~eo-+ 112 198 anblod Jo sy Yum ucnredo aapra ruonuaaioy dn pris dodsatior papro| U8

WPUA IR] pur (yorjq)

ol
s
a—y

005

8t
9t

Goo'H =utun

IS T-10s - auey

Hixwwaalvrx‘

09k =Xeun 19°¥0065 =UIWL  ¥6 09066 =Xeul

AL A A S

0 :oujuiog 7] 00" 00T uI} ‘xey

b6 090661




e

Zo'goE  :(uN) dagg

buitdnoy - mOT[a} ' 06-
JOj0Y = anj§  E'6L0E

£ :Santxg [ejof T :0U 3INTJI(
15" T-Hs :3uwey

t (W) 2nbaol - ury
(W) ambao] " xey

00° 00T JWl} "Xy




‘Spus [re) puv (yoeql
pest] o1 18 (1amo]) [s/mr] Aworaa prre (1addn) [N] votsaay jo sydeiny -2501-4 12 398 snbioy jo spwr] i vonesads sapes feaonusauo y <dn paes 1odsatuos papro| ¢S

s.]: |_ll.,l1lll..

00°S
000°0 =Uurup 85h'F =Xeup  T9°BOOES =UIU]  GO'ESOERZ  =Xeu]

: B D xfglakf};ag;;axfga;fa\

8 o U © 60°£S9g0z
9E YIS'T-TQS Wy - 00" 00T au1} xey




Eaiiad

[1e1 pue {yo=[q) pray M1 18 (I1amo)) [s/m)] LAojea pue (xaddn) [N} uotsua o sydein -y sBumias ‘T AL) toneado safea pagipopy dn s 1ofastios paproT]

=Xeu)

spu2

el

Ko

T e
|1~.I.l|

00" 5
=Xeu]

opo'H  =Uluh 6FF ¥ 19" #00BS

ou Juing 7]

9t

S 1105 9uWeN @

l..;./.,._,..E....}IC_..,.....

e e b T St ..f...i..unu..n.l-ﬂ?l¥?,i-
e H : 3
Fa H

v

AW
00" 09T Suly " xey

99° 9ET202




SpuUD
[re3 pue (ae[q) pray 243 1» (1amo]) [s/m] Araopaa pre (1addn) [N] nosus jo sydean g sumas 110 AL) vonmaado aapa pagpopy “dn eis 104satos papro [ ¢BL]

: o _ _ 00°S
aa_m_.au:_.._: amv.vuxus_,_ E.vaemmn:msh__.m_.ﬁmmamnxﬁsh

0 TN e N
g€ T 19° 18202
9 €S'I-TQS :aWEN @ :ou jupog 7 00" 00T uT). *xey




spua
[Ee1 pue (yor[q) peay auyi 1k (1amo[) [s/mx] K1oo[aa pue (1addn) [N] uotsuay jo sydein v Sumas ‘cg 1A vouriado axra payipoy dn wms 1odaation papro| 9L

T SR B . 00° 5
000 0 =UTuy LPF F =XRUY 19 FOOGS =UIUW] EE'69TTRT =Xou]

P | o e
& 0 T T e e e €6 GITT6T
Of PST-TAS :aweN @ :ou Jujog 7 00" 00T U1} "Xey




SpUs
T2 pee (ar[q) peay] oy 1k (1emo]) [sym] Lopsa prue (1addn) [N] nowum Jo sydeany g sfunges T LA toneiado sapea payipopy cdn pes sodsation papro 281

00°S
GO O90F6T  =Xeul

25k b  =Xeup T19°F00BS =UTu]

0 SR
ge R N et

9  GST-T4S :9uweN @

S

H}Jl{r e S R

00" 00T WT} “XRY

60" 090LET




St
odaatoy papro]  §SL

e e

[t} pue (or[q) peay ay) e (Jamop) [s/mr] Autporea pue (1addn) ] vosus Jo sipdelny -y sBmas e ALY tonriado aaea patgipopy cdn pes

R | B | 0o 5
aaa.en=m=: mvw.vuxuss ﬁm.vaammn=_snmv.mmmmmﬂuxmeh

g T H Mw m ..“ | W — W

ar N T N
9€  OS'1-T4§ :Qwey g :ou jurog

LF" 958881

00" 00T 3T} "xey




“pun
ey pue (aejq) pear] ay e (Jamol) [s/mr] Asopaa pue (1addn) [N] nosua) jo stdenmy ¢ stunias "¢ ALY tenado sapa pappepy “dn uris 1oisanos papror| ¢8R

; “ i _m__m_.m
pOn O =UTH; £9F F  =Xoup 19 006G =UTu] €0 69FTRT =Xeu]

0
8t
9t 85'T-1(45 :9wey @ 0w jurod

£0° 69BIET
00" 00T au1] *Xey




101 sat1p J0 [mp] senbioy Burpdnos pue aojowm jo sydriny g sBmnss ‘U IAL) voneiade sara pagpopy “dn 1e1s 1048000 papro] (1754

e . . b o O L J
R .

- T l..”l...&.s.l[ I B o I SRR,
I R : Painn 2 A AASAAAAAE L A A AP b f e it

62" 086 |

20" HOE P(UN) 493§

buripdnoy = moTyag  0'0- : (WN) anbaop - urly
JOJOY = AN E°6LOE i (uWNy 2mbaol - xey

£ :sanraq [e}0] T :ou antag 00 00T auI} "Xxey
8S'T-T4S  :auey




(sor[q) peat] Ay e (1amo]) [s/m] Ayoofea pue (1addn) [] uoisusy jo sideiry - s/ ggin dores paads s puonriado aapea paiipopy dn 11ms 10

$pua |1} pus
A3AU00 papeo” 31

oo S T o e

00°5
7 =xXeu]

r -

Bop"0 =Uulun ZhP'F  =Xeu 19°F006S =UIML  05°99BLE

9F  GST-TQS :awey @ o0 juioy 7 00" QOT auT} “XNey

ke ,? A éi!idl“

05°99b2E7




. "SpUS IR} pue
(x2e1q) pesy =i e (1amo]) [s/mr] Aiooroa pue (xaddn) [N] uotsua) jo sydey * s/nt #y'g durer paads Jeaur puoneisdo aapea parjipu dn 1w)s rodsauos papeoy 7754

OOB O =UTug EB9°E =Xeudf 19°P006S =UTWL  2Z°GOLL02 =Xeu]

a.ﬁ ..}.rci.l.l._. : . ﬁx\.._ . .J.
” P ot

g .

_ 27500202
9F OIS'T-TOS :aWey @ 0w juiog 7] 00° 60T uT xey




Au pun _‘_‘ va:u |18y pun

(>e[q) peat] a1 1w (samop) [s/r] Lisopaa pue (1addn) [N] votsus Jo apderry -noprsado sapea patgpopy “din L (Soapp 1] puw pealsio] WY ¢7g) 1odsatos papror | ¢175L]

R : R aa.mm
P2 FZ6TE  =UTH] 05 SELZTE  =Xeu]

T00 9~ =uTup Zb6'E  =XBUf

Do :zi_ e TR b A e ki e ..m.r{w..uari.‘.!...ﬁ,.......r..f_;_....,f_.,.c.,E.:,i....,.».h‘..y.i..‘..r.i....‘.s- A e

e e B AT i

A e S i W

- JR R NS ) S AU A S e
b5 : e ™ QBT GELTTE

T 88'7-200 :3weN ¢ 0w juiod S 00" 0ST Ut} "XeY




