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Abstract

Based on reasonable assumptions, this article establishes a set of mathematical
equations for a typical electric winder system. And with a digital computer,
the modelling of the closed-loop control system of the electric winder has

been realised. Its operation is simple, requiring only one variable, the
payload, to be input yet the operational results for the entire control system

are satisfactory.
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1., TINTRODUCTION

1.1 The Winder Control Probiem.

Mine automation is a crucial area of application for control engineering for
reasons of economy and safety of production. There are many links in the
transport chain between production-faces underground and the separation plant

at the surface and the mine-winder, lifting mineral from great depths (100 to
5000 m), was the first of these operations to which automatic control techﬁiques
were applied, Considerable success was achieved with expensive d.c.-driven
winders powered initially from Ward-Leonard motor-generators, later from
mercury—arc rectifiers and more-recently from their solid-state equivalents
(thyristors), These drives are nowadays capable of operating without human
supervision and fully interlocked with mine-car handling systems at ﬁit—bottom

and pit~top as well as with simple skip-hoisting systems.

The 3-~phase a,c, induction motor drive with rotor-resistance control, though a
very popular choice for winder electrification in the mid 1960's due to its
relative cheapness, has proved much more difficult to control precisely. The
relationship between generated torque, motor slip and rotor resistance is highly
nonlinear, the moving electrode structure of the liquid controller typically
used, has a high inertia requiring a powerful servo system and complicated
mechanical linkage for its adjustment and the resistance/electrode position
relationship is highly nonlinear, The relationship is also time-varying because
evaporation due to the large rate of energy dissipation (often 1000's KW are
average) through the electrolyte causes fairly rapid charges in concentration

throughout the working shift. %

With manual supervision, closed-loop speed=control was accomplished with only
moderate period of creep speed at the end of each wind to compensate for the
above?listed factors and to accommodate the variable stretch of the winding
rope (1 to 2 m) caused by payload fluctuations from wind-to-wind. With the

loss of driver intelligence on moving to totally automatic systems, however,
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the creep period necessary to accomplish safe winding became excessive.

No comprehensive analysis of the problem was ever published however and as
progress in the automation of other mining operations (mining, underground
transportation and surface preparation) proceeds, the winder problem now
requires scrutiny if it is not to inhibit future productivity of the overall

mine,

In this paper we therefore present an analysis, control design and simulation
of the a.c, winder which incorporates most of the problems discussed above and

encouraging results are reported.

1.2 The Winding System Investigated.

There are many kinds of electrical winder systems being adopted in the world.
What is concerned in this paper is the system which includes an a.c. slip-ring
motor, a‘reducing gear, a cylindric drum and two cages which are suspended by
an elastic steel=wire rope to the drum respectively with no tail rope suspended

underneathT'(see Fig,1)

In this system, we suppose that

loaded cage 1 is to be lifted up

from pit bottom to pit top and

unloaded cage 2 descended from pit

pit top

AL ¢ A A e A 4 77y T IFTr

topto pit bottom at the same time.

The operation speed of the system
| . el
is controlled by a large power J
rheostat (or a liquid controller) p " !
2 ]
which is in series with the rotor r @cagez

circuit. '
gt

In the past, the change-of the re—

pit bottom
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Fig1 Schematic Dingram of the System

sistance of rotor circult was

realized by an operator who worked

+ A tail-rope simplifies the problem but is uncommon on drum winders.
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at an operation deck. Even at present there are still a lot of this kind
of system operated by man. The production efficiency and reliability of the

system, of course, are depended upon the operator's skill to a large extent.

In this article we introduce a simple method to control the operation of the
system, As long as the datum of payload is input into the system, both cages
can be respectively driven to the assigned places accurately and smoothly in

certain time:

It should be noticed that all the quantities used in this article are in eng-

ineering unit system, i,e, m-kg-s unit system,

2. DYNAMIC PROPERTIES OF THE SYSTEM

According to the approximate theory of a.c. induction motors, the output torque

Tq of the motor can be expressed as

oS
T =K —5 5 (1)
1 o +s
where
V2
K = 0.102 m_'i (2)
s
R +Rb
a
a = (3)
s = s ° (4)
) w
s

where V is the voltage applied to the stator, X the total combined stator and
rotor leakage feactance at supply frequency referred to the stator winding,

; Ra and Rb are the resistances of rotor coil itself and external speed-
cgntrolled circuit respectively, mEA the sythrdnous speed of the motor and w

the actual speed of the motor,

Fot comvenience, we use Fig.2 to represent the motion of drum-rope-cage sub-

systems, 1n which Alb,'Ai, Ale and AZb’ A2, A2e represent the actual places of

both cages at the beginning, some middle time and the end of motion respectively

and BHD’ Bl’ Ble and BZb’ B2, B2e represent corresponding locations of both
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cages respectively in the case without considering the elasticity of the rope.
; d : ;

It should be noticed that Ble an B2b are at pit top and Blb and B2e at pit

bottom, which will be convenient in analysing the system and make it operate

repeatedly under same "initial" conditions from cycle to cycle*, This is very

important to any autocontrolled systems with repeated operatioms.

If the friction coefficient between the drum and rope is large enough so that
there is no slip between them and the friction loss between rotating parts can

be neglected and applying Newton's law of motion to the drum we obtain:

wpRre L
TgG F1R+F2R" G dt (5)

where G is gear ratio., R the radius of the -drum, I the total inertia of all
rotating parts reduced to the drum shaft and F1 and F2 are the forces acting

on the drum by the ropes suspended from it on each side.

It is evident from Fig.2 that

* A cycle is here defined as two winds i.e., one cage passing up and down
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F,o= W+ +(L+L, ~f R uar)e
1 p e 12 “ G s
R
+M + -
, M (L, *L,=[zedt)p R du, R, (6)
g G dt G
Fo= W (L + R udt)g
2 e 1 G s
R
:Me+(Ll+ it G wdt)p, Rds R -
g G dt G

where WP, Mp and We, Me are the weights and masses of payload. and empty cage

respectively, 8g and p, are the rope weight and mass per unit length respectively

and b is the coefficient of resistance including air resistance and friction

drag between cage and sliding shoes.

Substituting F1 and F_ into (5) we get

2
%?w= I+|2M +M +(§L +)p |R [rS =
e p 12 PSJR /g
[ +(z,-2 foatre ] R - 26 Lo ®
v f%% dt o) = o -

If y is the stretch of a piece of rope having free length & and acted on its

end by an external force E,we can express it as follows:

2 L
yagy (F+r5e) (10)
where E and A are the modulus of elasticity and section area of the rope

respectively (see APPENDIX).

From Fig.2, the external force acting onto the rope on the side of cage 1 and
making it stretch includes four parts, namely (a) the weight of the cage, (b)
additional force when the cage is under variable motion, (c¢) the force making

the rope with the mass of Qips change its speed and (d) resistance. According
to the principle of elastic mechanics, the stretch vy of the rope should be

satisfied with the following equation



# B =
: M +M L.p
Wiw+-op R do | 710s Rdu
e p G dt g G dt
Me+M +O.5£1ps -
=K1y1+by1 + 5 yl
where Rl = EA/Rl-
Noting that
- - (R
21 & L1 + L2 G wdt
R
= + |= wd -
yp = v * Jgedt - X
“J L_+L L.+L
E 1 72 1 2
= + +
, Y1b gL O, *Wr—g—8)
we can get
F .
A ngl

-

*1Ps v _

2(Mp+Me+o.52,1pS G dt

| &=

X = X dt Xl(D) ©

x, = fxl dt xl(o) = 0

o _ 4
M +M +0.5% y M +0.58
L By 1 M, 1%s

(11)

(12)

(13)

(14)

(15)

(16)

Similarly we can write out the stretch equation of the rope on the side of

cage 2 as follows

q —e Rdw_'Ps Rav_ R "2
e g G dt g G dt G 2 gs
M +0.5£2p
= KoYy * by, + = Yy

where K2 = EA/zz.

Noting that

R

= B —
22 L1 f G wdt

- -t R A
¥, = ¥yu,~[ G udt + %,

L L

1 1

Y2b EA (we * 2 gs)
we obtain
EAg _ bgX, P

BT T Yo, Y2 T M +0.50.p_  2(M +0.5% G dt
% (M_+0.5¢,p )2, 72 M_¥0.5L.p_ (M_+0.5L,p ) G dt

R dw

(17)
(18)

(19)

(20)
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e
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]

(22)

I
o]

X fiz dt xz(o)

2
We have now derived all the equations we need to solve our system given the
input functions V(t) and Rb(t) and the system constants. The design of a

suitable contr@l policy for manipulation of the system inputs is nontrivial

however and is considered next in Section 3.

3. ESTABLISHMENT OF A CLOSED-LOOP CONTROL SYSTEM
An important problem is the choice of input variables to the whole system. We
congider them as follows.

3.1 Application of the PI controller.

In closed-loop control systems PI strategies remain popular despite theoretical
advantages of modern alternatives. We therefore consider PI control first

(Fig.3).

Input Controlled | Output

t PI Controller F—=—1. System

The output in our case is

taken as the actual speed of

cage 1. The input to the

whole system should be, there- -F¢'3.3 SC/Lfmath .D.:‘aﬁmm_ (p‘ a Closed - LOC’P
fore, a speed-demand or CORZ‘/TO( %St&m

"reference speed". The error between the two speeds is“inpug fo the PI
controller, which produces: a signal to control the resistance Rb of fhe control
rheogtat. The:.transfer function of the controller can be shown as

0C2) = o o i
1(z) Kp ¥ 1-z"1

Because of the integrating action the change of the resistance cannot be made
as fast as desired: the change of the actual speed of the cage always lags
behind the reference speed, especially at the beginning of the operation
causing a very small actual starting speed, even a negative one. To overcome
thié problem we connect an additional starting rheostat called RC in series

with R, and Rb and make it linearly reduce its value during the acceleration
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period. Equation (3) is, therefore, changed to:
R +R +R
o e E

X

3.2 Voltage Applied onto Motor Stator

(23)

From equation (1) and (2) we know that the output torque is proportional to

the square of the voltage applied onto the motor stator and will determine the

output speed of the system with equation (14) and (15). If the reference speed

is as shown in Fig.4, the voltage should be high enough in acceleration period

and low enough in deceleration period, yet in the middle period should be

changed accordingly under the condition

X
9
that the value of the reostat is larger
) . Xgm
than or equal to zero. The manipulation
of voltage is further complicated
because the rope weights on both sides of 0

the drum are changing throughout the

operation period. If the main voltage

T TR

t,

h 1

is fixed and there are only a stator contactor to change the direction of

t

Fi9;¢ AJBg%mence-gbe&¥ Curve

supply and a % - A:convertor in the system, we can use them to produce some

kinds of stepped voltage patterns according to time and the payload (see

Section 4.2).

3.3 Reference Speed and Brake Patterns

If the reference speed curve shown in Fig.4 is adopted and t

1,

t

2

and t

3

are fixed

under any conditions, the maximum value %ém of the speed should be changed with

the payload so that at the end of operation cage 1 can come to rest as smoothly

and steadily as possible, reducing the vibration of the cage to a great extent

and, therefore, shorten the cycle time.

From experiments we have found that there are definite relations between X

and Wp'and the type of voltage pattern needed for satisfactory control of the

winder. The use of these patterns certainly benefits the accuracy of computer

control of the system,
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Once the cage arrives at desired end position, i.e. pit top in our case, the
brake should be applied so that loading and unloadingoperations can be
effected without making further demands on the control system which can then
be reset to the necessary condition for next cycle. Mechaniecal braking is
not our concern in this article but can be assumed perfect provided the final

approach speed is sufficiently small.

4, COMPUTER MODELLING

4,1 Parameters of a Sample System

Rated Payload Wp 3000 kg
Weight of Cage and Tubes We 3200 kg
Weight of Rope g ; 4.5 kg/m
Elastic Module of Rope E 5x109 kg/m2
Section Area of Rope A ; 9.5x10_4 m2
Distance between Drum and Pit Top L1 30 m
Lifting Distance L2 300 m
Acting Radius of Drum R ;.5 m
Gear Ratio G 8.2

Motor Power W | 375 KW
Polar Number of  Stator p 10

Main Frequency f 50 Hz
Resistance of Rotor R, 0.4 Q/ph
Total Leakage Reactance X 5.75 2/ph

Total Rotating Inertia Referred to Drum

Shaft I - 7000 Kg.m.52
Cycle length T . 80 s
Hoisting Pexiod T .60 s

1
4.2 Patterns of Applied Voltage and Reference Speed

Through a series of experiments we have found that in order to achieve satis-

factory results, different patterns of voltage should be applied to the stator
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according to different payload. Corresponding to these, different reference
speed patterns (igug should be used. It can be known that under the condition
that the main voltage is 3000 volts the maximum payload the system will be
able to suit to is about 3400 kg. We have divided the payloads from O to

3400 kg into 6 sections. Their patterns of applied voltage (replaced by K -
see equation (2)) and the corresponding reference speed are shown in Fig.5

and equations (24) and (25) .respectively.

KL 254 K 254 Kl 25w
|47 g4
T ., } I . ) f_s E ) f
0 ' rra “_ | ¢ 0 3 4§ t
' 841 —8a7
(@) 3400 S W)€ 2720 b) 2700< W, 2000 (C) 2000 < Wp & 1500
Kl 254 K| 234/ K| 254
B4t . 847 | 847
5 t E ) . o N
4 35 % : ¢ 25 45 7 2 4 7
=254/ =254/ -254)
() 1500< Wp§ 1000 Le) 1000 < W, € 500 (F) B00<Wp< 0
F{'\g, & Patterns of /‘T/J,v leedd Vo Zfay_e
( %
Tl 05t <12
(
. E igm 12 £ t < 48 (24)
x = (
g ( }IC . .
( =& (60-t) 48 g t < 60
¢ 12
E o] 60 ¢ t < 80
X = a, W2+b.W +C, (1 =1m%6) (25)
gm i p ip i o

In equation (25), a; bi and c, are determined by experiments.

4.3 'Modelling Program and Operation Results

From the foregoing analysis and design we can now establish the program
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modelling the operation of the whole system, which has only one input value,
namely the payload WP. Fig.6 is a block diagram of the program, in which the
numeral in block represents the code name of thé equation with which some
part of the program will be executed and L is used to indicate the actual

position of the cage, which, from Fig.2, is

- x.) (26)

L=-(@@ *Ly+tyy —%

£ l X i X
TR {1 B
4 | 26

e

.f

SR

7:€?,df Block Z)d%?haﬁ¢ qf ﬁ4bakl{iqf ;b??f&kt.

We here give typical results for the simulated operation of the system in
Figs.7 to 14 and Tables 1 and 2, in which the variables are identified as
Ly 5y

8

follows: R, represents xg; 5 %

RB Rys WJ L3 RF K3 M4 T 5 Wy, and I_ x_.

From Figs. 8, 10, 12 and 14 we can see there is evident vibration of the
stretch Y1 at the beginning of operation at a frequency of about 0.5 Hz which
accords clearly with the theoretical figure of 0.6 Hz. It has been important
to include the rope-stretch dynamics because vibration can sometimes greatly
upset the performance of nonlinéar machine/control system of this type. The
control system we propose in this paper clearly performs well despite the
vibration which is reassuring for its future implementation. Rope stretch,
however, does not seriously affect the landing accuracy of the loaded cage at
the pit top since (as shown in the APPENDIX) the stretch is given by

Ll Ll

yle = ﬂ (WP+ _2 gs}



_]_2._.
and L1 is very small at the pit top. If Wp is 3000 Kg, for example, then Y1e
is only 0.019 m. (From Table 1, ¥ = 0.016 m can be obtained. The difference

between the two values for Yie is due only to calculation error).

The control error with this system is the discrepancy between the desired
cycle time (i.e. the time to execute the trapezoidal speed reference pattern)
and the actual time for the winder to come to rest. (There ié no discernable
distance error between landing position and pit top with this system). An
interesting feature of the proposed system is that the time error varies
between negative and positive values with changing payload (e.g. — 2.5 seconds
with 1000 kg payload and +2.5 seconds with 3000 kg payload). It should there-
- fore be possible to minimise the average time discrepancy in practice by care-
fully mutating the controlled parameters to the particular winding system

involved.

5. CONCLUSIONS

The purpose of this article is inquiring into a better technique to realize
the closed-loop control of electrical winder system. From Figs. 7 to 14 and
Table 1 and 2 we can see that the operation results are satisfactory if only
the payload is within the range from O to 3400 kg. But, on the other hand,
since the voltage applied to the stator cannot be changed continuously and
smoothly when only a A = A convertor and a stator contactor are used in the
system, the actual speed of the cage cannot change very smoothly. There ére
some kinds of techniques tosdve this problem, which, for example, are using
thyristors and reverse system to produce continuously changeable a.c. voltage
and applying a tail rope to cage bottoms. Wg‘aré not going to discuss these

problems here.
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7. APPENDIX

For analysing the stfetch of the rope we turn to Fig.l5 in which ¢ represents
the free length of the rope and y is its stretch-under the action of-external
force F plus its own weight. Suppose the rope is even everywhere and dividing
"% into n sections each having same length A%, then from the top end to the

bottom—end of the rope, the stretches of these sections of the rope Ayl, Ayz,

...,Ayn are as follows: rLLL
aysm 2Bl ey 4 {
1 EA n s
Ay, = %ﬁ (F+ Eig pg) + B | y )
Z {F
Bt = % (F+ }% 2g) + B ,F{?‘:,; Stntek of
Ay, = %%- F + B Elastic Ekpe

where E represents the modulus of elasticity of the rope, A its section area
and B the stretch produced by the weight of the piece of the rope being con-
sidered. Thus we can obtain

n -
u - X L, A2
y 121 by, y (Pt 3 &, =5 8) » ul (7.1)

1f we divide A% further into m pieces each having same length AL', then the
stretches of these pieces Ayi, Ayé, .vay ﬂy; produced by the rope weight

itself will be

-
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. A7 m-1
== +
Ayl EA m Ak gs G
. Af "m-2
= — — +
A "B T MEy *C
SR\Y . |
Aymﬁl ~ EA m Algs-+ a
Aym = C

where C represents the stretch produced by the weight of the smaller piece of

the rope AL” being considered.

Adding . all the m equations together we get
m AL
" AL AL”
- = et — — — +
B jzl 45 = B (3 8 5 8) t+mC

) AL”
= — F+ — -—
v= gz F*3 8 "

gz) + mn C (7.2)

Since AL” is the second-order small quantity and C is the third one, we can

rewrite (7.2) as

. R L
y gz F+358) (7.3)

Equation (7.3) shows that the stretch of an even rope with considering its own
weight is equal to that of the rope without weight on its own but with half of

its weight suspended at its lower end.
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Table 2. Operation Results 2 Weth Wp=3000 kg

Runm: Mp=38088kg

Print interual: p.80 . f.80 B.88 B.8o
TINE RF M4 Wl IS
B.0808 -2541.8 1861.4 §.48232 f.p00080
2.40 2541.8 967.14 @§.48787 B.14325
4,080 2541.80 1884.6 B.49344 #.89181
‘6.48 2541.0 1268.0 B.58759 3.9316
8.08 2541.8 1244 .8 g.58282 7.4189
19.4 2541.8 1278.5 p.58450 15.121
i2.8@ 2541.9 1259.7 p.48816 21.9981
- 14.4 2541.8 1252.8 §.47739 34.347
16.8 2541.98 1269.6 p.45860 44 156
i8.4 2541.8 1118.3 B.42151 61.823
20.9 2541.8 782.22 #.38969 72.935
22 .4 2541.8 758.73 B.36310 gp. 201
24.18 2541.8 747 .46 B.34537 181.35
26.4 2541.80 738.18 B.31934 117.68
28.0 2541.9 728.99 B.30232 1238.35
30. 4 "8E541.0 711.71 p.27742 144.14
32.0 2541.0 £98.84 B.26109 154.55
34.4 2541.8 678.68 B.23698 . 178.83
36.0 2541.0 664.31 p.22108 188.28
38. 4 2541.8 641.91 p.19759 185.58
40. 8 2541.0 626.45 B.18214 ' 285.75
42 4 2541.8 £02.69 p.15948 220.94
44 .9 2541.9 585.87 B.14478 231.85
46 . 4 2541.0 560.88 g.12148 246.17
48 .8 847 .08 185.18 p.10669 256.23
59.4 B47.08 137.58 8.47168E-82 269.93
52.a B47.88 g3.78%6 7.12891E-82 277.54
54.4 B47.00 B81.688 5.68848E-82 286.70
56.8 847.08 75.658 5.18254E-82 291.42
£8.4 B47.049 £8.687 4. 44336E-82 | 295.57
£0.9 847.00 64.858 4.87715E-82 298.80
62.4 9.90009 ?.000B8 1.95313E-82 309.49
64.8 n.000008 p.080009 3.49121E-82 300.47
6£6.4 8.00080 8.03008 3.93066E-82 3809.47
68.80 f.60000 g.00888 3.97949E-02 309.47
760.4 g.29000 @.80008 3.97349E-82 3008.47
72.8 B.000AA @.p80000 3.97949E-82 3p0.47
74.4 p.000GBAa g.00000 3.97949E-82 300.47
76.9 p.6BBB0 | B.po0OGE 3.97948E-82 300.47
78.4 p.20BB0 f.09008 3.97940E-02 300.47
30.08 g.0080004 g.0000886 3.97949E-82 300.47



-RK4- DT= @8.18 Mp=2880kg

MEMORY 1 HMEMORY 2 ~ MEMORY 3 MEMORY 4

RB (A) 14 " (B) RB (C) WJ (D)
19. 19. i e 8.008
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)

Rb | \X‘%
- fi~B—€

_,.,// TIME

30
-2.9 -2.0 -2.89 -3.5pE+B2
Fc“g_q O/Jemﬁm Results 1 Weth Wp=2000 K
-RK4- DT= @.19 Mp=2008kg
MEMORY 1 MEMORY 2 MEMORY 3 MEMORY 4
RF (RY M4 (B) NI o 15 - (D)
3.8PE+8B3 1.58E+83 8.55 3.18E+82
7
Tg K
L~
F5
€ TINE
80,

~3.80E+03 ~1.50E+03 2.00 .00
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~-RK4- DT= p.16 Hp=1588kg
MEMORY 1 MEMORY 2 MEMORY 3 MHEMORY 4
RSB (Al 14 (B3 RB (C) WJ (D}
19. 10. i9. 8.0808
xi
~L N
Xy
Ry ks
-2.8 -2.8 -2.0 -3.5B8E+82
Fc:? {1 O/ae/r'ﬂft(;c:t Resiults 1 Weth H/P = [008 kj
-RK4- DT= .19 M =IBQBkg
MEMORY 1 MEMORY 2 HEHOR\‘PB HEMORY 4
RF (AR) M4 (B2 W1 (C IS5 (D
3.0PE+B3 1.586E+83 #.55 3.18E+B2
B
l , \J\’ >
-3.00E+83 -1.58E+03 8.909 8.80

"Fjal 12 Opwa,‘&oa Resuwllts 2 Weth H.{g== /000{5?

TIME
89.

TINE
89.
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~ -RK4- DT= ©.189 Hp=fkg
MEMORY 1 MEMORY 2 MEMORY 3 MEMORY 4
R8 (A) [4 (B} RB. (C) WJ (D)
18. 1@. 19. 9.89
-2.9 -2.9 -2.9 -3.50E+02

Fc(g /3 O/bera,‘éian Pegwlts 1 With M/;. = 0 J:'ﬁ

-RK4- DT= @.18 Hp=Bkg
MEMORY 1 MEMORY 2 nenory 3 MEMORY 4
RF (AY M4 (B) Wl tcy 1S (D)
3.00E+03 1.58E+03 8.55 3.10E+92
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