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Robust Time-Delay Control of a Reclaimer

Keum-Shik Hong* and Sung -Hoon Kim**
( Received March 6 1999)

[n this paper, a robust time delay contro! for a reclaimer is investigated. Supplying the same
amount of raw material throughout the reclaimation process, from the raw yard to a sinter plant,
is important to keep the quality of the molten steel uniform. As the parameter values of the
recluimer are not available, the boom rotational dynamics 1s modeled uas a second order
differential equation with unknown coefficients, The unknown parameters in the nominal model
are estimated using recursive estimation method. Another impertant factor in the control

problem of a reclaimer is the large time delay in output measurement. Assuming a multiplicative
uncertainty, that accounts for both the unstructured uncertainty neglected in the modehing and
the structured uncertainty in the parameter estimation, a robust Smith predictor is designed. A
robust stability criterion for the multiplicative uncertainty is derived. Following the work of
Goodwin et af. {(1992), a quantifying procedure ol the multiplicative uncertainty bound.
through experiments, is described. Experimental and simulation resulls are provided.
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1. Introduction

The reclaimer is a4 piece of industrial equipment
that excavates and transports raw materials, like
coal and iron ore, in the raw vard of a stee] plant.
The reclaimer consists of 2 main body that trans-
lates on a rectilinear rail, a boom rotating verti-
cally and horizontally on the main body, and a
tilted rotating disk at the end of the boom. The
boom is approximately 50 m in length, and the
rotating disk i1s about 6 m in dtameter. Scooping
buckets are attached to the circumference of the
circular disk. The disk tilts at various angles
allowing the raw material in the buckets to fall on
the conveyor belt. Which is located in the middle
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section of the boom as the disk rotates (Hong ef
al., 1997: Choi et al., 1999).

Currently, all stockyard reclaimers are manu-
ally operated. When the operator knows the kind,
quantity, and location of the raw material to be
excavated, he manually drives the reclaimer to the
given spol and scoops up the raw material.
However, skilled operators are rare and 1in times
of poor visibility or darkness, it 1s difficult for the
aperator Lo land the buckets on the desired spot
of the ore pile. Also most stockyards are full of
dust with unsuitable working conditions.

In this paper, as a part of reclaimer automation,
a mathematical model of the reclaiming process
and a robust Smith predictor design are inves-
tigated. A mathematical model of the reclaiming
process 1ncluding boom rotational dynamics 1s
proposed. The control objective in this paper 1s to
provide the sinter plant with a constant quantity
of raw material throughout the reclaimation proc-
ess. As the parameter values of the reclaimer are
not available, the boom rotational dynamics is
modeled as a second order differential eguation
with unknown coefficients. The unknown coeffi-
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cients are estimated by a recursive estimation
method. The dynamics neglected in the modeling,
such as the spool valve dynamics and the hydrau-
lic pressure dynamics, are estimated from experi-
ments. By analyzing the shape of a raw material
pile and the boom’s circular motion, an output
equation is derived as a funciion of the angular
displacement and velocity of the boom. By com-
bining the second order boom rotational equation
with the estimated parameters and the output
equation, a nominal plant model is defined.

Another important factor for reclaimer control
is the large output measurement delay caused by
the non-collocation of the end-effector {an ex-
cavating bucket) and the output sensor (a load
cell). The lead cell is located under the conveyor
belt and is approximately 5 m from the rotational
axis of the disk. The structure of a Smith predic-
tor as a teedback controller is investigated. To
design a robust Smith predictor which incorpo-
rates both the dynamics neglected in the model
and the uncertainties in the parameter estimation,
a multiple uncertainty is added to the nominal
plant model. A robust stability criterion of the
smith predictor, with multiplicative uncertainty,
1s derived. By following the work of Goodwin et
al. (1992), a systematic procedure of quantifying
the uncertainty bound is iHustrated. This proce-
dure 1s then applied to the reclaimer. Finally, the
closed loop performance of the robust Smith
predictor 1s simulated.

Contributions of this paper are as follows.
First, to the best of authors’ knowledge this paper
1s the first investigation of reclaimer control to
appear in the hiterature, Second, by estimating the
uncertainty beund of the neglected dynamics, the
robustness of the Smith predictor has been enhan-
ced.

This paper has the following structure. In Sec.
2, the boom rotational dynamics is modeled and
its parameters are identified. By analyzing the
reclaiming process, an output equation is derived
and a nominal plant model is defined. in Sec. 3,
a robust Smith predictor is investigated and a
robust stability criterion, with multiplicative un-
certainty, is derived. In Sec. 4, a systematic proce-
dure of estimating the uncertainty bound from

experiment 1s described. Experimenis and simula-
tions are provided in Sec. 5. Conclusions are
gtven in Sec. 6.

2. Modeling

[n this section a mathematical model of the
reclaimer which will be used for the control
system design 1s Investigated. It must be noted
that the values of the system parameters such us
the mass of the boom, the servo valve flow gain,
¢te., are not available. By combining the param-
eters of the boom rotational mechanism and the
parameters of the hydraulic drive system, the
dynamic equation of the boom rotational motion
is formulated as a second order differential equa-
tion with unknown coefficients. These unknown
coefficients are determined using a recursive esti-
mation method which employs experimental
input and output data. A mathematical expression
for the reclaiming rate, as a function of the
angular displacement and the angular velocity of
the boom, is also proposed. An output equation
will be derived by analyzing the trajectories of
the buckets and the geometry of the material pile.
Finally, by combining the second order boom
rotational equation with the estimated parameters
and the output equation (after linearization), a
nominal plant mode! for the control system
design is proposed.

2.1 Boom rotational dynamics

Figure 1 shows a reclaimer and its schematic
diagram depicting the boom rotational motion.
The reclaimer is composed of a hydraulic power
supply, a serve valve, a hydraulic motor, a ring
gear and a boom structure. The input to the boom
rotational system is a current, {, to the hydraulic
servo valve and the output is the horizontal
rotational speed, w,, of the boom. If the motor
cross-port leakage and the pressure drop in the
pipes are neglected, the following continuity
equations hold (Watton, 1989).
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Fig. 1 A reclaimer and its schematic diagram depict-
ing the boom rotational motion.
(bot esi) B2 = Dntn— 22— %22 (2)

R, "d

where %, and %, are the flow coefficients of the
servo valve, p 1s the supply pressure, f, and p.,
are the pressures of the input and output ports of
the hydraulic motor, respectively, ), 1s the dis-
placement per radian of the hydraulic moter, R,
is the motor resistance, and g is the flow
capacitance,

According to Newton's second law, the equa-
tion for the boom slew motion is

D pr— o) = TL+Buwg+,rh—‘f;§2 (3)

where 7, 1s the external load torque, B, 15 the
viscous friction coefficient, and J, 1s the boom
inertia, Assuming that the external load torque
7, is negligible, the transfer funcuon from { to .
of the linearized system at an operating point s

ki Da
3 Ty i I pls }
ﬂ'gfz{bj — 2 5 | |:*—-E11—|_2H,?+ 2 N
Bz (s}
4+ ] E.J'- + E_f
2Ry 2R

(4)
where [, 1s the servo-valve flow gain in the steady
state, /'— [,/ D% is the inductance, /2, is the servo
~-valve resistance in the steady state, and £,= 8,/

2 15 the viscous resistance. It 1s noled that all the
values of ;, I, po Koo Ry, and R, 1n Eq. (4) are
not known. This is because the particular re-
claimers for which the control system has been
designed are currently operating in the field.
From Eq. (4), a second order nominal model of
the boom rotating system, with unknown coeffi-
cients g, o, and Ay, 15 defined as

w2 (s) g R o
£(s) "(”_s“rms+ﬂn' ()

The unknown

coefficients in Eg. (3) are
identified through experiment. Let the discrete
transfer function of Eq. (5) be (Phillips and

Nagle, 1995)

— ‘1{2(‘%} — iz e (6)
i(k)  1+az'taz

Let 9=|a; a, &]7% Then the estimate, fx, of &

with A experimental data can be obtained by an

appropriate parameter estimation algorithm such

as a recursive least squares estimation method

that satisfies

(1o {E)

Gu—argmin T (an(F) —g" (k=1 6)> ()
i 1v k=1

where {7 (&), w.(&)), k=1, 2, -, N are the
input-output expertmental data, and the regres-
sion vector isdefined as o (A— 1Y =[ —a(k—1)
~wak—2Y {(k—1}]. For more detailed and
advanced adaptive identification/control schemes
several literatures are available {(Astrom and
Wittenmark, 1995; Ljung, 1987, Hong and Bents-
man, 1994; Hong, 1995, 1997; Van der Hof et af,
1995).

2.2 QOutput equation

In this subsection, an output equation that
expresses the reclaiming rate 1s derived. The
amount of raw material transported to the sinter
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Fig. 2 Geometries for oblaining an output equation.

plant is quantified as a function of the angular
displacement and the angular velocity of the
boom. Since a stacker uses the same rectilinear
ratl when it stacks raw materials in the raw yard,
the raw material heaps are parallel to the rail.
Figure 2{a) shows the trajectories of the bucket
tip us viewed from the top in which the 2z, axis
denotes the rectilinear rail. Arc Af? shows the
slew arc of the tip before the main body advances
by o, and arc 45’ denoles the arc made after the
advancement. Let § be the distance between the
two Intersection points made by the two arcs 4B
and A'B" and the boom. Then, § is a function of
h given 4s

S (M) = (L+dicosfy) — L - diintty. (8)

Figure 2(b} shows a side view ol the two rotating
disks beforc and after the advancement of the
main body by . As the disk tilts by ¢ and ¢, the
shape of the disk becomes an ellipse. Let B =
— h; be the height of the shaded portion in Fig. 2
(b). This shaded portion indicates the volume of
raw material that will be removed as the disk
rotates. In general, 4" may not be the same as R
cos¢h. Since the ellipse has been translated by 3,
the shaded area S is the same as the area of the
rectangle whose base is (,(; and height is %
Therefore, §. as a function of &, becomes

S8 ={{L+dcosth) —/I.2-

Esin?fy ). B
(9)

Finally, the reclaiming rate, as a function of &
and ., 15 derived as

gl an) =0 B+ ay
A (L+dicos@) — L2 disin’g)  (10)

where o 1s the density of the raw material. Let the

linearization of Eq. (10) at an operating point,
for example (&, w.),= (45°, 0.4°/sec), be

g (they e} = 0g (b wa) /0B g (lh. ws)/
Dz 'y | & ] (11)

where the subscript o denotes the linearization at
the operating point.

2.3 OQutput delay

A large output measurement delay occurs due
to the non-coilocation of the end-effector (a
bucket) and the output sensor (a load cell). The
load cell is located 5 m from the rotational axis of
the disk and below the conveyor bell. The size of
delay varies depending on the type of the re-
claimer. It ranges from 5 sec to 10 sec.

2.4 A nominal plant model

Note that Eq. (5) and Eq. (11) denote the
system and the output equations of the plant,
respectively, Let P{s)} be the transfer function
from j te g. Then, a nominal plant model, includ-
ing the output delay, is defined as follows

‘fi.'(’iiZP{s};Cum c Gols) 7 (12)
F{s)
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o 1 A
where Cﬂ{g}:{ gjz + S —ggz-L from Eq. (11},

is defined in Eq. {5}, and T, is a nominal value
of the time delay. In this paper, 7, 1s 7.8 sec.

3. Control Design

In this section a feedback control of the re-
claimer, for the purpose of uniform reclaiming, 13
investigated. To incorporate a large time delay in
the output measurement, the time delay compen-
sation scheme of a Smith predictor is investigated
{Palmor, 1996). In addition, a robust stability
criterion, in the presence of multiplicative uncer-
tainty, is derived.

3.1 Smith predictor

Figure 3 shows a block diagram of the Smith
predictor and a plant with a multiplicative uncer-
tainty. P{s) denotes the transfer function of the
nomina! plant model defined in Eq. (12), and 4
{s} is the multiplicative uncertainty of the plant.
This multiplicative uncertainty includes both the
structured uncertainty contained in the parameter
identification problem of Eg. (3) and the un-
structured uncertainty neglected in deriving Eq.
(4) and Eq. {10} such as the servo-valve spool
dynamics, the pressure dynamics in the hydraulic
pipes, and the uncertainties in the raw material
piles. K (s) denotes the Smith predictor which
consists of & primary controller X,{s) and an
inner feedback loop P,(s} — P(s}, where P,(s)
denotes the plant model excluding the time delay,
. e P,{s)=C.(s)Gsl{s). The inner feedback
loop is called a predictor since the signal &
performs a prediction of the output by the delay
units of time into the future. To enhance the
control performance of the Smith predictor, two
things are required. One is to know the exact time

Fig, 3 Smith predictor configuration of the plant
with a multiplicative uncertainty.

delay and the other is to have a good prediction
model.

In the case of a reclaimer, the time delay can be
measured once a specific reclaimer 15 chosen.
However, as noted in the modeling stage of the
piant equation in Sec. 2, the nominal plant model
represented as Eq. (12) has a large unceriainty.

3.2 A robust stability criterion
The transfer function of the plant with a mult-
plicative uncertainty is

Puls)=P{s) (1+4(s)) (13)
where the subscript % denotes the “true” plant.

The transfer function of the Smith predictor is

L -E{:'J{S::I
T 1K (Y (P, (s)—FP(s))

The closed loop transfer function with 4{s) =01s

T = POKG) K PG)

(15)
A robust stability criterion for the mulu-

plicative uncertainty given by (Dovle et al., 1992,
p. 31) is

|4 {jw) T.(Gw) =< L. (16)

Note also that with P{(jw) = F,(juw) e ' the
following inequality holds

A{jw) K (jw) Plw)
|+ Ko (_?w} Fo (j'ﬂ.}}

iH Aw) Ko {jw) P (ja) |

|+ K, G Po(Ga) |

Therefore, criterion given in Eq. {16) for the

Smith predictor becomes

‘I A(jw) K, ) Poliw)
| | + &, (.?'ﬂ!ﬂ} Fy {J’iﬂ-'}

Finally, by utilizing Eq. {17), the following
criterion for the primary controller X,{(s) 18
derived as follows

Kﬂ' {.?EU:' Pﬁ' [ffﬁ} |{: !
U+ &, Gw) Po G | ™ 14 Gan |

K(s) (14}

oo

oa

< 1. (17)

=+

for ¥ ¢ =>0.
(18)

Therefore, once |A(jw)! of the plant 1s deter-
mined, the robustness of the Smith predictor can
be assured by designing K,(s} according to Eq.
(18). In the next section, the uncertainty bound of
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A{Fa) for the reclaimer is derived.
4. Uncertainty Quantification

In this section, 1/|J(jw)| of Eq. (18), by
estimating the multiplicative model uncertainty /
(few). 1s quantified. Let the true transfer function
of the plant be of the form

Pes)=P{s)(1+4())=Cols) Gy (s) e Tos
(19)
where (7, (s) denotes the (rue transfer function, in
comparison with (5), from the input current to
the angular velocity of the boom, and 7T, is the
true time delay. Note that Eq. (19) consists of the
nommnal C,(s) from Eq. (12) instead of (', (5).
From Eq. (13), the following relationship
holds for @ >0

PG — Py (jw) |
|dw) = PG (20)

Using Eq. (12} and Eq. (19), the numerator of
Eq. {20) becomes

P (ja) — Pu{je) | = Co () |
[Gﬂ(jm} e~ T Towe G (). (21)

Since the time delay can be measured, assuming
that T, — 7. =0, Eq. (20) becomes

40| AC R Calioll

[n this paper, Eq. (22) is estimated by experi-

ments. The discrete time description of 1/4(jw)

in Eq. (18), assuming that the sampling time is

sufficiently small, is as follows (Astrom and
Wittenmark, 1995, p. 123)

_ I_ — |Gﬂ{€jw}| I (23)
|ﬁ(£“’w) | fGQ(E"?w} — G (&™) |

Since Go(jw) is known, the question is how to
estimate the denominator, |Gy {jw) — Gy (jw)|, of
Eq. (23). By denoting G, (jo)=0Cs(jiw) + G
(fw), where (G, (jw) is an additive uncertainty of
Go(jw), the uncertainty quantification problem
amounts to finding the magnitude bound of the
additive uncertainty of the boom rotating
dynamics. 1n this paper, the work of Goodwin et
al. (1992) is used in estimating |G, {jw)|. The
quantification procedure is summarized as fol-

lows,

® Step |

Use a parameter estimation method, which
satisfies Eq. (7)., to estimate the coefficients of the
discrete nominal transfer function, ;,{z) of Eq.
(6), with N point input and output data
sequences, {J=[g (1} - x(N}]Tand Y= (1)
- y(N)]" In the case of a reclaimer, 4 is the
input current 7, and y is the boom rotational
speed ..

® Step 2

Use the parameter values estimated in Step |
and convert the nominal plant model into the
following form of a rational transfer function
with a fixed denominator.

Gol2) Eiz:‘.;g(k)fh{z} A2 d.. (28)

For this function, p is a sufficiently large integer,
g (k) are coefficients, 4, (z) are appropriate basis
functions for a stable linear time ? invariant sys-
tem, A{z)=[A(2) A, {(2) --- ;’1;;_1{2.’)]1. and !’::jg:
lg(0) - g(p—1)]7 For example, the basis
functions of a FIR model are A,(z) =z* and
those of a Laguerre model are 4,.(z) =%
i

[%J , where £ 1s a positive real number. If
Eq. (24) 1s expressed with 4 FIR model, g (%) is
the impulse response of Eq. (6). If the Laguerre
model is used, £ is chosen to be the real part of
the dominant pole of Eq. (6). Equation (24) is
used instead of Eq. (6) because an expression of
the plant transfer function, that is suitable for
estimating the model uncertainty, is needed.

® Step 3

Let ff{z)y=[1 27! .- 27U where 9 1s an
integer such that the impulse response of the true
transfer function (G, {2z} decays out sufficiently
beyond the m-th step. Use the input data z (%)
and the A (z) obtained in Step 2 to construct

O =[¢ - ¢u], where dI=A(2) u (&),
(25)
Q=(Q70) @7,
IT={¢y - x|, where ¢7=717(2) u (k).
& Step 4
Solve the maximization problem as given by
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Goodwin et q/. (1992). This maximization prob-
lem, for M, ¢, and ¢,, is defined by a log
maximum likelihood function as

argmax [{W: M, &, gy) =argma};( é—ln det

Mr'::ﬂ-lu' M1§!ﬂrﬂ

E—% WTE“W+cnﬂstant) (26)

where
W=H"{Y— Q0.
H is a matrix which is composed of N-p in-
dependent columns of f— @¢).
S=H"9PC, ¥ H+oiH™H.
Cy= dieg [MEF].
O fpzm—1
® Step 3
For a specifically chosen frequency, g, caleu-
late A{e—"*) and [I (¢77*}. Then, the expectation
of the denominator of Eq. (23) 1s calculated as
follows

E[|Gole™) — Gy le ™) ] = (I — AQY¥)
Co ({1 = AQEY*+ AQCLHA* (27)

Cp:tjwirﬁ.’xh’s and the
denotes the complex conjugate transpoese.

@ Step 6

By repeating Step 5 at each (., the evaluation of
Eq. (23) can be completed.

where superscript

5. Experiments and Simulations

Experiments were carried out in the stockyard
of Kwangyang Works of Pohang Steel and Iron
Company, Ltd. , in Korea.

® Step 1 of Section 5;

In identifying the unknown parameters in Eq.
(6}, 9000 point input-output data were sampled
at a 15 Hz sampling frequency, 1. e. N =9000. To
fulfill the persistency of excitation condition of
the input signal, three sinusoidal frequencies were
added to the low speed slew motion of the boom.
The three sinusoidal signals ranged from 0.2°/sec
to 0.6°/sec or 1073*~10">"Hz. The 1dentified
transfer function of Eq. (6) 1s

0.14297¢

G(2) =71_p2503-14 0006652 2%

Figure 4 compares the experimental data and

the time domain response of £Eq. (28) with the
same input sequence used in estimating Eq. (28).

The validity of Eq. (28) has been improved by a
number of experiments using various excltational
signals. It is shown that the simulated results of
Eq. (28) agree well with the experimental data.

® Step 2 and Step 3

In transforming the estimated transfer function
of Eq. (&) into the form of Eq. (24), a fifth order
Laguerre model (p=35) with £=0.13 1s used, i.e.

& /To013 10132
Gﬂ(z}—“gﬂg{k} ﬁiz—[},lﬂ} [ z—0.13 :l

(29)

where g(0)=0.0184, g(1)=0.1454, g(2)=
—0.0120, z(3) =—0.0287, and g(4) =0.0080. In
calculating Jf{z) 1n Step 3, =730 15 used.

® Step 4:

In order to solve the maximization problem of
Eqg. (26), a genetic algorithm is used. The
obtained values of }f, &, and g, are

M=0412, £=0.793, and #,=0.12. (30}

The two exponentially decaying curves in big,
5 illustrate the additive uncertainty bound, given
in Eq. (30}, of the boom rotational dynamics,
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(redis} i : : i ; ? i
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Fig. 4 Comparison between the experimental out-
put and the response of (28).
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Fig. 5 An estimated additive uncertainty bound of
Goljw) (experimental results) and the
impulse response of (32).
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Fig. 6 Design criteria (18) obtained for a specific

reclaimer (experimental results).

@ Step 5 and Step 6:

The upper curve in Fig. 6 illustrates 1/]4 ()
| of (23) obtained through Step 5 and Step 6. The
lower curve shows the magnitude plot of the right
hand side of the robust Smith predictor criterion
given in Eq. (18), where the primary controller
K,{s) 1s of the form

Kols)=10.3 +u.1?%+zu.zs (31)

and the gains in Eq. (31) are determined by the
loop shaping method in such a way that Eq. (18)
is satisfied,

@ Simulations:

To demonstrate the robust performance of the
primary controller ddescribedd by Eq. (31} with
a time delay 7,=7.8sec, the following additive
uncertainty of the plant has been inserted.

Colz) = —0.0334271—0.172622+0.2284 7 — 0.0224
A T 065672 10455022 0,122 11 0.0093

(32)

The time response between the two exponential-
ly decaying curves in Fig. 5 depicts the impulse
response of Eq. (32). Figure 7 compares the three
step responses of a simple PID contreller (best
tuned), an ideal Smith predictor without any
uncertainty in the model, and a robust Smith
predictor that includes uncertainty described by
Eq. (31). Compared with the simple PID, con-

reclaiming
quantity
{ton/min)

1F---=-

robust SP

08}----

06f---4--

Qa4b-=-b-fw--- m— e mmma— oo

B2f--qqf------

2 20 40
time(sec)

Fig. 7 Comparision of a simple PID, an ideal SP,
and a robust SP (simulation results),

troller the robust Smith predictor performs well
in both the rise and settling times.

6. Conclusions

In this paper, a nominal plant model and a
robust Smith predictor contrel of a reclaimer
were 1nvestigated. As the parameter values of the
reclanmer were not available, the reclaiming proc-
ess was modeled as a second order differential
equation with unknown coefficients. The un-
known coefficients were estimated by a recursive
estimation method, Then a nominal plant model
was defined using these estimated parameter val-
ues. In order to incorparate the large time delay
in the output measurement, a Smith predictor was
adopted as a feedback controller, A robust stabil-
ity criterion of the Smith predictor was derived.
To enhance the robustness of the closed loop
system, the uncertainties that were neglected in
the modeling and identification stage were esti-
mated. Following the work of Goodwin er al.
(1992}, a design procedure that accounts for the
uncertainties was illustrated.
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