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This paper presents an optimal control model to improve the operation energy efficiency of a vertical
shaft impact (VSI) crushing process. The optimal control model takes the energy cost as the performance
index to be minimized by accounting for the time-of-use tariff and process constraints such as storage
capacity of the VSI crusher hopper, capacity of the main storage system, flow rate limits, cascade ratio
setting, production requirement and product quality requirement. The control variables in the developed
model are the belt conveyor feed rate, the material feed rate into the VSI crusher rotor, the bi-flow or cas-
cade feed rate and the rotor tip speed of the crusher. These four control variables are optimally coordi-
nated in order to improve the operation energy efficiency of the VSI crushing process. Simulation
results based on a crushing process in a coal-fired power plant demonstrate a potential of a daily energy

Operation efficiency
Time-of-use tariff

cost saving of about 49.7% and energy saving of about 15.3% in a high-demand season weekday.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Vertical shaft impact (VSI) crushers are processing machines
which are usually used in tertiary crushing stations of both aggre-
gate and mining industries for crushing of hard rock material or
ores when a product material with cubical shape and large amount
of fines is required [1,2]. When compared to other tertiary crushers
such as cone crushers, VSI crushers are becoming nowadays attrac-
tive due to their higher energy efficiency [1,3].

Processing machines form one of the biggest energy conversion
systems in mining industries. In South Africa, for instance, 19% of
the total electricity consumed by mining industries is used to run

“ This paper is included in the Special Issue of Energy innovations for a
sustainable world edited by Prof. S.k Chou, Prof. Umberto Desideri, Prof. Duu-Jong
Lee and Prof. Yan.

* Corresponding author. Tel.: +27 12 420 5789; fax: +27 12 362 5000.

E-mail address: papy.numbi@up.ac.za (B.P. Numbi).

http://dx.doi.org/10.1016/j.apenergy.2014.12.017
0306-2619/© 2014 Elsevier Ltd. All rights reserved.

processing machines.! This therefore gives rise to a new research
potential towards the possibility of improving the energy efficiency
of processing machines such as VSI crushers, in order to further
reduce their energy consumption or energy cost.

The energy efficiency of most energy conversion systems can be
generally categorized in four components: technology efficiency,
equipment efficiency, operation efficiency and performance effi-
ciency [4-6]. The higher efficiency of a VSI crusher when compared
to other tertiary crushers such as cone crushers, as above dis-
cussed, is mainly due to its technology efficiency improvement.
The technology of VSI crushers is based on impact breaking action
using the rotor kinetic energy while in cone crushers, for instance,
the rock is broken by compression action. Another important fea-
ture that makes the VSI crusher to be technologically efficient is
the cascade flow or bi-flow [1] option. This is defined as a fraction

1 Eskom, The Energy Efficiency series: Towards an energy efficient mining sector,
<http://www.eskomidm.co.za>.
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Nomenclature

Jc total energy cost (currency)

P, electrical power function of the drive motor (W)

to and ¢y initial and final time of the control horizon (h)

p(t) time-of-use (TOU) electricity tariff (currency/Wh)
R{,R, inner radius and outer radius of the crusher rotor (m)
U, Uy particle velocity into and exiting the crusher rotor (m/s)
10} angular speed of the crusher rotor (rad/s)

Ve rotor tip speed of the crusher (m/s)

W angle between the tangential velocity and relative

velocity of the particle (rad)
Dopen average diameter of the crusher inlet (m)

P mechanical crushing power (W)

n overall drive efficiency (-)

ts andj sampling period (h) and jth sampling interval

ns total number of sampling intervals

Dj electricity price at jth sampling interval (currency)
Tr material feed rate into the crusher rotor (t/h)

Tk belt conveyor feed flow rate into the crusher (t/h)
Tesp cascade flow rate or bi-flow rate (t/h)

T, mass flow rate into the crusher hopper (t/h)

T, mass flow rate from the crusher hopper (t/h)
T3 mass flow rate from the screen (t/h)
Tre recirculated material mass flow rate (t/h)
Tc mass flow rate of the material consumption (t/h)
“min” and “max” minimum and maximum of the variable
B recirculated mass flow ratio (-)
ocsp cascade flow or bi-flow ratio (-)
My material mass available in the crusher hopper (t)
Mg, initial value of My (t)
Ms material mass available in the storage system (t)
Ms, initial value of Ms (t)
Kic fracture toughness (mode 1) of the rock (Pa m®®)
p bulk density of the rock material (kg/m?)
Vy propagation velocity of the elastic waves in the rock (m/
s)

dF and dP

feed mean size and product mean size (m)
Do, Ds, P Off-peak, standard and peak TOU electricity prices

of the feed rock material which bypasses the crusher rotor and
broken through collision action with the bed of rock material pro-
jected from the rotor. Since the cascade flow is not crushed by
using the rotor kinetic energy, the amount of cascade flow is there-
fore free of energy consumption, which justifies the improvement
in energy efficiency. The rock-to-rock technology of VSI crushers
also minimizes the wear rates on machine parts? and hence forms
part of the category of equipment efficiency improvement due to the
fact that the maintenance requirement will be reduced.

The energy efficiency of VSI crushers can also be improved dur-
ing their operation through the optimal coordination of some vary-
ing parameters but also the working time based on time-of-use
(TOU) electricity tariff. This therefore forms part of operation effi-
ciency improvement. When the TOU tariff is taken into account for
operation efficiency improvement of VSI crushers, the performance
efficiency is improved through energy cost minimization, taken as
an external indicator.

TOU electricity tariff is one of demand-side management (DSM)
schemes, that is being introduced in several countries. It aims at
reducing the power utility peak load by motivating customers to
reduce or shift their load from peak periods that are penalized at
high electricity cost to off-peak and standard periods where the
electricity cost is cheaper [7]. By this means, customers can re-
arrange their daily load profiles to achieve minimal energy costs.

Several research works have been conducted to deal with the
operation efficiency control of material handling equipment in
mining industries. Research papers such as [8-10] investigate the
optimal control strategies of belt conveyor systems for coal mining
industries in order to achieve minimal energy cost based on TOU
electricity tariff. In [11], an optimal control strategy is studied for
the optimal hoist scheduling of a deep level mine twin rock winder
system. Other research works such as [12-16] apply TOU tariff-
based DSM for minimization of the energy cost associated with
the operation of water pumping stations. TOU tariff-based DSM
is also investigated to deal with the optimal energy cost manage-
ment of water heating systems in [17] and refrigeration systems
in [18]. A more flexible TOU-based DSM, referred to as real time
pricing-based DSM, is applied to the optimal scheduling of a

2 Metso, Barmac VSI crushers, <http://www.metso.com>.

distribution network system in [19] and industrial combined heat
and power plants in [20].

In all the aforesaid research works, the potential of reducing the
system energy cost based on TOU tariff is proved. However, from
the literature, the optimal energy management of crushing pro-
cesses is very rare to find. Although in our previous work [21], opti-
mal energy control strategies are investigated on a crushing
process, only a compressive crushing process based on jaw crusher
is studied. Furthermore, only the dynamics of the mass stored in
the upstream storage system (ore pass system) is considered, while
in practice, the storage capacity of the downstream storage system
(silo ore stockpile) may be limited and hence violated.

The focus of this paper is to establish an optimal energy control
model that improves the operation energy efficiency of a VSI crush-
ing process by reducing the corresponding energy consumption
and cost. The optimal control model takes into account the TOU
electricity tariff and other system limitations such as the mass
storage dynamics of the upstream storage system (VSI crusher
hopper), the mass storage dynamics of the downstream storage
system (that feeds the consumption point), cascade ratio setting,
production requirement and product quality requirement. Four
control variables are optimally tuned in order to minimize the con-
trol objective. These are the belt conveyor feed rate, the material
feed rate into the VSI crusher rotor, the bi-flow or cascade feed rate
and the crusher rotor speed. A case study is given and the perfor-
mance achieved by the developed control strategy is shown when
compared to the current control strategy, which is used as a
baseline.

The layout of this paper is given as follows: Sections 2 and 3
present, respectively, the mathematical model of the optimal
energy control strategy and current control strategy of a VSI crush-
ing process. A case study of the crushing process in a coal-fired
power plant is given in Section 4, where the obtained simulation
results are discussed before a conclusion is given in the last section.

2. Optimal control model of a VSI crushing system
2.1. System description

The operating principle of the VIS crusher is given in [1,2,22-
24]. The ore/rock material falls vertically into the rotor through
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Fig. 1. Schematic of a tertiary mining VSI crushing station (adapted from [1]).

the feed hopper and then accelerated to an edge speed of the high-
speed rotor of about 50-85 m/s, before being projected towards
the surrounding rock bed formed during operation. However, dur-
ing operation, a fraction of material does not pass through the
rotor, and this is crushed through collision action with the pro-
jected rock particles from the rotor. This fraction is commonly
referred to as cascade flow or bi-flow. The rock breaking nature
in VSI crusher is therefore achieved through rock-to-rock impact;
hence the name impact crusher.

A typical VSI crushing station with closed circuit is shown in
Fig. 1. In practice, the four control variables considered in this work
are plausable choices. The belt conveyor feed rate Tr and the
crusher rotor speed V; are adjusted through variable-speed drive
(VSD) systems. The material feed rate into the VSI crusher rotor
Ty is adjustable through a throttle [2], also called rotor feed throttle
which is controlled by a hydraulic motor. The cascade feed rate
Tcsp is adjustable through a certain number of adjustable bi-flow
ports in the hexagonal hopper.®

One should note that the rotor feed throttle and the bi-flow
ports are normally located inside the VSI crusher hopper.? Hence,
the fact that these two adjustment devices are put outside the VSI
crusher hopper as shown in Fig. 1, is just for a more clear
representation.

In mining or aggregate industries, the tertiary crushing station
is usually preceded by coarser crushing stations, namely, the pri-
mary and secondary crushing stations. A primary crusher such as
jaw or gyratory crusher, reduces the ore/rock material from very
large size, say, 0-1000 mm down to 0-250 mm before a secondary
crusher such as a cone crusher, can reduce the primary ore product
(0-250 mm) down to about less than 100 mm. In tertiary crushing

3 Ssandvik, Merlin-VSI:Setting the standard in VSI crushing, <http://
www.miningandconstruction.sandvik.com>.
4 Metso, Barmac VSI crushers, <http://www.metso.com>.

station with closed circuit as shown in Fig. 1, the crushed material
from the crusher is screened. The rock material with a size less
than the screen aperture size goes to the storage system and the
one with higher size is recirculated to the crusher input.

2.2. General assumptions for the system

The following assumptions are made to build the optimal
energy model strategy of the VSI crushing process in this work:

1. At any time, the silo feeding the VSI has enough material to sup-
ply the feed belt conveyor.

The time delay associated with the crushing process, from the
silo to the consumption point is not taken into account.

Any form of dynamic energy consumption of the crushing pro-
cess is ignored.

2.

3.

2.3. Objective function

The optimal control model of a VSI crusher system in this work
considers the energy cost as the objective function to be minimized
by incorporating the TOU electricity tariff as an input to the model.
A general function expressing this objective function can be writ-
ten as:

Je= [ Puttpityct.

Jito

(1)

The net mechanical (shaft) power model of the VSI crusher
based on Euler turbine equation is expressed in [2] as a function
of the tangential component of the particle velocity entering the
rotor u;, tangential component of the particle velocity exiting the
rotor uy, and the rotor angular speed w. This is given as follows [2]:

@)

Pmner = TR(wR] U — szuZ)7
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with
Ty
U = >— CoSy + Ry, (3)
g open
P—2—
Uy = Vicosy + Ry, (4)
Vi = wR,. (3)

Combining Egs. (2)-(5) yields a new Euler turbine equation
expressed as a function of the material feed rate into the crusher
rotor Tk and rotor tip speed V, as:

2
Pmnet = LS‘//ZVJ% + L R—; — cosyr — 1 TRVE (6)
3.247R, pD; ., 36 \R;
Note that in Eq. (2), Tk is expressed in kg/s while in Eq. (6), this
is expressed in t/h. Letting ki =33 — and k=
-247R3 pDgpen

7 (2—3 — cosy — 1), the analytical model to predict the net mechan-
: 2

ical power of the VSI crusher is obtained as follows:
P = ki ViTh + ko TRV7. )

The total mechanical power is obtained by adding the non-load
mechanical power consumption of the VSI crusher to Eq. (7). The
non-load mechanical power is the power required to overcome
the VSI crusher rotor inertia and the bearing friction. Both of these
vary with the VSI crusher speed. However, the power required to
overcome the bearing friction is relatively small, hence it can be
neglected. A fair estimation is to assume that the non-load
mechanical power is directly proportional to the rotor tip speed
V. with a proportional constant k;. Hence, the analytical model
to predict the mechanical power consumption of the VSI crusher
is expressed as:

P = ki V(T2 + ky TRV? + k3V,. (8)

If the angle y is assumed to be constant, the coefficients k1, k, and k;
are constant and mainly depend on the VSI crusher geometry and
the characteristic of the material (material density) to be crushed.
These three constants can be derived from design parameters or
estimated through experiments. However, due a continuous wear
of machine parts and variation in the feed characteristic over time,
deriving kq,k, and ks through experiments would yield accurate
results. The least squares (LSQ) parameter estimation algorithm
[25] can be used to estimate the coefficients kq,k, and k; when
experimental data are available.

To validate the power model given by Eq. (8), Figs. 2 and 3 show
the comparison between the predicted crushing power and manu-
facturer’s data for Bermac VI-series VSI crushers.® The coefficients
in the power model have been estimated to be k; =7.1 x 1074,
k; =2 x 107" and k; = 0.6256 x 10°. In Fig. 2, the power require-
ment of the VSI crusher is plotted against the rotor throughput rate
for a given rotor tip speed of 50 m/s, while in Fig. 3, the power
requirement is plotted against the rotor tip speed for a given rotor
throughput rate of 300 t/h. The comparative results show a good
agreement between the predicted power consumption of the VSI
crusher and the manufacturer’s data. However, for a higher accuracy,
the parameters in model (8) need to be estimated based on field test
data for a particular VSI crusher.

Note that since the model (8) is derived from Euler turboma-
chinery equations, this can also be used to predict the power con-
sumption of turbopumps and fans.

The electric power consumption function P, of the VSI crusher
defined in Eq. (1) can be expressed as:

5 Metso, Nordberg Barmac VI-Series VSI Crusher, <http://www.metso-
bulgaria.com>.
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where the drive efficiency # composed of the electric motor drive
and transmission belt drive, is assumed to be constant in this work.
However, in practice, the efficiency of the electric motor drive
decreases as the load decreases and can be improved by adapting
the flux level to the loading level of the motor, especially at very
light load [26]. The substitution of Eq. (9) into Eq. (1) yields the
explicit form of the objective function as follows:
1 2 2
Je=y [ (aVOTHO + kTaOV:O +koVelt))pi)de. (10)
0

Due to the discrete nature of the TOU electricity tariff, the
objective function given by Eq. (10) may be continuous but not dif-
ferentiable. Hence, a numerical approach is suitable to solve this
problem. The objective function expressed in continuous-time
domain by Eq. (10) can therefore be discretized as follows:

18 2 2

Jo= rsﬁ;@]vtjr&_ +kaTgV} +ksVy By, (11)
where the electricity price p; is assumed constant at the jth sam-
pling interval.

2.4. Constraints

2.4.1. Limits on control variables

TP < T <TP™,  (1<j<n),
T}’?l:" <Tg < ™ (1<j<n), )
Tesp < Tesn, < Tesp, (1< <),
V;”m < V[j <V (1<j<ng).
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2.4.2. Mass balance in the crushing circuit
The mass balance equations at different nodes of the VSI crush-
ing process as shown in Fig. 1 can be written as:

Ty =Tr + T,
Ty =Tg + Tesp, (13)
Ty = T3 + Tge.

The recirculating mass flow rate Tgc can be related to the total
mass flow rate into the screen T, through a ratio, referred to as
recirculating mass flow rate ratio 8 as follows:

Tre = BT>. (14)

The mass balance given by Eq. (13) can be combined with Eq.
(14) to give a new set of mass balance equations expressing the
non-control variables, referred to as dependent variables, in terms
of the three control variables as follows:

Ty, =Tk + B <TRj + TCSDJ»>~, (1<j<ny),
Ty =Tg + Tosn, (1<j<ng),
(15)
Ty = (1= ) (To + Toy ), (1 <j<ny),
Tre, = B; (TR, + TCSD,-)-, (1<j<n),

where f; is assumed to be measured or predicted at jth sampling
interval.

These dependent variables can therefore be obtained after get-
ting the optimal control solutions (control variable values) of the
problem.

2.4.3. Limits on dependent variables

The limitations on the total mass flow rate into the VSI crusher
hopper T; may be wanted. The flow rate of recirculating material
Trc and the ones into and from the screen device, respectively, T,
and Ts to be transported may also be restricted by the capacity
of the belt conveyors. Based on Eq. (15), these constraints are given
as:

Tﬁ”i” <Tr + B (TRj + Tcsnj) ST, (1<j<n),

3" < (TR, + Tcsoj) < T, (1<j<ng

(16)
T < (1- 5;) (TRj + Tcsq) < TP, (1<j<ny),
Trd' < B (TR,- + TCSD,-) < Tie', (1<j<ng).

2.4.4. Limits on mass storage states

During the normal operation of the VSI crushing process, the
dynamics of the mass stored in the VSI crusher hopper and
downstream storage system should be kept within allowable
capacity limits of each storage device, so as to avoid the material
overflowing.

2.4.4.1. Limits on the mass storage state in the VSI crusher hopper. The
material dynamics in the VSI crusher hopper can be expressed by a
discrete-time difference equation as follows:

My, =My, +t; <T1H - TZH), (1<j<ny). (17)
By recurrence manipulation, the mass stored in the crusher hopper
at the jth sampling interval can be expressed in terms of the initial
mass available, My, as:

J
My, = My, + tSZ(TL- - Tz,-)7

i=1

(IT<j<ng. (18)

Taking into account of the mass balance, given by Ty, =
TF}. + ﬁj (TR}. + TCSDj> and sz = TR}. + TCSDj in Eq. (15), the limitations

on mass storage state in the VSI crusher hopper can be finally writ-
ten as:

) J
M{™ < My, + tsz Tr, 4+ (B — 1)(Tr, + Tesp,)

i=1

<ME™, (1<j<ny). (19)

2.4.4.2. Limits on the mass storage state in the storage system. Fol-
lowing the same procedure as above, the limitations on mass stor-
age state in the downstream storage system are given as:
) J
M{™" < Ms, + tsZ[(l = Bi)(Tr, + Tesp) — T
i-1
<SMZ™ (1 <j<ng), (20)

where Mg, is the initial mass available in the storage system.

2.4.5. Production requirement

For reliability purpose, the total amount of crushed material fed
to the consumption point (plant) should be greater than or equal to
the total consumption of the plant. This is expressed as:

ns ns
S0 = 3T @1)
j=1 j=1

which can be rewritten as:

ns

Z(l ) <TR + Tesp, )
=
with T3, = (1-8) (TRJ. + TCSD]> as given in Eq. (15). Note that the
material consumption rate T 1s assumed to be predicted for a given
control horizon.

zrc t, (22)

2.4.6. Product quality requirement

In both mining and aggregate crushing plants, one of the
requirement is that, the mean size of the product material dp has
to be lower than a specified value d,™, regardless of the variation
of the feed mean size dr. For a given dp, the relationship between dp
from a VSI crusher and the VSI crusher speed V, is given as follows
[27]:

2/3
4.4721(lcdpj max .
dp = <2PVer]> <dp T, (1<j<ny), (23)

where dr is considered as a predictable parameter at each jth
sampling interval. Eq. (23) shows that, the VSI crusher speed can
be continuously adjusted in order to meet the product quality
requirement.

2.4.7. Limits on bi-flow or cascade ratio

Usually, the cascade or bi-flow ratio is maintained at a constant
value depending on the nature of the rock material to be crushed
[28]. The bi-flow material increases the rock-to-rock impact action,
by improving the efficiency and throughput capacity of the VSI
crusher. However, increasing cascading material is similar to
slowing the rotor speed, leading to a negative effect on the product
size distribution (coarse particle size in the product). Hence, for
efficiency purpose, crusher manufacturers recommend operating
the VSI crusher with a bi-flow ratio of 10-15% [1]. Up to 10-15%
cascade material can be utilised without a significant change in
product gradation or quality, meantime 10-15% extra product
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(throughput capacity) is gained for no extra power use or wear part
consumption.®

The bi-flow or cascade ratio, noted osp, is defined as the ratio
between the cascade feed rate T¢sp and the material feed rate into
the crusher rotor Tk.

At each j™ sampling interval, the constraint on the cascade ratio
can be expressed as follows:

Tcsnj
= Ocsp,
TRJ

(I<j<ny), (24)

which can be rewritten in a linear form as follows:

Tesp, = dtespTr;, (1 <j < ny). (25)

3. Current control strategy

In practice, the VSI crushing process operates continuously,
while the flow rates are adjusted in such a way to meet the system
constraints and achieve the total plant production target/require-
ment. Hence, the current control strategy can be formulated as
an optimal control problem with the objective function being the
quadratic deviation between the total actual plant production
and the total plant target for a given control horizon. The mathe-
matical model of the current control strategy of the VSI crushing
process as shown in Fig. 1 is therefore given as:

ns

ns 2
minjp, = |:Z(l - ﬁj) (TRJ. + Tcsnj>ts - ZTcJts:| ) (26)
=1

=

subject to constraints (12)-(25).

4. Case study: crushing process in a coal-fired power plant

The work presented in [8] investigates the optimal control
strategies of a coal conveying system in order to minimize the
energy cost associated with the belt conveyor systems. The coal
crusher present in the aforesaid coal conveying system is not
included in the optimal energy control problem since it is stated
that the coal crusher system follows its own optimal control strat-
egy. In this work, the coal crusher in [8] is assumed to be a VSI
crushing machine and therefore, the same system is used to simu-
late the optimal energy control strategy of a VSI crushing process
developed in this research work. This assumption is reasonable
since for pulverized hard coal-fired power plants such as those
found in South Africa, for instance, VSI crushers are appropriate
to be used in the last stage of the crushing circuit before the
crushed coal is sent to the grinding mill circuit for coal pulveriza-
tion. This is because VSI crushers offer the advantage of producing
significantly more fine material as compared to other crushers
used for hard rocks. Hence, a relatively large amount of fines smal-
ler than 75 pm (pulverized coal) can be screened and sent directly
to the boiler while the coarser coal particles are sent to the grind-
ing mill. Moreover, it is reported in [1] that the higher fine content
obtained by VSI crushing is valuable for the subsequent grinding
mill since this will reduce the work and hence the power needed
by the mill.

4.1. Data presentation
4.1.1. Coal consumption and coal storage system
In view of the above, data such as power plant capacity, coal bin

capacity, load assignment and forecast coal consumption are
obtained from [8]. In this reference, with a given load assignment

6 Metso, Barmac VSI crushers, <http://www.metso.com>.
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profile, the coal consumption is predicted based on a quadratic
function. The predicted coal consumption rate T is shown in
Fig. 4. Based on the given coal-fired power plant with two
600 MW units, the estimated total bin capacity (TBC) is 5595.5 t.

In this work, the upper limit M7 and lower limit Mf™ of the
downstream storage system (coal bin) are set, respectively, to
90% and 20% of TBC. The initial mass stored Ms, in the storage sys-
tem is assumed to be 50% of TBC.

4.1.2. Coal characteristics

The bulk density p of the anthracite coal is 1506 kg/m®, the
propagation velocity of its longitudinal elastic waves V, is
1890 m/s and its fracture toughness Kic is 0.19325 Mpa m®>.

4.1.3. VSI crusher

A 400 kW (600 hp) Barmac Vl-series VSI crusher’ is used for
simulation purpose in this work. In order to allow the cascade feed
material for such a soft material to be crushed, the maximum oper-
ation tip speed V, is set (45 m/s. The cascade ratio acsp is considered
to be 10%. The rotor outer radius R, is 0.525 m. The maximum rotor
feed rate TR™ is set to 700 t/h. With the cascade ratio of 10%, the
maximum feed rate T7™ is obtained to be 770 t/h. The power model
coefficients are k; = 7.1 x 1074, k, =2 x 10" and k; = 0.6256 x 10°
as derived in Sub-Section 2.3. The overall drive efficiency # is
assumed to be 95%.

4.1.4. Time-of-use electricity tariff

The recent Eskom Megaflex Active Energy-TOU electricity tariff
is used for simulation purpose. To be more specific, the crushing
station is supposed to operate under the non-local authority rate.
The control horizon in this work is assumed to be within the
high-demand season (from June to August) weekday. This is given

as®:

p, = 0.3656 R/KWh if te[0,6] U [22,24],
p, = 0.6733 R/kWh if te[6,7]U[10,18]U[20,22], (27)
p, = 22225 R/kWh if te[7,10] U [18,20],

p(t) =

where R is the South African currency Rand and ¢ is the time of any
weekday in hours (from 0 to 24).

4.2. Simulation results and discussion

The control horizon [to, t] and sampling time ; of, respectively,
24 h and 15 min are used for both current control and optimal con-
trol strategies. For all simulations, the recirculated material is not

7 Metso, Nordberg Barmac VI-Series VSI Crusher, <http://www.metso-
bulgaria.com>.
8 Eskom, Tariffs & Charges Booklet 2013/2014, <http://www.eskom.co.za>.
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considered, that is, f = 0. The upper limit on the flow rates of all
belt conveyors is set to 770 t/h which corresponds to the higher
limit of the total throughput rate of the crusher (including the cas-
cade feed rate). To account for the product quality requirement, the
maximum product mean size d,™ is set to 3 mm.

The fmincon function of MATLAB Optimization Toolbox is used
to solve all the problems in this work.

The comparative simulation results between the current control
and optimal control strategies are shown in Figs. 5-8 and Tables 1-
3. In these figures, the dotted lines denote the upper and lower
bounds of the corresponding variable. Note that the legend of
Fig. 5 also applies to Fig. 6. The feasibility of both current control
and optimal control strategies are demonstrated from these figures
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where it can be seen that the crushing process operates under the
specified constraints.

4.2.1. Cost saving discussion

Although the feasibility of both control strategies are techni-
cally proved through simulation results, it can be seen from
Fig. 5, that the current control strategy runs the VSI crushing pro-
cess without consideration of the TOU electricity tariff. With this,
the load (coal flow rates) is almost evenly distributed across the
24 h-control horizon without shifting the load out of peak time.
The reason is that the current control strategy does not have any
information on the TOU tariff during the process control. As result
of this, a higher energy cost is incurred. Simulation results obtained
by the current control strategy in this work reflect the practical
operation of most crushing processes. In practice, most crushing
processes run continuously with almost a constant feeding (mate-
rial feed rate) for a given operation period while achieving the total
production requirement (total plant throughput) and meeting
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Table 1
Total production and corresponding energy cost and consumption.
Strategy Total Energy cost Energy
production (t) (R) consumption
(kwh)
Current control strategy 11,130 4407.64 4527.92
Optimal control strategy 11,130 2213.37 3833.22

Table 2
Cost savings of the optimal control strategies.

Strategy Unit energy cost (R/t) Cost saving (%)
Current control strategy 0.3960 /
Optimal control strategy 0.1989 49.77

Table 3
Energy savings of the optimal control strategies.

Strategy Unit energy consumption Energy saving (%)
(kWh/t)

Current control strategy 0.4068 /

Optimal control strategy 0.3444 15.34

other constraints associated with the operation. The material feed
rate Tr is usually controlled/regulated at a certain constant value
by feeding equipments such as vibrating feeders, apron feeders
or belt conveyors. However, for the case of tertiary or last crushing
stage such as VSI crushing process, the belt conveyors or vibrating
feeders equipped with VSD systems are mostly employed for feed-
ing control. Apron feeders, which are heavy-duty feeding machines
are commonly used in primary crushing processes where the feed-
ing is usually characterized by coarse rock/ore material. However,
the crushing station may be shut down in presence of disturbances.
These disturbances are for instance, the introduction in the crusher
of oversize material which would result in imbalance of the VSI
crusher but also the overload of the machine impeller.

Since the hopper of the VSI crusher is usually of negligible
capacity (a maximum of 15t in this work), its dynamics My as
shown in the first graph of Fig. 6, does not have a considerable
effect on the crusher output flow rate T,, whenever the feed rate
of the VSI crusher T; = Tr changes. This justifies the fact that the
crusher feed rate T; = Tr almost equals its output flow rate T, as
shown in the third and fourth graphs of Fig. 5.

On the other hand, from the same figure (Fig. 5), it is seen that
the optimal control strategy runs the VSI crushing process by opti-
mally shifting the load from peak time to off-peak and standard
time in order to minimize the associated energy cost. It can be seen
that during peak time, the coal feed rate into the VSI crusher rotor
Ty is zero in order to save the energy cost, while during off-peak
time, this is maximized in order to meet the production target at
a cheaper energy cost. The second graph of Fig. 5 shows that the
cascade flow rate T¢sp varies proportionally with the rotor feed rate
Ty in order to constantly maintain the cascade ratio to its reference
value of 10% as demonstrated through the last graph of the same
figure. The effectiveness of the optimal energy control strategy
can also be seen with reference to the coal levels in the storage sys-
tems. Fig. 6 shows that unlike the current control strategy, during
peak time, the coal amount in the upstream storage system (VSI
crusher hopper), My, increases while during off-peak time, this
decreases. The reason is that, with the optimal control, the coal
material is stored instead of being fed to the crusher during peak
time, while during off-peak time, the coal material is drawn from
the hopper and processed by the crusher at a cheaper energy cost.
In the downstream storage system, it is seen that the coal amount

M;s decreases during peak time while during off-peak time, this
increases. This is due to the fact that the coal material which was
processed during off-peak and standard time when the cost of
energy is cheap, is now fed to the coal grinding station (if available)
or consumption point (boiler) during peak time, when the crusher
is not allowed to process the coal material due to the higher energy
cost.

The cumulative energy cost and energy consumption of the cur-
rent control and optimal control strategies are shown in Fig. 8
while Tables 1-3 summarize the performance of the optimal con-
trol strategy. The analysis of Fig. 8 clearly shows that, at the end of
the control horizon (24 h), the optimal control strategy dramati-
cally reduces the energy cost with comparison to the current con-
trol strategy taken as baseline. The actual energy cost saving
obtained is evaluated to about 49.7% as shown in Table 2.

4.2.2. Energy saving discussion

The simulation results through the second graph of Fig. 8 dem-
onstrates that the energy consumption is also reduced, although
the energy cost is considered as performance index. The reason
for the energy consumption reduction is that, the optimal control
strategy runs the VSI crusher at a slightly reduced speed when
compared to the current strategy, as can be seen in the third graph
of Fig. 7, by operating the system at the boundary of the admissible
operating region limited by the product quality constraint as
shown in the second graph of Fig. 7. It can therefore observed that,
in order to minimize the economical performance such as the
energy consumption, the operating point of the VSI crushing
process has to be obtained by pre-setting the product quality index
at its most worse but feasible value (limits). This is due to the con-
flict nature between the economical performance objectives
(energy consumption, energy cost, etc.) and the technical perfor-
mance objectives (product size reduction ratio, maximum product
size, etc.) which makes the crushing process to be a multi-objective
optimization problem in reality. For this case study where the
product quality index is considered to be the product mean size,
its maximum value has been set to 3 mm, as can be seen in the sec-
ond graph of Fig. 7.

The energy saving of about 15.3% is achieved. This means that,
not all 49.7% energy cost saving is achieved through load shifting.
Some amount of energy cost saving is due to the 15.3% energy
reduction. However, most of this cost reduction comes from the
optimal load shifting. Note that the rotor speed cannot be further
reduced for more energy reduction due to the product quality
constraint.

Practically, most VSI crushing stations are equipped with real-
time monitoring and control systems which include VSD systems.
This means that no systems upgrade or extra capital cost is nor-
mally needed in order to achieve the energy consumption based
on the optimal coordination of the VSI crusher speed or the energy
cost reduction based on optimal load shifting.

Although simulation results in this work show a great potential
in reducing both energy consumption and cost of a VSI crushing
process, some challenges related to the implementation of the opti-
mal energy control strategy need to be addressed in practice.
Firstly, all the input parameters to the model such as TOU electricity
tariff, recirculated mass flow ratio, material consumption rate, and
particle size distribution of the feed material need to be accurately
and continuously predicted. Secondly, if an open-loop optimal con-
trol strategy (optimal setting values are manually entered by the
operators in the supervisory control and data acquisition system)
is to be used, the success of the optimal energy control strategy will
depend on the skills of the process operators. Thirdly, since the
energy saving is achieved through matching the VSI crusher speed
with the change in particle size distribution of the feed material, the



B.P. Numbi, X. Xia/Applied Energy 162 (2016) 1653-1661 1661

sensor used for the continuous measurement of the feed particle
size distribution has to be of high accuracy level.

5. Conclusion

Vertical shaft impact (VSI) crusher is one of the most used
crushing machine in the last stage (tertiary or quaternary) of
crushing processes in both mining and aggregate industries. This
due to its high technology efficiency, ability of yielding large
amount of fines (valuable for mining industries) and product with
cubical shape (valuable for aggregate industries). However, the
possibility of improving the efficiency operation of the VSI crush-
ing process during its operation is not covered in the literature.

In this paper, a practical model to improve the operation effi-
ciency of a VSI crushing process is firstly developed. The perfor-
mance objective considered for the operation efficiency is the
minimization of the energy cost with integration of the TOU tariff.
Secondly, in order to evaluate the feasibility of the model, a case
study of a crushing process in a fire-coal power plant is solved.
The simulation results performed through MATLAB Optimization
Toolbox demonstrate the feasibility of the model. Although the
energy cost is taken as performance objective, it is proved that
the optimal energy control strategy developed in this work can
potentially achieve both energy saving and cost saving on a VSI
crushing process, while meeting the specified physical and opera-
tion constraints of the system. About 15.3% energy saving and
49.7% energy cost saving are achieved. It is observed that most of
the energy cost saving comes from the optimal shifting of the load
while the energy saving is due to the optimal coordination of the
VSI crusher speed.
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