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The improvement of the energy efficiency of belt conveyor systems can be achieved at equipment or
operation levels. Switching control and variable speed control are proposed in literature to improve
energy efficiency of belt conveyors. The current implementations mostly focus on lower level control
loops or an individual belt conveyor without operational considerations at the system level. In this paper,
an optimal switching control and a variable speed drive (VSD) based optimal control are proposed to
improve the energy efficiency of belt conveyor systems at the operational level, where time-of-use
(TOU) tariff, ramp rate of belt speed and other system constraints are considered. A coal conveying sys-
tem in a coal-fired power plant is taken as a case study, where great saving of energy cost is achieved by
the two optimal control strategies. Moreover, considerable energy saving resulting from VSD based opti-
mal control is also proved by the case study.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Belt conveyors are widely used for handling bulk material over
short to medium conveying distances because of their high effi-
ciency of transportation as compared to other transport methods.
Energy cost forms a large part of the operational cost (up to 40%
according to [1]) of belt conveyor systems. As a whole, the material
handling is consuming a considerable proportion of the total
power supply, for instance, 10% of the electricity supply is con-
sumed by the material handling sector in South Africa [2]. Hence,
it is significant to improve energy efficiency of belt conveyors to re-
duce the energy consumption or the energy cost of material han-
dling, which is one of the development focuses of the belt
conveyor technology [3].

A belt conveyor is a typical energy conversion system from elec-
trical energy to mechanical energy. Its energy efficiency can be di-
vided into four components: performance efficiency, operation
efficiency, equipment efficiency, and technology efficiency. The
improvement of energy efficiency can easily put to the operation
efficiency and equipment efficiency for most energy systems. It
holds true for belt conveyors. It is also noted that equipment effi-
ciency, and consequently operation efficiency, decides perfor-
mance efficiency which is usually reflected by various external
indicators, such as energy consumption, energy cost, or emission
of greenhouse gas. On the other hand, a performance indicator
can drive an operation in the optimal efficiency mode.
ll rights reserved.

: +27 12 362 5000.
The equipment efficiency of belt conveyor is improved either by
introducing highly efficient equipment or improving the efficiency
of the existing equipment. The idler, belt and drive system are the
main targets for equipment efficiency. All the longitudinal main
resistances are transferred via the idlers, hence the idlers have a
great impact on the efficiency of belt conveyors. The influence from
idler design, assembly, lubrication, bearing seals, and maintenance
is reviewed in [4]. The energy consumption of long distance con-
veyors is reduced by improving the arrangement of the idlers [5].
An energy saving idler is proposed and tested in [6]. The perfor-
mance of the belt is crucially influenced by the flexure resistance,
which is the most important contributing factor to total resistance.
Energy optimized belts are developed in [7] by improving the
structure and rubber compounds of the belts. Energy-efficient mo-
tors and variable speed drives (VSDs) are recommended in [8]. Soft
starters are commonly used to reduce belt tension during startup,
furthermore, they reduce energy consumption as well [9]. Gener-
ally, the equipment efficiency oriented scenarios need extra invest-
ment and the efficiency improvement opportunities are limited to
certain equipment.

The improvement of energy efficiency of belt conveyors can also
be achieved at the operation level. Operation efficiency of an en-
ergy system is improved through the coordination of two or more
internal sub-systems, or through the coordination of the system
components and time, or through the coordination of the system
and human operators. Two methods are proposed for load shifting
of belt conveyors in [11,12,10]. They coordinate the on/off status of
the belt conveyors and time to achieve higher operation efficiency,
and consequently higher performance efficiency. However, these
methods are designed to save cost instead of energy because they

http://dx.doi.org/10.1016/j.apenergy.2010.01.006
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just shift the work to different period of time according to the
time-of-use (TOU) tariff. In the literature, speed control is recom-
mended for energy efficiency of belt conveyor systems. The aim
is to control the belt speed to keep a constantly high amount of
material along the whole belt. The proper coordination of feed rate
and belt speed is believed to have high operation efficiency in the
majority of the literature, even though this belief is occasionally
challenged, e.g., in [13] in two special circumstances. Further
investigations on VSDs of belt conveyors are carried out in [14].
The theoretical analysis along with experimental validation on a
VSD based conveying and loading system is shown in [15], where
the great saving in energy consumption (15–30%) and maintenance
cost (10–30%) along with the great reduction in dynamic belt ten-
sion (30%) are proved. The closed-loop control for belt speed is em-
ployed in [16,17]. The load dependent control strategy is also
applied to a passenger conveyor for energy optimization in [18].
Nowadays, the idea of speed control has been adopted by industry
and successfully applied to some practical projects [15,16,19,20].
The current strategy of speed control employs lower level control
loops or multi-speed drive to improve the operation efficiency of
an individual belt conveyor [16,17]. Extra instruments, such as
the laser scanner [16] and the radiation density measuring device
[17], are needed to measure the loading level, which is the control
variable of the current control strategy. Furthermore, the current
control strategy cannot be used to deal with the system constraints
and external constraints, such as TOU tariff and storage capacities,
especially in cases when there is a need to coordinate multiple belt
conveyors of a conveying system.

The main purpose of this paper is to introduce optimal control
to belt conveyor systems to improve the energy efficiency. An opti-
mal switching control strategy and a VSD based optimal control
strategy will be proposed. We start with energy calculation model
of belt conveyors. Then the optimal switching control problem and
the VSD based optimal control problem for operation efficiency of
belt conveyor systems are formulated. They take the TOU tariff into
account and consider other relevant constraints to achieve the
minimization of energy cost. This economic indicator of perfor-
mance efficiency is employed by the two optimal control strategies
to drive the operation of the belt conveyor system in its optimal
efficiency. We use a coal conveying system, including five belt con-
veyors, in a coal-fired power plant as a case study. The optimal
switching control strategy, the VSD based optimal control strategy
and the current control strategy will be applied to this coal convey-
ing system, respectively. The simulation results will be presented.

The layout of the paper is as follows: In Section 2, the energy
calculation model of belt conveyor is reviewed. In Section 3, the
two optimal control strategies are formulated. Section 4 take the
coal conveying system in a coal-fired power plant as a case study.
The simulation results are presented in Section 5. The last section
is the conclusion.
2. Energy calculation model

For the VSD based optimal control strategy of belt conveyors, a
practical energy calculation model is needed. There exist several
energy calculation models for the drive system design of belt con-
veyors [21–25]. These models originate from well-known stan-
dards or specifications, such as ISO 5048, DIN 22101, JIS B 8805,
and Conveyor Equipment Manufacturers Association (CEMA) . They
employ many complicated equations for individual parts of the en-
ergy consumption. Moreover, they require many detailed parame-
ters for calculation. These models are suitable for the design
purpose and can hardly be used for optimization.

In [26], an analytic energy calculation model is proposed. It
lumps all the parameters into four coefficients which can be de-
rived from the design parameters or identified through the
technique of parameter identification. This analytic energy calcula-
tion model of belt conveyors, proposed in [26], is as follows

fPðV ; TÞ ¼ h1VT2 þ h2V þ h3
T2

V
þ h4T þ V2T

3:6
; ð1Þ

where fP(V,T) is the power of the belt conveyor (kW), V is the belt
speed (m/s), T is the feed rate (t/h) and h1–h4 are the coefficients
which come from the design parameters or are identified by param-
eter identification. V and T also obey the following relation

T ¼ 3:6Q GV ; ð2Þ

where QG is the unit mass of the material along the belt (kg/m). The
maximum value of QG,QG_MAX, is determined by the characteristics
of the belt and the bulk material being transferred [21,22]. Energy
model (1) calculates the mechanical energy of a belt conveyor.
Incorporated with the efficiency of the drive system, model (1) is
rewritten as follows

fPðV ; TÞ ¼
1
g

h1VT2 þ h2V þ h3
T2

V
þ h4T þ V2T

3:6

 !
; ð3Þ

where g is the efficiency of the entire drive system. g = gd � gm,
where gm is the efficiency of motor and gd is the efficiency of the
drive. In the next section, the energy model (3) will be integrated
into the VSD based optimal control problem to improve the opera-
tion efficiency of the belt conveyor system through variable-speed
control.

3. Optimal control of belt conveyors

The improvement of operation efficiency of a belt conveyor
brings better performance efficiency. Specifically, the improve-
ment of operation efficiency by coordinating the on/off status of
belt conveyors and time (TOU tariff), as shown in [10], achieves
great saving of energy cost. On the other hand, the improvement
of operation efficiency through coordinating the belt speeds and
feed rates also saves energy, consequently energy cost [15]. To con-
sider optimal operation efficiency of belt conveying systems, we
introduce optimal control to the above two methods with the
objective to minimize energy cost. We take energy cost, a typical
indicator to measure performance efficiency, as the objective of
the optimization instead of a direct indicator of operation effi-
ciency because the performance efficiency can drive the operation
in its optimal efficiency and possibly balance the energy cost and a
technical specification.

For a conveying system with n belt conveyors, the total electric-
ity cost within a time period is related to the TOU tariff, the power
of the conveyors, the time period and the number of belt convey-
ors. It can be expressed as an integration between t0 and tf as
follows

J ¼
Z tf

t0

Xn

i¼1

PiðtÞpðtÞdt; ð4Þ

where [t0,tf] is the time period for total cost calculation, Pi(t) the
power function of the ith belt conveyor and p(t) is the TOU tariff
function. For ease of discrete-time numerical analysis, the cost func-
tion (4) is discretized. Let the sample time Ts ¼

tf�t0

N , we can obtain
the discrete form of the cost function, J, as follows

J ¼
Xn

i¼1

XN

j¼1

Pj
ip

jTs; ð5Þ

where Pj
i is the power of the ith belt conveyor at the jth sample time,

Pj
i ¼ PiðjTsÞ, and pj is the electricity price at the jth sample time,

pj = p(jTs).
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3.1. Optimal switching control problem

The optimal switching control strategy optimizes the on/off sta-
tus of the belt conveyors to minimize the energy cost, and leaves
the feed rate and belt speed to be uncontrolled. The TOU tariff is
integrated into the objective function of this optimization. The con-
trol variable of this optimal control strategy is the on/off status of
the belt conveyors of a conveying system. For an individual belt
conveyor, its status can be represented by the switching function
as follows

uiðtÞ ¼
1; when switched on;
0; when switched off:

�
ð6Þ

ui(t) is a binary integer and can not be any value in the interval
(0,1). ui(t) = 1 denotes that the ith conveyor is working at time t,
while ui(t) = 0 means the ith conveyor is switched off.

In this optimal switching control problem, the power of the ith
conveyor, denoted by Pi, is considered constant when this conveyor
is switched on. It comes from the assumption that the belt con-
veyor works with constant feed rate and fixed belt speed. Incorpo-
rated with the discrete form of the switching function, the power
of the ith conveyor at jth sample time is Pj

i ¼ Piu
j
i. Hence, (5) is

rewritten as

J ¼
Xn

i¼1

XN

j¼1

Piu
j
ip

jTs: ð7Þ

This cost function can be taken as the objective function of the opti-
mal switching control problem which is to minimize the energy
cost subject to relevant constraints. The typical constraints of this
optimal problem originate from the storage capacities and the total
productions. All the constraints can be expressed as the following
general form

gðuj; jTsÞ 6 0: ð8Þ

In the following case study, the detailed description of the con-
straints for this problem will be analyzed and formulated.

Eventually, the optimal switching control problem is formu-
lated as

min Jðuj
i : 1 6 i 6 n;1 6 j 6 NÞ ¼

Xn

i¼1

XN

j¼1

Piu
j
ip

jTs;

subject to gðuj; jTsÞ 6 0: ð9Þ

The solution to this problem, denoted by

�u ¼ ð�u1
1; �u

1
2; . . . ; �u1

n; �u2
1; �u

2
2; . . . ; �u2

n; . . . ; �uN
1 ; �u

N
2 ; . . . ; �uN

n Þ

is the optimal operational instructions for the belt conveyors. Each
element of the operational instruction, �uj

i , is either 0 or 1. So the
optimization problem in this case is a binary optimization problem.

3.2. VSD based optimal control problem

Nowadays, many belt conveyors are equipped with VSDs, where
the VSD based optimal control strategy can be applied. For a belt
conveyor with VSD, its power at the jth sample time can be ex-
pressed as Pj

i ¼ fPðVj
i; T

j
iÞ according to (3). Combining Pj

i with (5),
we obtain the total electricity cost as follows

J ¼
Xn

i¼1

XN

j¼1

fPðVj
i; T

j
iÞp

jTs: ð10Þ

This cost function can be taken as the objective function of the VSD
based optimal control problem.

In practice, large ramp rates of belt speed do harm to certain
equipment or components of the belt conveyor. One way to reduce
the ramp rate of belt speed is to integrate it into the objective func-

tion for minimization. Thus, an additional part,
Pn

i¼1

PN�1
j¼1 ðV

jþ1
i �

Vj
iÞ

2, is added to the objective function (10). The modified objective
function is expressed as follows

J ¼
Xn

i¼1

XN

j¼1

fPðVj
i; T

j
iÞp

jTs þ-
Xn

i¼1

XN�1

j¼1

ðVjþ1
i � Vj

iÞ
2
; ð11Þ

where - is a weight, which is employed to balance the economic
performance and the technical specification. A second way to con-
sider the ramp rate constraints is to directly impose lower and
upper bounds for Vjþ1

i � Vj
i. A third way is to further model the

dynamics of the drive systems, so, dynamical constraints of Vjþ1
i

and Vj
i can be established. In this paper, the first way of dealing with

ramp rate constraints is employed for simplicity purpose. Another
reason for us to build a technical constraint into the objective func-
tion is to show that a performance efficiency indicator can represent
a balance between an economic indicator and a technical indicator.
We will show how operation efficiency can be driven by optimizing
a performance efficiency indicator.

There are other constraints. The typical ones come from the
storage capacities, the total productions, the belt speeds, the feed
rates and the unit mass of the material on the belt. All these con-
straints can be expressed as the following general form

gðVj; Tj; jTsÞ 6 0: ð12Þ

In the following case study again, a detailed description of the con-
straints will be given.

Now, the VSD based optimal control problem is formulated as

min JðVj
i; T

j
i : 1 6 i 6 n;1 6 j 6 NÞ ¼

Xn

i¼1

XN

j¼1

fPðVj
i; T

j
iÞp

jTs

þ-
Xn

i¼1

XN�1

j¼1

ðVjþ1
i � Vj

iÞ
2
;

subject to gðVj; Tj; jTsÞ 6 0: ð13Þ

The solution to this problem, ½Vj
i; T

j
i:1 6i 6n, 1 6j 6N], is the oper-

ational instructions for the belt conveyors, where

Vj
i ¼ ðV

1
1;V

1
2; . . . ;V1

n;V
2
1;V

2
2; . . . ;V2

n; . . . ;VN
1 ;V

N
2 ; . . . ;VN

n Þ

and

Tj
i ¼ ðT

1
1; T

1
2; . . . ; T1

n; T
2
1; T

2
2; . . . ; T2

n; . . . ; TN
1 ; T

N
2 ; . . . ; TN

n Þ:

In this case, the problem at hand is a real-value optimization
problem.

The optimal switching control and the VSD based optimal con-
trol are now cast into the ordinary optimal control problems where
various control system techniques can be applied. In the following
section, the two optimal control strategies are to be applied to the
coal conveying system in a coal-fired power plant.

4. A case study of the coal conveying system in a coal-fired
power plant

4.1. Overview of the system

The coal conveying system in a coal-fired power plant at an
anonymous location is shown as Fig. 1. At present, this power plant
has two 600 MW units. Two 1000 MW units will be set up in the
future. The coal conveying system is designed for four units. The
raw coal is delivered to this power plant by a vessel. Two continu-
ous ship unloaders along with three belt conveyors, C1, C2, and C3,
transfer the raw coal from the vessel to the coal storage yard. Then,
the coal is fed to boilers through C4, C5, C6, C7, and C8 belt
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Fig. 1. Process flow diagram of the coal conveying system.

1932 S. Zhang, X. Xia / Applied Energy 87 (2010) 1929–1937
conveyors to meet the demand of the two units. Between C6 and
C7, there is a coal crusher. Each boiler has six coal bins. The total
capacity of the 12 bins is sufficient to sustain the two units for
11.8 h under rated loads.

Actually, each belt conveyor has its backup standby; the two
belt conveyors make one pair. For example, C1 consists of two belt
conveyors, C1A and C1B. Under the conventional operational
mode, only one belt conveyor of the pair runs and another one is
on standby. Hence, it is reasonable to take one belt conveyor of
each pair for investigation.

The feeding process from coal storage yard to the coal bins is
suitable for energy optimization because it can be isolated to be
controlled independently and has rather big buffers (coal bins)
for optimal scheduling. The coal crusher will not be included in
the following investigation because it follows its own optimal con-
trol strategy. The design parameters of C4, C5, C6, C7, and C8 are
shown in Table 1. According to the methods in [26], we can obtain
the coefficients of the energy calculation models of C4–C8 using
the basic parameters in Table 1 and the other detailed design
parameters from the specification. The bulk density of the coal
along C7 is greater than that of the coal along C6 because the
crusher decreases the particle size of the coal. It results in
QG_MAX6 6 QG_MAX7, even though C6 and C7 have the same belt
parameters.

The TOU tariff is an important input of the proposed optimal
control strategies. In the case study, the regional power grid has
its own TOU tariff. It can be described by

pðtÞ ¼
po; if t 2 ½0;8Þ;
ps; if t 2 ½8;9Þ [ ½12;19Þ [ ½22;24Þ;
pp; if t 2 ½9;12Þ [ ½19;22Þ;

8><
>: ð14Þ
Table 1
The parameters of the belt conveyors under investigation.

Conveyors C4 C5

Width of the belt (mm) 1400 1400
Feed rate [rated/maximum] (t/h) 1500/1800 1500/1800
Belt speed (m/s) 2.5 2.5
Center-to-center distance (m) 129.5 309.5
The net change in elevation (m) 16 8
h1 2.3733 � 10�4 2.3733 � 10�

h2 3.5519 � 103 8.5097 � 103

h3 0.0031 0.0031
h4 47.4471 46.8719
where t is the time of any day in hours (from 1 to 24); po, ps, and pp

are the off-peak, standard and peak TOU energy tariff in an anony-
mous monetary unit, A/kW h. At present, po = 0.5ps, pp = 1.58ps, and
ps = 0.7 A/kW h.

4.2. Forecast of the coal consumption

The load of an unit is usually determined by economic dispatch
[27]. Thus, the coal consumption of the unit can be forecasted
through its load assignment and inherent characteristics. It can
be represented as a quadratic function as follows [28,29]

FðPdÞ ¼ aP2
d þ bPd þ c; ð15Þ

where Pd is the load assignment of the unit (MW), F(Pd) is the coal
consumption rate (t/h) and the three coefficients, a, b, and c are
determined by inherent characteristics of the unit. In this case
study, the two units are the same model and from the same manu-
facturer. They are supposed to have the same function of coal con-
sumption with a = �4.045 � 10�5, b = 0.3994, and c = 12.02. These
coefficients are derived from the specification of the unit.

The economic dispatch is usually implemented repeatedly and
periodically. In the rest of the paper, 24 h are taken as the time
interval of the optimal control problems. In view of system analy-
sis, it is reasonable to treat the 12 coal bins as an unity. The total
capacity of the bins can be calculated by TCB = 2 � 11.8 �
F(600) = 5595.5 t. For the sake of the feasibility and reliability of
the coal conveying system, an upper limit (HL) and a lower limit
(LL) are employed for the remaining coal in the bins. HL is gener-
ally set to be 85% of TCB and LL is set to be 35% of TCB. At any time,
the remaining coal in the bins (RCB) should be within the range
between HL and LL.

4.3. Assumptions for the system

The following assumptions are made in order to model the coal
conveying system as simplified optimal control problems.

1. At any time, the coal storage yard always has enough coal to
supply the feeding process.

2. Under the current control strategy and optimal switching con-
trol strategy, the belt conveyor operates either with its rated
belt speed and upper limit of feed (when switched on) or with
the feed rate of 0 (t/h) and power of 0 (kW) (when switched off).
The upper limit of feed rate of ith belt conveyor, donated by Tpi,
is determined by the its feeder or the feed rate of its upstream
conveyors. A belt conveyor’s Tp is always less than or equal to its
rated feed rate. Furthermore, under certain conditions, Tp may
be far less than the rated feed rate due to the mismatched fee-
der or material blockage.

3. The time delay associated with the coal from the coal storage
yard to coal bins is ignored.
C6 C7 C8

1400 1400 1400
1500/1800 1500/1800 1500/1800
2.5 2.5 2.5
200.9 287.86 171.25
12 12 0

4 2.3733 � 10�4 2.1359 � 10�4 2.1359 � 10�4

6.9623 � 103 8.1479 � 103 6.4065 � 103

0.0031 0.0028 0.0028
93.4937 143.3385 13.3984
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4. The dynamic energy consumption associated with start-up and
stop of the belt conveyor is not taken into account.

5. Because this study is concentrated on the optimal control of
belt conveyor system, the coal crusher is not taken into account.
It is controlled by an independent control system.

6. At the beginning and the end of the control interval, the remain-
ing coal in the bins, denoted by ICB, takes a constant and fixed
value, which is necessary for the repeatedly implementation of
the optimal control. In the following investigation, ICB is set to
be 50% of TCB.

7. Twenty four hours and twenty minutes are taken as the optimal
control interval and sample time, respectively. Thus, N = tf�t0

Ts
¼

72.

4.4. Current control strategy

A sequential control system (SCS), implemented by program-
mable controller (PC), is employed for this coal conveying system.
It focuses mainly on the feasibility and reliability. The current con-
trol strategy for the feeding process is elaborated as follows. The
SCS calculates the amount of the remaining coal periodically
through the coal levels in the bins. If the remaining coal in the bins
goes down less than LL, the SCS runs C4–C8 belt conveyors to feed
coal to the bins. On the other hand, if the remaining coal goes up
greater than HL, the SCS stops the feeding process.

4.5. Formulation of the optimal switching control strategy

In the feeding process, C4–C8 are serially interlinked and there
are not buffers between them, hence, they should be switched on
or switched off synchronously. They share the same switching
function, uj, and the same feed rate. In this case study, the objective
function has the following specific form

Jðuj : 1 6 j 6 NÞ ¼
X8

i¼4

XN

j¼1

Pi MAXujpjTs; ð16Þ

where Pi_MAX (4 6 i 6 8) is the power of the ith conveyor running
with the rated speed and the upper limit of the feed rate, Tp. Be-
cause

P8
i¼4Pi MAX and Ts are constant, they can be removed from

(16) to obtain the simpler form of the objective function as follows

min Jðuj : 1 6 j 6 NÞ ¼
XN

j¼1

ujpj: ð17Þ

The constraints for this optimal control problem are listed as
follows:

1. At any time, the amount of the remaining coal in the bins, RCB,
is within the range between HL and LL:

LL 6 RCBj
6 HL; ð1 6 j 6 NÞ: ð18Þ

2. The total amount of coal fed to the boilers is greater than or
equal to the total consumption of the two units:

XN

j¼1

TpujTs P
XN

j¼1

CCjTs; ð19Þ

where CCj is the coal consumption rate of the two units at the jth
sample time.

The constraint (19) also guarantees that at the beginning and
the end of each control interval the amount of the remaining coal
in the bins keeps the approximate value.

This optimal switching control of belt conveyors is a binary
integer programming problem. We use the bintprog function of
the MATLAB Optimization Toolbox to solve this problem. bintprog
has the following form

min f T x;
subject to A � x 6 b;

Aeq � x ¼ beq; ð20Þ

where x is a binary integer vector. For this case study, x is the on/off
status of the belt conveyors. It can be formulated as

x ¼ ½u1; u2; . . . ;uN �T ; ð21Þ

and f is defined as

f ¼ ½p1;p2; . . . ; pN�T : ð22Þ

The constraints for this problem, (18) and (19), should be formu-
lated as the form of (20). The remaining coal in the bins at the jth
sample time, RCBj, is expressed as

RCBj ¼ ICBþ Ts

Xj

k¼1

Tpuk � Ts

Xj

k¼1

CCk: ð23Þ

Combined with (23), the constraint (18) is changed to

�
Xj

k¼1

uk
6
�LLþ ICB� Ts

Pj
k¼1CCk

TpTs
; ð24Þ

and

Xj

k¼1

uk
6

HH� ICBþ Ts
Pj

k¼1
CCk

TpTs
: ð25Þ

The constraint (19) can also be changed to

�
XN

j¼1

uj
6 �

XN

j¼1

CCj: ð26Þ

Then (24)–(26) are formulated as the inequality constraint of (20).
When j ranges from 1 to N, (24) and (25) generate N inequalities,
respectively. Constraint (26) is for the total amount and it contains
one inequality. Hence, the formulated matrix A has the dimensions
of (2N + 1) � N and b is a vector with dimension N.

4.6. Formulation of the VSD based optimal control strategy

Under the control of the VSD based optimal control strategy, the
objective function of the feeding process has the following specific
form

min JðVj
i; T

j
iÞ ¼

X8

i¼4

XN

j¼1

fPðVj
i; T

j
iÞp

jTs þ-
X8

i¼4

XN�1

j¼1

ðVjþ1
i � Vj

iÞ
2
: ð27Þ

The constraints for this optimal control problem are listed as
follows.

1. Because C4–C8 are serially interlinked and there are not buffers
between them, the feed rates of C4–C8 should be the same at
any time:

Tj
4 ¼ Tj

5 ¼ Tj
6 ¼ Tj

7 ¼ Tj
8; ð1 6 j 6 NÞ: ð28Þ

2. At any time, the remaining coal is within the range between HL
and LL:

LL 6 RCBj
6 HL; ð1 6 j 6 NÞ: ð29Þ

The remaining coal at the jth sample time is calculated by

RCBj ¼ ICBþ Ts

Xj

k¼1

Tk
4 � Ts

Xj

k¼1

CCk; ð30Þ



Table 2
The load assignment of the two units.

Time (h) 1 2 3 4 5 6 7 8 9 10 11 12

Load (MW) 1136 1140 1148 1156 1160 1168 1172 1176 1184 1192 1196 1200
Coal consumption rate (t/h) 451.66 453.07 455.89 458.72 460.13 462.95 464.36 465.77 468.58 471.39 472.79 474.19
Time (h) 13 14 15 16 17 18 19 20 21 22 23 24
Load (MW) 1192 1184 1176 1164 1160 1168 1176 1192 1184 1168 1152 1144
Coal consumption rate (t/h) 471.39 468.58 465.76 461.54 460.13 462.95 465.77 471.39 468.58 462.95 457.31 454.48
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Fig. 2. Current control strategy with Tp = 1500 t/h.
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where Tk
4 can be substituted by the feed rates of the other belt

conveyors because C4–C8 share the same feed rate all the time.
3. The total amount of coal fed to the boilers is greater than or

equal to the total consumption of the two units:

XN

j¼1

Tj
4Ts P

XN

j¼1

CCjTs: ð31Þ

4. At any time, the belt speeds of C4–C8 are within the feasible
domain:

Vi MIN 6 Vj
i 6 Vi MAX ; ð4 6 i 6 8;1 6 j 6 NÞ: ð32Þ

5. At any time, the feed rates of C4–C8 are within the feasible
domain:

Ti MIN 6 Tj
i 6 Tpi; ð4 6 i 6 8;1 6 j 6 NÞ; ð33Þ

where Tpi is the upper limit of the feed rate of the ith belt
conveyor.

6. For each belt conveyor under investigation, the unit mass of the
material on the belt, QG, should be less than its maximum value:

Q j
G4 ¼

Tj
4

3:6Vj
4

6 QG4 MAX ; ð1 6 j 6 NÞ;

..

.

Q j
G8 ¼

Tj
8

3:6Vj
8

6 QG8 MAX ; ð1 6 j 6 NÞ: ð34Þ

The fmincon function of MATLAB Optimization Toolbox is used
to solve this VSD based optimal control problem. It has the follow-
ing general form

min f ðxÞ;
subject to

cðxÞ 6 0;
CeqðxÞ ¼ 0;
A � x 6 b;

Aeq � x ¼ beq;

lb 6 x 6 ub: ð35Þ

For this case study, the control variable, x is a vector containing the
feed rates and belt speeds of C4–C8. Consequently, the dimension of
x is 10 N. Constraints (32) and (33) are formulated as lb and ub of
(35). Constraint (28) is formulated as the equality function, Ceq(x).
The left constraints, (29), (31) and (34) are integrated into the
inequality function, c(x). When this optimal control problem is
solved, the optimal operational instructions of C4–C8 are given by

�x ¼ ½V1
4;V

2
4; . . . ;VN

4 ; T1
4;T

2
4; . . . ;TN

4 ; . . . ; V1
8;V

2
8; . . . ;VN

8 ; T1
8;T

2
8; . . . ;TN

8 �:
5. Simulation results

In this section, the current control strategy, the optimal switch-
ing control strategy and the VSD based optimal control strategy are
simulated. A 24-h load assignments along with the corresponding
coal consumption rates, as shown in Table 2, are used for the fol-
lowing simulations. The two units are supposed to have the same
load assignment. This assumption comes from the fact that the
two units have the same characteristics. For all the following sim-
ulations, ICB and - in (27) are set to 50% � TCB and 500, respec-
tively; moreover, the efficiency of the drives and motors, gd and
gm, are set to 0.9408 and 0.945, respectively according to the spec-
ifications of the power plant.

In practice, many belt conveyors operate below their rated feed
rates, even with empty belts. The loading limits of the feeders and
the improper operation procedures are the main reasons for that.
In order to analyze the influence resulting from the limited feed
rates, two conditions (the upper limits of the feed rate Tp =
1500 t/h and Tp = 750 t/h) are used for investigation, respectively.

5.1. Tp = 1500 t/h

One thousand and five hundred tons per hour is the rated feed
rates of the belt conveyors. Firstly, the current control strategy
without optimization is applied to the conveying system. The re-
sult is shown as Fig. 2. Its legends are also valid for Figs. 3, 4, 7–
9. Secondly, the optimal switching control strategy is simulated
with the result as shown in Fig. 3. Thirdly, the VSD based optimal
control strategy is simulated to get the result as shown in Fig. 4.
Under the condition of the current control strategy or optimal
switching control strategy, the belt conveyors run with V = 2.5 m/
s and T = 1500 t/h (when switched on) or with V = 0 m/s and
T = 0 t/h (when switched off) according to the assumptions. The
feasibility of the current control strategy is proved by Fig. 2. How-
ever, it runs the belt conveyors during peak time without consider-
ation of the TOU tariff, which results in more energy cost
consequently. In Fig. 3, the operation status of the belt conveyors
is optimally controlled with consideration of the relevant con-
straints. These operation instructions shift the working time of
the belt conveyors away from the peak time to minimize the en-
ergy cost. The VSD based optimal control strategy stops the belt
conveyors during peak-time to save energy cost, as shown in
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Fig. 4. VSD based optimal control strategy with Tp = 1500 t/h.
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Fig. 5. Cumulative cost with Tp = 1500 t/h.
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Fig. 6. Cumulative energy consumption with Tp = 1500 t/h.
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Fig. 3. Optimal switching control strategy with Tp = 1500 t/h.
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Fig. 4. During off-peak and standard time, the feed rates and belt
speeds are optimally coordinated to obtain high operation effi-
ciency. In Fig. 4, the speed of C7 is always lower than that of C4.
It results from the increase of bulk density of the coal after the
crusher.

The cumulative energy cost and the cumulative energy con-
sumption of the three strategies are show in Figs. 5 and 6, respec-
tively. We take the current control strategy as the baseline. It is
shown in Table 3 that the optimal switching control strategy re-
duces the energy cost dramatically by up to 28.26%, however, it
can hardly save energy because it only optimizes when the energy
is consumed instead of how the energy is consumed. In Fig. 6, the
optimal switching control strategy consumes more cumulative en-
ergy than the current control strategy, because the former trans-
ferred more coal as shown in Table 3. On the other hand, 5.38%
of the energy saving and 37.38% of the cost reduction from the
VSD based optimal control strategy are realized as seen from Table
3. Most of its cost reduction comes from the coordination of the
TOU tariff and the working time of the belt conveyors; and the
other part is from its energy saving. The energy saving is achieved
by controlling the feed rate and belt speed of each belt conveyor to
keep its QG near the maximum value, QG_MAX. The rated feed rates
of C4–C8 do not coordinate their rated belt speeds optimally,
which is where the energy saving of the VSD based optimal control
comes from.
5.2. Tp = 750 t/h

Tp = 750 t/h is used to demonstrate the operation condition of
the belt conveyor with decreased feed rate. According to the
assumptions, the belt conveyors, under the condition of the current
control strategy or optimal switching control strategy, run either
with V = 2.5 m/s and T = 750 t/h (when switched on) or with
V = 0 m/s and T = 0 t/h (when switched off). The simulation results
of the current control strategy, the optimal switching control strat-
egy and the VSD based optimal control strategy are shown as Figs.
7–9, respectively. With the limited feed rate (T = 750 t/h) and rated
belt speed, the current control strategy and the optimal switching
control strategy require longer working time to fulfil the same task.
The simulation result of the VSD based optimal control strategy is
similar to that with Tp = 1500 t/h as shown in Fig. 4. However, the
values of feed rate and belt speed in Fig. 9 are smaller than those in
Fig. 4.

The cumulative energy cost and the cumulative energy con-
sumption with Tp = 750 t/h are shown in Figs. 10 and 11, respec-
tively. It is clearly shown in Fig. 10 that the optimal switching
control and the VSD based optimal control achieve great reduc-
tions (21.37% and 35.42%, respectively) of energy cost, comparing
with the current control strategy. At the same time, 15.35% of
the energy saving is achieved by the VSD based optimal control
strategy. This condition, with feed rate of T = 750 t/h, is farther
away from the optimal operation condition of the belt conveyor
system than that with rated feed rate (T = 1500 t/h). It is why the
energy saving of the VSD based optimal control strategy from this
condition (15.35%) is much larger than that from the condition
with rated feed rate (5.38%). Anyway, the considerable energy sav-



Table 3
Performance of the optimal control strategies.

Strategies Total amount
of the coal (t)

Energy consumption
(kW h)

Energy
cost (A)

Unit energy consumption
(kW h/t)

Unit energy
cost (A/t)

Energy
saving (%)

Cost
saving (%)

Tp = 1500 t/h
Current control strategy 11,000 5226.3 4137.3 0.475 0.376 / /
Optimal switching control strategy 11,500 5463.8 3103.0 0.475 0.270 0.00 28.26
VSD based optimal control strategy 11,130 5003.4 2621.5 0.449 0.235 5.38 37.38

Tp = 750 t/h
Current control strategy 11,000 5837.0 4011.6 0.530 0.365 / /
Optimal switching control strategy 11,250 5969.6 3211.1 0.530 0.285 0.00 21.73
VSD based optimal control strategy 11,130 4999.5 2621.3 0.449 0.236 15.35 35.42
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Fig. 7. Current control strategy with Tp = 750 t/h.
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Fig. 8. Optimal switching control strategy with Tp = 750 t/h.
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Fig. 9. VSD based optimal control strategy with Tp = 750 t/h.
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Fig. 10. Cumulative energy cost with Tp = 750 t/h.
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Fig. 11. Cumulative energy consumption with Tp = 750 t/h.
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ing, resulting from the VSD based optimal control strategy, is
proved by the simulation results, with an economic indicator, en-
ergy cost, instead of a direct indicator of energy consumption being
employed as the optimization objective function. In fact, the belt
conveyors are driven by the performance indicator to operate in
their optimal efficiency, consequently, the energy saving is
achieved.

In practice, if the belt conveyor systems are already equipped
with VSDs, then the VSD based optimal control strategy can be ap-
plied easily. On the other hand, for those systems without VSDs,
extra capital cost is required. In this case study for example, 10
VSDs are needed by C4, C5, C6, C7, and C8 to implement the VSD
based optimal control strategy; and each VSD costs about
63,000 A. Under the same working condition and electricity price
as used in the simulation, the payback period of the VSDs is
roughly 1.15–1.26 years.
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6. Conclusion

Generally, the improvement of energy efficiency of a belt con-
veyor system can be achieved through any one of its four compo-
nents (performance, operation, equipment, and technology). This
paper focuses on the most practical part, operation efficiency. An
optimal switching control strategy and a VSD based optimal control
strategy are proposed to improve the operation efficiency of the belt
conveyor system, respectively. The former integrates the operation
status and the TOU tariff into an objective function and takes other
system and external constraints into consideration. Under this con-
trol strategy, the operation efficiency of belt conveyors is improved
by optimally coordinating the on/off status of the belt conveyors and
time. The VSD based optimal control strategy involves the energy
model of belt conveyors, the TOU tariff and ramp rates of belt speed
into its objective function. With this strategy, the improvement of
the operation efficiency of belt conveyors is achieved by optimally
controlled operational instructions concerning its working time,
belt speeds and feed rates. Operation efficiency can indeed be re-
flected by the coordination of two or more physical sub-systems,
by scheduling the time when energy is used or by the human skill
that is operating the system. Operation efficiency of the belt con-
veyor system is achieved by optimizing a performance indicator,
in other words, the performance indicator drives the operation in
its optimal efficiency. A coal conveying system in coal-fired power
plant is used for a case study. The optimal switching control strategy
achieves large reductions of energy cost, however, it can hardly save
energy. On the other hand, the VSD based optimal control strategy
reduces the energy cost greatly, meanwhile, it saves the energy con-
sumption considerably as well. An energy consumption reduction,
while making financial sense, makes the VSD based optimal control
strategy a sustainable scheme for energy management. Further-
more, a conclusion can be drawn that the belt conveyors with higher
belt speeds or further decreased feed rates have the larger potential
for improvement of operation efficiency.

The simulation also reveals that the computation of the two
optimal control strategies is not very complex, hence they can be
integrated with the existing SCS or implemented by an individual
industrial personal computer (IPC). The two optimal control strat-
egies can be implemented as open loop control or closed-loop con-
trol. The open loop implementation guides the operators to achieve
the optimal operation of the belt conveyor system without inter-
ference with the existing control system. On the other hand, the
closed-loop implementation drives the belt conveyors directly
with its optimal operational instructions. It operates the belt con-
veyor systems in their optimal operation efficiency automatically,
at the same time, it relieves the operators as well. The two optimal
control strategies for belt conveyor systems are formulated as the
general optimal control problems, hence, they can be easily applied
to other conveying systems or similar industrial application areas.
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