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Chapter 1

Introduction

1.1 Background

Belt conveyor systems are typical continuous transport systems that can convey materials with-
out any interruptions (see Figure [I.I)). For more than a century, belt conveyors have been an
important part of material handling for both in-plant and overland transportation
2010). In the last decades, the technology of belt conveyor systems has been continually
improved. Especially after the Second World War, rubber technologies began a period of rapid
development and these changes promoted the improvement of conveyor systems. Moreover,
belt conveyors in recent decades have become longer and faster, with higher capacity and less
environmental impact (Lodewijks|, [2002). In addition, belt conveyors have proven themselves
to be one of the most cost-effective solutions for handling bulk material mass flows. Further-

more, the belt conveyor systems today are controlled and monitored by computers and the
automatically-controlled conveyor systems are used to maximize their performance and flexi-
bility (EagleTechnologies, [2010).

Due to their inherent advantages, such as high capacity and low labor requirements, belt

conveyors play a significant role in bulk solids handling and conveying, especially in districts

Figure 1.1: Belt conveyors in Shanghai Port, Luojing Phase II ore terminal. (Courtesy of Shang-

hai Keda Heavy Industry Group Co., Ltd. (KDHI, 2016))
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where infrastructure is underdeveloped or non-existent (Nuttall, [2007). According to Daniel
Clénet| (2010), there are more than 2.5 million conveyors operating in the world each year.
Considering the extensive use of belt conveyors, their operations involve a large amount of
electricity. Hiltermann| (2008) gives an example, showing that belt conveyors are responsible
for 50% to 70% of the total electricity demand in a dry bulk terminal. Furthermore, coal-fired
power plants currently fuel 41% of the global electricity (Goto et al., 2013)), and coal makes
up over 45% of the world’s carbon dioxide emissions from fuels (International Energy Agency,
2015). Therefore, taking the relevant economic and social challenges into account, there is a
strong demand for lowering the energy consumption of belt conveyors and reducing the carbon
footprint.

In the past decades, several different solutions have been designed for reducing the elec-
tricity cost of belt conveyors. These different cost saving approaches can be classified into five
groups:

* methods applying energy efficient components, such as, low loss conveyor belts (Kropf-
Eilers et al., 2009} Gerard van den Hondel, 2010; Lodewijks, 2011), new types of idler
sets (Tappl, 2000; Mukhopadhyay et al., 2009) and high efficient driving systems (Emadi,
2004; Dilefeld, [2014);

* methods optimizing the design, especially the conveyor route (Yester, 1997} |Alspaugh,
2004);

* methods recovering energy, including recovering the kinetic and the potential energy of
the transported material (Michael Prenner and Franz Kessler, [2012; Graaf], 2013));

* methods optimizing the drive operation, as by controlling motor sequences (Dalgleish and
Grobler, 2003} [Levi, 2008) or adjusting the conveyor speed (Hiltermann, 2008}; Jeftenic
et al., 2010; Pang and Lodewijks, 2011} Ristic and Jeftenic, 2011);

* and method accounting for the operational philosophy, for example, the time-of-use tariff
(Zhang and Xial, 2010, 2011} Luo et al.,[2014).

In the case of installing new belt conveyors, the first two methods are effectively and effi-
ciently applied to reduce power consumption. However, in the case of well-working conveyors
these methods require large extra investments, since they need to replace existing conveyor
components or change the current layout of belt conveyor systems. The third method, which
attempts to recover the kinetic and the potential energy of the transported material, is ecologi-
cally promising and technically possible. However, as suggested by (Graaf (2013), this method
may be not economically viable because it costs more money than it generates. The fourth and
fifth methods can be applied to the conveyors to be installed, or to the existing conveyors with
limited extra investments. However, the fifth method, which reduces the electricity cost via the
time-of-use tariff, does not reduce the power consumption in practice. Therefore, the thesis
focuses on methods that optimize the drive operation, especially the method of adjusting the
conveyor speed.
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(©

Figure 1.2: Principle of speed control. (a) Low filling ratio of a belt conveyor, courtesy of
IWEB-I.com. (b) The belt conveyor is running at nominal speed with partically loaded. (c) The
belt conveyor is running at non-nominal speed with fully loaded.

The method of adjusting conveyor speed to reduce energy consumption is called speed con-
trol (Hiltermann, 2008). Generally, belt conveyors are running at a designed nominal speed
and in most cases they are only partially loaded (see Figures [I.2a] and [I.2b). This can result

from the variation of bulk material flow discharged onto the belt conveyors, since they can be
part of a bulk material handling chain in which the actual material flow is determined by the
upper-stream handling process. Taking the bulk material transportation system in a terminal for
instance, the material flow varies with the variable-in-time number of available ship unloaders.
The peak of the material flow feeding rate can be predicted on the basis of the actual number
of available unloaders. In such cases, the conveyor speed can be adjusted to match the material
flow, and as a consequence the conveyor’s filling ratio is to be significantly improved (see Fig-
ure [I.2¢)). Then, according to the standard DIN 22101 (German Institute for Standardization,
20135)), the belt conveyor’s energy consumption is expected to be reduced.

The research on speed control can be dated back to the end of the last century
1998)). Over the past few years, several important results have been achieved. Based on the stan-
dard DIN 22101, Hiltermann et al.| (2011)) proposed a method of calculating the energy savings
achieved via speed control. Field tests were carried out in which the belt speed was manually

adjusted by varying the output frequency of the installed frequency converter. According to the
measurement data of a studied belt conveyor, speed control resulted in a 21% decline of the

total power consumption at a certain operation condition. Zhang and Xial (2009)) put forward a
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modified energy calculation model which combined energy calculations in DIN 22101 and ISO
5048 (International Organization for Standardization, |1989). Based on this model, the time-
of-use tariff was considered in the relative research (Zhangl 2010; Zhang and Xia, 2011} |Luo
et al., [2014), and a model-predictive-control method was proposed to optimize the operating
efficiency of belt conveyors. As the simulation result showed, both the electrical energy and the
payment were considerably reduced by the variable-speed-drive-based optimal control strategy.
Considering the dynamics of belt conveyors, |Pang and Lodewijks (2011) proposed a fuzzy con-
trol method to adjust the conveyor speed in a discrete manner. The experimental result showed
that the fuzzy control system could be effectively applied to improve the energy efficiency of
bulk material conveying systems. A fuzzy logic controller was built by Ristic et al.| (2012) for
the purpose of applying speed control to belt conveyors. Measurements over a long period of
time were carried out on a system with an installed power of 20 MW. Data for three belt con-
veyors was collected over eight months. The measurement results affirmed that the fuzzy logic
control allowed belt conveyors to save energy.

Besides the promising energy savings, extra benefits are also expected to accrue from the
applications of speed control, such as a reduced carbon footprint, and less mechanical and
electrical maintenance (Daus et al., [1998)).

1.2 Problem statement

The research on belt conveyor speed control has been ongoing for more than 20 years, and some
important results have been achieved. However, previous research did not cover some issues for
practically applying speed control, such as the potential risks and the dynamic analysis of belt
conveyors in transient operations. Traditionally, the operational conditions of belt conveyors
can be distinguished into the stationary operation and the transient operation. The stationary
operation, defined by |[Lodewijks and Pang| (2013a)), includes both the case where the belt is
not moving at all and the case where the belt is running at full design speed. Differing from
the stationary operation, the transient operation normally includes the normal operational start,
the aborted start, the normal operational stop and the emergency stop (Lodewijks and Pang,
2013a)). In the thesis, we expand the definition of transient operations into normal acceleration
or deceleration operations between neighboring stationary operations. Pang and Lodewijks
(2011) state that in transient operations, a large ramp rate of conveyor speed might result in
very high tension on the belt, which is the major reason for belts breaking at the splicing area.
Besides the risk of belt over-tension, several other risks in transient operations should also be
taken into account. These include the risk of belt slippage around the drive pulley, the risk of
material spillage away from the belt, the risk of motor over-heating, and the risk of pushing the
motor into the regenerative operation.

Besides the potential risks, another important issue is the dynamic analysis of transient
operations in speed control. Researchers and engineers have already studied conveyor dynamics
for decades. However, these researches mainly focus on the realization of soft start-ups or soft
stops. The transient operations for speed control should be given more attention, since the belt
conveyors often have a high filling ratio due to the conveyor speed adjustment. Moreover, the
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dynamics of belt conveyors in transient operation are more complex, especially in cases where
the conveyor speed is frequently adjusted to match a variable material flow.

The energy model, derived from the standard DIN 22101, is widely used in practice for
assisting the design of a belt conveyor. The DIN-based energy model uses a constant value
of the artificial frictional coefficient f to calculate the main resistances. However, as Spaans
(1991) suggests, the coefficient of main resistances varies with different belt conveyors and
different operating conditions. This is also confirmed by Song and Zhao|(2001)) and |Hiltermann
(2008). Hiltermann| (2008)) further carried out physical experiments to calculate the f factor
value. However, physical experiments in practice are expensive, and they may cause a negative
impact on the operational plan. Therefore, another technique is required to calculate the f factor
value.

1.3 Research aims and questions

This thesis aims to investigate the application of speed control to belt conveyors for reducing
energy consumption. The key research questions is

* How well can belt conveyors perform under speed control, taking both the dynamic belt
performance and the energy savings into account?

To answer the main research questions, several sub-questions need be examined:
* What is the research status of the belt conveyor speed control?

* How can we determine the permitted maximum acceleration and the demanded minimum
acceleration time in transient operations, taking both the potential risks and the dynamic
performance of belt conveyors during speed control into account?

* How can we accurately estimate the energy consumption of belt conveyors?

* How should the belt conveyor speed control system be modeled to assess the conveyor
performance under speed control?

* To what extent can the energy consumption be reduced by using speed control in different
manners?

1.4 Methodologies

Both theoretical and experimental methodologies will be applied in the research. In order to de-
termine the maximum acceleration and the minimum acceleration time in transient operations,
a three-step method will be proposed. It can be briefly expressed by Estimation-Calculation-
Optimization, and is called ECO in short. The ECO method takes both the potential risks and the
conveyor dynamics in transient operations into account. In the Estimation process, an estima-
tor is built on the basis of potential risks to approximate the permitted maximum acceleration.
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The Calculation process carries out computational simulations to analyze the performance of
belt conveyors in transient operations. Taking the potential risks and the conveyor dynamics
into account, further simulations are carried out in the Optimization process to determine the
optimum acceleration time. These computational simulations are based on an existing finite-
element-method (FEM) belt model which is described in detail by Lodewijks| (1996).

The DIN-based energy model is used to calculate the power consumption, and to estimate
the power reduction via speed control. In order to accurately estimate the energy consumption
of belt conveyors, an analytical calculation method will be proposed to calculate the f factor
values for different loads and for different speeds. The method will calculate the sub-resistances
of the main resistances by using the calibrated sub-resistances models. These sub-resistances
include the indentation resistances of the belt, the flexural resistances of the belt and material,
and the rotating resistances of the rollers. Importantly, the impact of the variation of the belt
tension will be taken into account to calculate the flexural resistances.

To evaluate the performance of speed control, several speed control models will be built
and a series of computational experiments will be carried out with different control algorithms.
In the experiments, different loading scenarios will be taken into account. Both the passive
speed control and the active speed control will be studied. In addition, in order to evaluate the
economical and social benefits, several key performance indicators (KPIs) will be defined and
used to analyze the speed control performance.

1.5 Thesis outline

The thesis outline is graphically shown in Figure

Chapter 2 introduces the speed control of belt conveyors. It includes the definition, the
principle, the classification and the prerequisites of speed control. In addition, after a literature
review, the benefits and the challenges of speed control are analyzed in detail.

Chapter 3 presents the speed adjustment operations. Risks in transient operations are ana-
lyzed, and the ECO method is introduced to determine the minimum speed adjustment time. In
addition, the FEM-based belt model is used to analyze the conveyor’s dynamic performance in
transient operations.

Chapter 4 analyzes the energy loss of belt conveyors. According to the individual energy
losses along the conveyor length, a analytical model is proposed to calculate the artificial fric-
tional coefficient for different loads and speeds. The variable drive system efficiency is also
taken into account.

Chapter 5 builds the modeling of belt conveyor speed control systems. The speed adjust-
ment operation discussed in Chapter 3 and the energy model introduced by Chapter 4 are taking
into account. According to different loading scenarios, the passive and active speed controllers
are built, and several control strategies are taken into account. In addition, several key perfor-
mance indicators are defined to assess the speed control performance.

Chapter 6 investigates the performance of speed control. Both the passive speed control
and the active speed control are performed. The study of the passive speed control carries out
both the static calculations and the dynamic simulations. The active speed control accounts for
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the fixed time interval strategy and the variable time interval strategy. In terms of the fixed time
interval, the impact of different speed sets and of different time intervals are further studied.
Chapter 7 concludes and provides recommendations for further research.

Chapter 2:
Introduction and review on belt conveyor speed control

Y Y
Chapter 3: Chapter 4:
Speed control transient operations|| Belt conveyor energy model
Y Y
Chapter 5:

Modeling of belt conveyor speed controllers

A
Chapter 6:
Simulation experimental results

\
Chapter 7:
Conclusions and recommendations

Figure 1.3: Thesis outline
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Chapter 2

Belt conveyors and speed control

Belt conveyors have been widely used in the solid material handling and conveying systems.
The extensive utilization of belt conveyor results in a large consumption of electricity. Tak-
ing the economic and ecological demands into account, several power reduction solutions have
been proposed. According to the standard DIN 22101, a certain reduction of power consump-
tion can be achieved by adjusting the conveyor speed to match the material flow. The technique
of adjusting the conveyor speed to achieve energy savings of belt conveyors is called speed
control. This chapter details speed control and reviews the relative researches. Section 2.1 in-
troduces the basic configuration of belt conveyors in brief. Section 2.2 investigates the solutions
of power savings of belt conveyors, and classifies them into four groups: methods of applying
energy efficient components, methods of optimizing the design, methods of recovering energy,
and methods of optimizing the drive operation. Speed control belongs to the last method, and
the conception of speed control is defined in Section 2.3. The conveyor speed has a linear
relationship with the conveying capacity, and Section 2.4 discusses the principle of speed con-
trol. According to different operational manners, Section 2.5 suggests that speed control can
be applied either in a passive or active way. Moreover, the active speed control can be realized
by a continuous or discrete way. No matter whether speed control is carried out passively or
actively, as discussed in Section 2.6, a speed control system requires at least a speed controller
to direct the variable speed drive to match the material flow observed by a material flow sensor.
After satisfying these prerequisites, speed control is expected to be applied to reduce the energy
consumption of belt conveyors. As reviewed in Section 2.7, speed control has been studied for
almost twenty years, and several important research results have been achieved. Besides the
power reduction, the implementation of speed control can achieve other additional benefits. In
Section 2.8, these benefits are grouped into operational benefits, ecological benefits and eco-
nomic benefits. Additionally, Section 2.8 gives an analysis of the research challenges. Some
conclusions are drawn in the last section.

2.1 Basic configuration of belt conveyors

Figure illustrates a typical belt conveyor. The moving belt carries the material towards the
head pulley. In order to overcome the motional resistances along the conveying direction, the
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conveyor is driven by a head pulley. Generally, the drive pulley is located at the head of the
belt conveyor. Belt conveyor lengths are in the range of a few meters to tens of kilometers.
In the case of long belt conveyors, intermediate drives are sometimes installed to reduce the
required belt tension. Along the conveying route, the belt is supported by a huge number of
rotating idler rollers. Between neighboring idler stations, the moving belt has a sag due to its
own weight and the material load. To reduce the sag ratio, a large pre-tension is produced by a
gravity take-up device. In the application shown in Figure [2.1] the take-up device is tied to the
tail pulley. The gravity take-up device, or named tension weight, gives a constant belt tension
which is independent of the belt load. Beside the tension weight, the belt tension also can be
achieved by a mechanical tensioning system, and normally the belt is pre-tensioned after the
drive pulley.

red material -
Chute  Carry side idler Trough-to-flat transition
Carry side/top run

Feed idlers

Flat-to-trough

Y ateri: iecharce
transition Material discharge

. Var ;
\ Return idler Drive / - /
Bottom/return run Snub pulley / Scraper
Head pulley

Scraper

Tail pulley
Take-up

Figure 2.1: Belt conveyor components and assembly (Courtesy of ConveyorBeltGuide.com
(ConveyorBeltGuide, [2016))

The research object of this thesis is the trough belt conveyor system.That is the most com-
mon belt conveyor system in the industrial applications. As illustrated in Figure the idler
station at the carrying side consists of three equal-length rollers, and the station of return side
is composed of a two-roll “V” idler. As the figure shows, at the carrying side, two wing rolls
are mounted in a defined angle A. Together with the surcharge angle S of dry bulk material,
they create a material cross section on the top of the belt. According to the standard DIN 22101
(German Institute for Standardization, [2015)), the nominal cross-section area A,,,, of a troughed
belt conveyor is determined by:

L) 2 tanf

bc -
Ly + (Tcos

(bc - lm) c
2

where b, is the contact length of bulk material. According to DIN 22101, the contact length
depends on the belt width:

osA sind + A 2.1)

Armm = lm

(bc - lm)
|5

B < 2000mm b.=0.9B—-50mm (2.2)
B > 2000mm b.=B-250mm 2.3)

Accordingly, the nominal conveying capacity Q,om 18
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Onom = 3.6A,0mPsVnom (2.4)

in which
Ps density of bulk solid material conveyed

Viom  Nominal speed of a belt conveyor

Bulk material

Belt

g Center roll p

Return idler frame

Figure 2.2: Troughed idler sets

2.2 Solutions for reducing energy consumption of belt con-
veyors

Due to their inherent advantages, such as high capacity and low labor requirement, belt convey-
ors play a significant role in bulk solids handling and conveying. According to [Daniel Clénet
(2010), there are more than 2.5 million conveyors operating in the world. Considering their ex-
tensive use, the operations of belt conveyors involve a large amount of electricity. For instance,
belt conveyors are responsible for 50% to 70% of the total electricity demand in a dry bulk
terminal (Hiltermann, 2008) and about 10% of the total maximum demand in South Africa is
used by bulk material handling (Marais, 2007). Furthermore, coal-fired power plants currently
fuel 41% of the global electricity (Goto et al., 2013) and the coal makes up above 45% of the
world’s carbon dioxide emissions from fuels (International Energy Agency, 2015). Therefore,
taking the economic and ecological challenges associated into account, there is a strong demand
for lowering the energy consumption of belt conveyors, and for reducing the carbon footprint.
Over the past decades, several different techniques have been proposed. Based on different
objects of the belt conveyor, these different approaches can be classified into four groups:
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* methods of applying energy efficient components, such as

— low loss conveyor belts

* low loss rubber of bottom cover (Falkenberg and Wennekamp) 2008 |Gerard
van den Hondel, 2010)

* low weight belt (Lodewijks and Pang, 2013c)
— energy-saving idler stations

* low loss rollers (Mukhopadhyay et al., 2009)

* new design of idler stations, such as ESIdler (Stephens Adamson, [2014)
— energy efficient driving systems

x efficient driving units, such as frequency converters, gearboxes and motors
(ABB, 2000)

* methods of optimizing the design, such as

— optimizing the route of conveyors (Yester, |1997)

— reducing the number of intermedium transfers (Alspaugh, |2004)
* methods of recovering energy, such as

— braking based re-generators (Rodriguez et al., 2002)

— driven-turbine based generators (Michael Prenner and Franz Kessler, 2012} Graaf,
2013)

* and methods of optimizing the drive operation, such as

— controlling motor sequences (Dalgleish and Grobler, 2003; |Levi, |2008)

— adjusting the conveyor speed (Hiltermann, 2008; Jeftenic et al., [2010; Pang and
Lodewijks| 2011} Ristic and Jeftenic, 2011)

In the case of installing new belt conveyors, the first two methods are effectively and efficiently
applied to reduce the power consumption. However, in the case of well-working conveyors
these methods require large extra investments, since they need to replace existing conveyor
components or change the current layout of belt conveyor systems. The third method, which at-
tempts to recover the kinetic and the potential energy of the transported material, is ecologically
promising and technically possible. However, as suggested by |Graaf] (2013)), this method may
be not economically viable since this solution costs more money than it generates. The fourth
method can be applied to the conveyors to be installed or the existing conveyors with limited
extra investments. Therefore, the thesis focuses on the method optimizing the drive operation,
especially the method adjusting the conveyor speed.
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As Equation [2.4{suggests, the belt conveyor’s nominal capacity is dependent on the nominal
cross-section area of bulk material, the density of the bulk material and the nominal conveyor
speed. Normally, the actual material flow is generally lower than the nominal conveying ca-
pacity of belt conveyors. Therefore in most cases when the belt conveyor is running at nomi-
nal speed, the belt will be partly filled. As proved by Daus et al. (1998); Hiltermann, (2008));
Lodewijks et al| (2011), lowering belt speed can achieve considerable energy savings of belt
conveyors by adjusting the conveyor speed. (Hiltermann, 2008) defined this technique as speed
control.

2.3 Conceptions of speed control and transient operations

Speed control is “the intentional change of the drive speed to a value within a predetermined
rate under certain conditions for specific purposes” (Anonymity, 2016). Traditionally, speed
control is widely applied to achieve soft start-up or stop operations. In terms of star-ups, sev-
eral techniques, such as variable frequency control, variable fill hydro-kinetic coupling and
variable mechanical transmission couple, have been employed to provide acceptable start-up
performance under all belt load conditions (Navel 1996). In addition, the sinusoidal and tri-
angular acceleration profiles, individually commended by Harrison| (1983)) and Nordell (1987),
are commonly applied to provide good dynamic performance of belt conveyors. In terms of
soft stop operations, intelligent braking systems have been developed, which use cutting-edge
technologies to allow a specified braking time (Al-Sharif], |2007). Moreover, the overshoot and
oscillations at the end of the braking sequence can be minimized or eliminated. Differing from
the traditional applications of speed control on belt conveyors, speed control in this thesis is
applied to adjust the conveyor speed to match the material flow, so that the power reduction of
belt conveyors is expected to be realized. Therefore, speed control in the thesis is redefined as:
a technique of adjusting the conveyor speed for the purpose of reducing energy consumption of
belt conveyors.

The operation of adjusting speed is defined as the transient operation. In Lodewijks and
Pang (2013a), the operations of belt conveyors are distinguished into two types: the stationary
operation and the transient operation. The stationary operation includes both the case where the
belt is not moving at all and the case where the belt is running at full design speed. Differing
from the stationary operation, the transient operation normally includes the normal operational
start, the aborted start, the normal operational stop and the emergency stop (Lodewijks and
Pang|, 2013a)). In this thesis, the definition of stationary operation is expanded into the operation
where the belt is running at a predetermined speed and this speed can be either nominal or
non-nominal speed. In addition, the transient operations are expanded into the acceleration or
deceleration operations between neighboring stationary operations. This will be further detailed
in Chapter 3.
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2.4 Principle of Speed control

Belt conveyors are designed to cope with the potential peak of material flow. If it is assumed
that the conveying capacity of belt conveyor system equals the demanded maximum, then as
suggested by Equation the value of the nominal belt speed and the value of nominal cross-
section area of bulk material on the belt are responsible for the maximum conveying capacity.

Vact

Vnom

Q @ O D

N ="

(a) Nominal speed (b) Non-nominal speed

Figure 2.3: Principle of speed control. v,,,,: nominal speed, v,;: actual non-nominal speed.

Figure [2.3]illustrates the principle of speed control. Most often the belt conveyor is running
at nominal speed. In a large number of cases, the feeding rate is lower than the nominal con-
veying capacity . In these cases the belt conveyor is partially filled by the dry bulk material (see
Figure [2.3a). In order to reduce the energy consumption, the conveyor speed can be reduced
to follow the actual feeding rate. As shown in Figure [2.3b] the belt filling ratio is significantly
improved due to speed control. Taking the permitted cross-section area of material on the belt
into account, the actual conveyor speed v,.; should satisfy the following equation
Quct = et 2.5)
Qnom

Vact Z A nom
nom

where
* Q. 1s the actual feeding rate.

* Ay 1s the cross-section area of material on the belt when the conveyor is running at
nominal speed.

Practically the belt speeds are determined slightly higher than the required minimum belt speed,
so that the risk of material overload can be prevented (Pang and Lodewijks, 2011). However,
Pang and Lodewijks|(2011) also suggest that the actual cross-section area of bulk solid material
on the belt conveyor is allowed to be 10% larger than the nominal for a short time period. The
similar suggestion is also given by|Kolonja et al. (2003)), since according to DIN 22101 (German
Institute for Standardization, 20135)), the conveyor capacity is calculated on the basis of 80% of
belt cross-section utilization.
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2.5 Classifications of speed control

According to Hiltermann|(2008)), speed control of belt conveyors can be performed in two ways:
passively and actively. Accordingly, speed control can be basically classified into two groups:
the passive speed control and the active speed control.

In the passive speed control, the belt speed is lowered but fixed. According to the potential
peak of material flow in the future minutes or hours, a suitable belt speed is selected prior. Tak-
ing the bulk material conveying system in an import terminal for example. At the unloading area
of the land side, several ship unloaders are mounted. According to the unloader schedule, the
number of available ship unloaders varies in time. Based on the number of operating unloaders
in a certain time period, the potential peak of material flow in that time interval can be deter-
mined. Then the conveyor speed can be adjusted to match the potential peak of material flow
rate, or to match the number of available unloaders. The applications of the passive speed con-
trol can be found in (Daus et al., [1998; [Lodewijks et al., |2011; Hiltermann et al., 2011), and as
suggested by Hiltermann| (2008)), in the applications of the passive speed control, the selection
of the belt speed is significantly responsible for the magnitude of the final energy savings.

In the active speed control, the material flow is monitored in real time. Then, according
to the variation of the actual material rate, the conveyor speed is adjusted automatically to
ensure the cross-section area of bulk material on the belt to be in the greatest possible degree.
According to Lodewijks et al.|(2011)), the active speed control can be realized in a continuous
or discrete manner. However, as suggested by Pang and Lodewijks| (2011), the discrete speed
control for belt conveyor is more preferred for practical reasons. Firstly, a continuous active
speed control needs to adjust the belt speed according to the actual material flow on the belt.
When the material flow fluctuates, detrimental vibrations may occur on the belt and conveyor
construction at certain belt speeds. The belt speed at which vibration occurs should therefore be
avoided. Secondly, when the material flow fluctuates considerably, the demanded acceleration
can be larger than the permitted. An unexpected large tension can result in for instance reducing
the service life of belt. Therefore, the discrete active speed control is preferred in practice.

The passive speed control employs a fixed speed based on the expected material flow in
the future time interval. Under this control, small and/or temporary variations in the material
flow do not result in belt speed variations, so that the passive speed control is a semi-optimal
method. The active speed control accounts for the variation of material flow. If the variation is
considerable, the conveyor speed will be adjusted to reduce the deviation. Therefore, compared
to the passive speed control, the belt speed in active speed control is lower on average. Therefore
more energy savings are expected to be achieved by the active speed control. However, due to
the frequent speed adjustment, the active speed control has not been implemented anywhere to
date in practice.
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2.6 Prerequisites of speed control system

The speed control has already been proved to be effectively to reduce the energy consumption
of belt conveyors. In order to apply speed control, at least two prerequisites must be satisfied:
the proper feeding conditions and the speed control systems. According to Pang et al.| (2016),
the feeding condition or the loading conditions can be classified into different scenarios which
will be detailed in Section 5.1. This section mainly discusses the requirement of speed control
systems.

Almost any modern control system contains a controller to analyze the data observed from
sensors, and to command the actuator to respond for moving or for controlling a mechanism or
system. The speed control system is such a modern control system, of which a speed controller
directs the variable speed drives to match the material flow observed by a material flow sensor.

2.6.1 Speed controller

Speed controller is the key of a speed control system. It analyzes the potential peak or the
real value of the material flow, and then commands the motor to keep or change the belt speed.
According to different operating principles, the control system has two types: passive and active
speed control systems. In the passive speed control, the selection of conveyor speed determines
the magnitude of energy savings of belt conveyors. Moreover, the speed curves generated by
the controller are responsible for the conveyor dynamics in transient operations. In transient
operations, especially in acceleration operation, the improper speed curves might result in for
instance the risk of belt over-tension. Therefore, the passive speed control system requires a
precise selection of belt speed and a good speed curve generator. Comparing with the passive
speed control, the active speed control is more complex, since in the active speed control, the
belt speed might be more frequently adjusted to match the variable material flow. Moreover,
differing with the passive speed controller which generally is an open-loop controller, the active
speed controller can be either an open-loop or closed-loop controller.

2.6.2 Variable speed drives

Variable speed drives are the actuator of the speed control system, and they are having been
widely used for achieving soft start-ups of belt conveyors. Variable speeds can be realized by
employing mechanical or electronic devices (see Figure [2.4). According to [Conveyor Equip-
ment Manufacturers Association| (2005)), the common mechanical methods of obtaining variable
speeds are: V-belt drives on variable pitch diameter sheaves or pulleys, variable-speed trans-
mission, and variable-speed hydraulic couplings. The electrical variable speed drivers mainly
rely on the variable frequency converter, which varies the motor input frequency and voltage
to control the alternating-current (AC) motor’s speed and torque. Comparing with other vari-
able speed drivers, the variable frequency converter based drivers behave more efficiently, and
can drive belt conveyors in specialized patterns to further minimize mechanical and electrical
stress. Especially in the active speed control where the conveyor speed is frequently adjusted,
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the frequency-controller drive shows a good controllability in speed adjustment operations.

()

(d)

Figure 2.4: Variable speed drivers. (a) V-belt drives, courtesy of (2003)). (b) Variable-
speed transmission, courtesy of (2010). (c) Variable-speed hydraulic coupling, courtesy

of Encyclopedial (2010). (d) Variable frequency drives, courtesy of [Fluke Corporation| (2016).

(b)

Figure 2.5: Material flow sensors. (a) Belt scale, courtesy of FLSmidth Pfister Limited (2017).
(b) Laser profilometer, courtesy of SICK B.V/[(2017).

2.6.3 Material mass/volume sensor device

The material flow can be detected by a sensor. In the passive speed control, the value of material
flow rate is detected to ensure that the material loading rate is no larger than the permitted
conveying rate, so that the belt’s overburden can be avoided. In the active speed control, the
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material feeding rate is monitored in real time, so that the belt speed can be precisely adjusted
to match the variable flow rate. In addition, the actual value of material flow can be used to
estimate the power consumption of belt conveyors, and to evaluate the power savings by means
of speed control. The material flow rate can be measured either by belt weighers or volume
flow sensors. According to different principles, the material flow rate can be measured by a belt
scale (Figure[2.54) or by a laser profilometer (Figure [2.5b).

2.6.4 Others

Besides above discussed components, some other accessories also contributes to improve the
performance of speed control. For example, extra cooling fans are recommended to improve the
cooling effect of shaft-mounted radial fan on the AC motor, especially when operating speeds
are reduced more than 50%. In addition, variable geometry discharge chutes are required to
avoid severe wear of the chute, since varying the belt speed changes the material discharge
parabola at the discharge points.

2.7 Review on academic research and industrial applications

Previous sections briefly described the belt conveyor speed control. This section will review its
academic researches, including the industrial applications. Researches on belt conveyor speed
control can be distinguished into three aspects. The first aspect is characterized by the viability
analysis of speed control for the purpose of energy savings. Subsequently, the development
is continued by exploiting different control algorithms of speed control and investigating the
efficacy of different forms of speed control.

2.7.1 Aspect I- Analyzing the viability of speed control

The research of viability analysis of speed control can be dated back to a report by |Daus et al.
(1998), in which a new conveying and loading system was installed to replace the old one. A
load-dependent belt-speed adjustment system was developed in order to achieve energy sav-
ings of the new conveyor system. According to the standard DIN 22101 (German Institute for
Standardization, 2015), the kinetic resistance F' could be approximated by

F=CfL(m,+ (2m),, +m, ;. )coss)g+Hm) , g (2.6)
in which
C the coefficient of secondary resistances
f the artificial coefficient of frictional resistances
L the conveying length of conveyor
m’ . the mass of idler rolls in unit length
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m, . the linear density of belt

m, . the linear density of bulk material

0 the inclination angle of a belt conveyor

g gravity acceleration

H the height difference between the loading and unloading areas of a belt conveyor

Then taking the conveyor speed v and the efficiency 7, of the driving system into account, the
required electrical power was

Fv 1 , , ,
Pe = 7 = 7 [CFL (m) ,py +2my,,) gV +(CfLg + Hg) (M) |
sys sys
1 ’ ’ Qact
= CfL(m ,,+2m), cos6)gv+(CfLgcoss+Hg) Y (2.7)
Nsys .

If it was assumed that the values of f and 7;,, were constant at different temperatures and
speeds, then Equation [2.7| yielded that the energy consumption was lowered over a reduction of
belt speed. Accordingly, the theoretical viability of speed control was determined. Moreover,
from Equation [2.7]it can be learned that, the principle behind power savings by means of speed
control is to reduce the movement of idler rolls and the belt.

The viability of belt conveyor speed control was also determined by physical experiments.
Hiltermann| (2008) performed measurements at a dry bulk terminal. Both the material loading
rate and the conveyor speed were manually altered. Power consumption was measured by using
a digital clam meter to detect the input power of a frequency converter. Figure 2.6illustrates the
experimental result. The data clearly shows that the operation running at a higher belt speeds
had consumed more power as compared to that running at a lower speed. Accordingly, speed
control had successfully allowed the power reduction of the concerned belt conveyor.

2.7.2 Aspect II- Developing speed control algorithms

In order to improve the energy efficiency of belt conveyors, several speed control algorithms
have been developed. Daus et al.| (1998) introduced an algorithm in which the conveyor speed
was determined by the number of excavators in use. This algorithm is simple and can be detailed
by the following equation:

50% nominal belt speed 1 excavator
actual belt speed=1{ 75% nominal belt speed 2 excavators (2.8)

100% nominal belt speed  3-4 excavators

This algorithm can be applied in the passive speed control, in which the deviation of material
flow rate in a certain time period can be ignored.
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Figure 2.6: Measured electrical power of the studied belt conveyor. Courtesy of Hiltermann
(2008).

As suggested by Hiltermann (2008)), the passive speed control normally results in less en-
ergy savings than active speed control, especially in cases where the material flow has a con-
siderable deviation. However, the active speed control might result in continuous high belt
tension. Therefore, rather that in a continuous speed manner, the active speed control in prac-
tice prefers to work in a discrete manner. |Pang and Lodewijks| (2011) proposed fuzzy control,
as one control method based on fuzzy logic to provide discrete control strategy, to discretize
the operations of speed control. |Pang and Lodewijks| (2011) defined a finite number of fuzzy
boundaries b,(n = 1,2,...,n) in the percentage of nominal conveying capacity. If a value x was
in the range [b;, b;+1), the fuzzy membership function was constructed as

_ biy1—x
Joiy (X) = m (2.9)
x—b,-
Jo(x) = P (2.10)
where
T () + fip, (X) =11 (2.11)

As shown in Figure the fuzzy values, derived from Equations [2.9)and 2.10] shows the
position of a determined material loading rate within its range. |Pang and Lodewijks| (2011)
further suggested that the adjustment of belt speed was determined based on the comparison
of the fuzzy values of f;, (x) and f},,, (x). Taking the case shown in Figure for example,
the conveyor was running at speed v;;; in the case of the scenario fp,,, (x) > fp, (x). When the
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Figure 2.7: Fuzzy speed control. (a) Fuzzy values of loading rate in one fuzzy range. (b) Speed
adjustment. Courtesy of Pang and Lodewijks| (2011]).

loading rate reached the midpoint of the range it fall, the fuzzy values fj, (x) and fp,,, (x) were
equal, and then the speed adjustment with targeted speed v; was triggered. Accordingly, speed
control was discretized and the unnecessary continuous high belt tension could be avoided by
the fuzzy control algorithm.

However, it is important to note that/Pang and Lodewijks|(2011) failed to take a special con-
dition into account where the loading rate is fluctuating around a certain level, like (b; + b;+1) /2
in Figure 2.8 In such cases, as the green line in Figure [2.8] shows, the speed adjustments are
frequently triggered to match the variation of the loading rate. Taking the time required by
the speed adjustment into account, the algorithm in (Pang and Lodewijks, 201 1)) may fail to be
applied in that special condition. Therefore, before the implementation of fuzzy control, re-
searches should be undertaken prior to analyze the material feeding conditions and to improve
the control algorithm to avoid the frequent speed adjustment.

b,‘+1 ’’’’’’’’’’’’’’’’’’’’’’’’’’’

i UYL

Loading rate
Belt speed

Time

Figure 2.8: Loading rate is fluctuating around a certain level.

Differing from the fuzzy algorithm proposed by Pang and Lodewijks| (2011)), Ristic et al.
(2012)) used fuzzy logic to control the conveyor in a continuous way. The fuzzy logic controller
built by Ristic et al.| (2012) has three variables: two inputs (the drive torque Te and the speed
error DWref) and one output (N(DWref)). The output N(DWref) is the ramp rate of the
belt speed. [Ristic et al| (2012) gave the fuzzy rules as shown in Table 2.1} For the input
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variable Te, if the driving torque is close to zero, narrow fuzzy sets are required to improve the
control sensitivity and to avoid the braking operation donated by the fuzzy element “N”. For any
positive value of the Te, if the input variable DWref is positive, then the fuzzy controller gave
the output a big value N(DWre f) so that the conveyor could have a dramatic increase to avoid
material spillage away from the belt. For the value of DWref, if the speed deviation is limited,
the system had no sudden change of N(DWre f) so that the continuous high belt tension could
be avoided.

Table 2.1: Fuzzy rules. The output is N(DWref). N: negative; NS: negative small; NM:
negative medium; NB: negative big; ZE: zero; PS: positive small; PM: positive medium; PB:
positive big. Courtesy of Ristic et al.| (2012).

Te
DWref N |ZE| PS | PM | PB
NB ZE | NS |NM | NB | NB
NM ZE | ZE | NS | NM | NB
ZE ZE |ZE | ZE | ZE | ZE
PM ZE |PB | PB | PB | PB
PB ZE |PB | PB | PB | PB

To test the performance of the algorithm, |Ristic et al. (2012) carried out a series of simula-
tions. The experimental results showed that in the case of sudden decrease of incoming material
flow, the control algorithm provided maximum deceleration but without braking. In addition,
during the instantaneous and short-term increase of the incoming material flow, the algorithms
provided maximum acceleration to follow the variable material flow. In the simulations, the
spillage of material over the belt was avoided. As explained by Ristic et al.| (2012), the trans-
port could still be conducted without spillage, even when the actual cross-section area reached
116% of the theoretical value. However, the authors did not provide more information about
the method of determining the value of the maximum acceleration in transient operations.

2.7.3 Aspect III- Investigating speed control efficiency

Based on the energy model shown in Section Daus et al.| (1998) computed the power
saving potential for variable material feeding rates and for different belt speeds. The authors
assumed that the minimum conveyor speed is 0.5 times of the nominal speed. The computa-
tional results were as shown in Figure [2.9] which suggests that lowering belt speed effectively
and efficiently reduces the energy consumption. For instance, it can be learned from Figure [2.9]
that if the material feeding rate is half of the nominal conveying capacity, lowering the conveyor
speed to half of the nominal speed could reduce over 25% of that consumed by a nominal speed
operation. Besides the computational experiment, Daus et al. (1998)) implemented a long-term
field test of a belt conveyor system at an opencast mine. The average loading rate was below
50%, and the average belt speed was 0.68 times of the nominal speed. After a long-term field
test, Daus et al. (1998)) yielded that the power consumption had been reduced by up to 16%.
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Figure 2.9: Power savings of belt conveyors by means of speed control. Courtesy of |Daus et al.
(1998)

Hiltermann| (2008)) implemented speed control of belt conveyors at a dry bulk terminal. In
the field test, the material feeding rate was controlled and the belt speed was manually altered.
The power consumption for different loads and for different speeds were shown in Figure 2.6
The data clearly shows that the power reduction varied with different loads and speeds.

Hiltermann et al.| (2011)) further suggested that, the power savings by means of speed con-
trol are dependent on the configuration of belt conveyors, the magnitude of experienced material
flow and the selected belt speeds. To illustrate the dependency, Hiltermann et al.| (2011) evalu-
ated speed control efficiency on three different belt conveyors. The conveyors’ characteristics
were as illustrated in Table [2.2] These conveyors had the same trough configuration, and were
operated under similar conditions on the same terminal. It was further assumed that these con-
veyors had the same f factor value. The experimental results were illustrated in Table [2.2]
The data showed that in the defined feeding scenario, the potential power savings were varying
from 8% to 21% over different belt conveyors. In addition, |[Hiltermann et al.| (2011) further
suggested that the inclination angle of belt conveyors could have a considerable impact on the
relative power savings.

/hang and Xial (2010) studied a coal conveying system in a coal-fired power plant. In the
experiments, both the material feeding rate and the conveyor speed were controlled, so that
the cross section of material onto the belt was kept near the maximum value. Two important
experiments were carried out with different upper limitations of feeding rate: 1500 M PTH and
750 MTPH, and 5.38% and 15.35% of the energy savings were achieved, respectively.

Ristic and Jeftenic (2011) implemented an active speed control on a belt conveyor system
in an open-pit mine. During the experiment, the system operation alternated between the speed
control mode and the constant speed mode, each for several hours. Twenty series of experimen-
tal data for three belt conveyors were collected. The average power in the individual series of
measurements were as shown in Figure [2.10] The data indicated that the average consumption
was reduced by the range from 3% to 19% by means of speed control.
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Table 2.2: Belt conveyor characteristics and speed control savings. Courtesy of

etal) @O11)

| Parameters | Case 1 | Case2 | Case 3 |
Length (m) 660 1,410 95
Material lifting height (1) 46.1 5.8 9.0
width (mm) 1,800 | 1,800 | 1,800
Trough angle (°) 40 40 40
Nominal speed (m/s) 4.5 4.5 4.5
Nominal capacity (M PTH) 6,000 | 6,000 | 6,000
P.(6,000 MPTH) (kW) 722 657 261
P.(3,250 MPTH, 4.5 m/s) (kW) 449 471 156
P.(3,250 MPTH, 2,75 m/s) (kW) | 400 373 144
Pe,savings(kW) 49 98 12
Pe,savings(%) 11 21 8

Figure 2.10: Average power consumption of belt drives on the third, fourth, and fifth belt con-
veyor stations (B3, B4, and BS): white bars—constant speed operation, gray bars—variable
speed operation with fuzzy logic control. Courtesy of Ristic and Jeftenic| (2011).
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2.8 Benefits and challenges of speed control

According to the experimental results shown in Section[2.7] a certain amount of power reduction
of belt conveyors can be achieved by speed control. Besides energy savings, the implementation
of speed control can achieve other additional benefits, including operational benefits, ecological
benefits and economic benefits. In terms of the operational benefits, speed control results in
a considerable reduction in the wear rate of the system (Hiltermann, 2008; A.P. Wud et al.,
2009; Lodewijks et al., [2011). Taking the belt for instance, since material has to be accelerated
less in the loading and accelerating areas, less wear will behave on the top rubber of belt. In
addition, the variable speed operation presents a benefit in the expected pulley performance on
basis of dynamic life expectancy. Therefore, speed control results in operational benefits of belt
conveyors.

In terms of ecological benefits, due to lower average belt speed and reduced surface area per
transported unit of material, less dust will be produced. Then dust emissions can be significantly
reduced (Hiltermann, 2008). Moreover, the emissions of pollutants and greenhouse gases from
fossil-based electricity generations can be lowered as a consequence, due to less electrical power
consumption.

In terms of economic benefits, less power consumption of belt conveyors leads a reduction
of electricity cost. In addition, if we take the social cost into account, a great reduction of social
costs of environmental pollution can be achieved by speed control. Moreover, due to the longer
service life time of conveyor components, such as pulleys, a reduction of maintenance costs can
be achieved by speed control. This is also suggested by Daus et al.| (1998)) and (Hiltermann,
2008]).

However, according to the literature survey, implementations of speed control that can be
found in practice to reduce energy consumption are rare. Some problems of previous researches
on speed control have not been handled. These major problems can be classified into two as-
pects. From the control aspect, previous research does not cover some issues, like the potential
risks and the dynamic analysis of belt conveyors in transient operations. In previous researches,
both Pang and Lodewijks|(201 1) and Ristic and Jeftenic (201 1)) suggested that the maximum ac-
celeration should be limited to avoid unhealthy conveyor dynamics. However, these researches
did not provide any general method of determining the permitted maximum acceleration of belt
conveyors. From the energy saving aspect, the current power calculations use the constant f
factor value, derived from DIN 22101, to estimate the power savings by means of speed control.
However, more researches show that the f factor value varies with loads and speeds. Therefore,
it is highly suggested to use the variable f factor values to improve the evaluation, instead of
the constant f factor value.

This thesis aims to investigate the application of speed control on a belt conveyor, especially
on improving the performance of a belt conveyor in terms of dynamics and economics. Based
on the above mentioned research problems, this research is striving to overcome the following
challenges:

(1) Providing a method to determine the permitted maximum acceleration and the requested
minimum acceleration time.
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(i1) Seeking an a method of calculating the DIN f factor values for different loads and for
speeds.

2.9 Conclusion

This chapter described the belt conveyor speed control, and reviewed the academic researches
and the industrial applications. From the literature, it can be concluded that speed control is a
promising approach of reducing power consumption of belt conveyors. The literature research
further suggests that previous researches did not cover some issues like potential risks and the
dynamic performance of belt conveyors in transient operations. Moreover, the literature review
indicates that the current research on speed control faces two major challenges: providing a
method to determine the requested minimum speed adjustment time to ensure healthy dynamics
of a belt conveyor during transient operations, and seeking an accurate energy model to assess
the belt conveyor speed control. Taking these challenges into account, Chapter 3 will study the
transient operations, and the belt conveyor energy model will be studied in Chapter 4.



Chapter 3

Speed control transient operations

Chapter 2 presented an overview of the academic researches of belt conveyor speed control. As
the previous chapter concluded, the speed control of a belt conveyor lacks applicability, since
the previous researches rarely took the conveyor dynamics in transient operations into account.
This chapter is going to investigate the transient operations of belt conveyors. To improve the
conveyor dynamic performance, a new method will be proposed to determine the minimum
speed adjustment time in transient operations.

This chapter is based on (He et al., [2016a,blc).

3.1 Introduction

When considering the operational conditions, [Lodewijks and Pang (2013a) defined the oper-
ations of belt conveyors, and distinguished these operations into two groups: the stationary
operation and the transient operation. The stationary operations include two cases: the case
where the belt is totally stopped, and the case where the belt is running at a steady state speed.
Conventially, belt conveyors are running at nominal speed. Due to speed control, the belt con-
veyor however is often running at non-nominal speed to match the actual material feeding rate.
Therefore, as shown in Figure [3.1] the applications of stationary operations in this thesis are
extended into three cases. If we do not take into account other issues, such as the efficiency
of the driving system, the non-nominal speed can be any value between zero and the nominal
speed.

Besides the stationary operation, Lodewijks and Pang| (2013a) further defined the transient
operation which normally includes the following situations:

* Normal operational start. A normal operational start is a start where the belt conveyor
is started as planned. In a conventional normal operational start, a motor can be started
simply by a direct online starter which directly connects the motor terminals to the power
supply. This however only works for belt conveyors with motor power up till about 15
kW. Nowadays, variable speed drives are widely applied to control the conveyor speed in
the starting procedure to realize a soft start-up.

* Aborted start. An aborted start is an abnormal operational start in which the start-up is
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v The case where the belt is running at nominal speed.
nom

The case where the belt is running at non-nominal speed.

Belt speed

0 The case where the belt is fullx stogged.

time

Figure 3.1: Cases of stationary operations.

accidentally terminated before the conveyor reaches the full designed speed. This can be
caused by the thermal overload of the drives, serious deviation between the planned and
the actual belt speed profiles, serious misalignment of the belt triggering a misalignment
switch, a power outage or an operator manually switching the power supply off.

Normal operational stop. A normal operational stop is a stop where the belt is stopped
in a planned manner. Similar to the normal operational start, the normal operation stop
can be realized either in a non-controlled or controlled manner. In a non-controlled stop,
the power supply of motor is switched off and then the conveyor belt drifts to rest. In a
controlled normal stop, the drive torque or the velocity is controlled. In the cases where
the drive torque is controlled the drive forces are kept constant but less than the motional
resistances. In another case where the velocity is controlled, the velocity is monitored
in real time and the variable drive torque ensures the velocity decreasing as the designed
rules (such as a sinusoidal deceleration profile). In such cases, the stop time can be
independent of the bulk material mass loaded on the belt, as long as it is longer than the
belt drift time.

Emergency stop. When an emergency event occurs, for example the belt is slipping
around the drive pulley, an emergency stop is carried out so that the belt can be stopped
in a short period of time. During an emergency stop a brake may be applied.

Similarly, the applications of transient operations can be further expanded in this thesis. In the

case of belt conveyors under speed control for the purpose of power reduction, the belt conveyor

is often running at a defined speed. If the material feeding rate has a considerable change, the

belt conveyor should speed up or slow down to match the actual material flow rate. Here, the

operation between adjacent stationary operations is defined as the transient operation. As shown

in Figure the transient operations include both the accelerating and decelerating processes.

A healthy transient operation is an important prerequisite of belt conveyor speed control.

The performance of transient operations has a significant impact on the service life of conveyor

components. High ramp rate of adjusting the belt speed causes very high tensions in the belt,
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A Stationary operations Transient operations

Belt speed

L

time

Figure 3.2: Stationary operations and transient operations.

and will be detrimental to the belt conveyor structure (Pang and Lodewijks, 2011). Besides the
risk of belt over-tension, the improper transient operations can also cause, for instance, the risk
of belt slippage and the risk of material spillage. In transient operations, such risks must be
prevented.

This chapter will study the conveyor dynamic performance in transient operations under
speed control. In Section [3.2] the potential risks caused by improper transient operations will
be discussed in detail. In order to avoid these risks, Section [3.3] will propose a method to de-
termine the minimum speed adjustment. This method consists of three steps. Each step will
be individually detailed from Sections to To show how the method works, a long hori-
zontal belt conveyor will be studied in Section [3.7] including the acceleration and deceleration

operations. The last section is the conclusion.

3.2 Risks in transient operations

In stationary operations, belt conveyors are normally running at full speed. In the case of well
designed belt conveyors, the belt tension varies smoothly over the conveying route and the driv-
ing forces exerted on the drive pulley are limited. In transient operations, the motor speed or
torque is controlled so that the conveyor speed can follow a planned speed profile. However,
as Pang and Lodewijks| (2011) suggested, during improper transient operations, a large accel-
eration might result in a very high tension in the belt. Over-tensioning is the major reason of
belt breaking at the splicing area. Therefore, the value of acceleration must be considered with
more attention when we design the speed profile of transient operations, so that risks caused by
improper transient operations can be avoided.

In transient operations, besides the risk of belt over-tension, several other risks also should
be accounted. These risks mainly include (He et al., 2016blc):

* the risk of belt slippage around the drive or brake pulley,
¢ the risk of material spilling away from the belt,

* the risk of motor over-heating,
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* and the risk of pushing the motor into the regenerative operation.

3.2.1 Belt breaking at the splicing area

Figure 3.3: Belt breaking at the splicing area. Courtesy of (2016).

The belt strength is mainly determined by the strength of its carcass. For a certain conveyor
belt, the belt tension rating is a given and thus constant. However, as stated,
“the chain is only as strong as its weakest link. In conveyor belts,... the weak link is the
splice”. Figure [3.3]illustrates an example of belt breaking at the splicing area. As the standard

DIN 22101 (German Institute for Standardization), 2015) suggests, the maximum safe working

tension is far less than the belt rating due to issues such as splice fatigue and degradation. In
DIN 22101, the ratio between the working tension and the actual breaking tension is referred
to as the service factor or safety factor (SF). Accordingly, the ratio between the maximum safe
working tension and the breaking tension is referred to as the minimum safety factor:

Thax.A

SA,min = W;::; (3 1)
T

Smin = k“;’B 3.2)

where
Samin minimum safety factor in the steady operating condition
SB.min minimum safety factor in transient operations
Tnax.a maximum safe working tension in the steady operating condition in kN
Tnax.p maximum safe working tension in transient operations in kN
kn belt tension rating, minimum breaking strength in kN

DIN 22101 suggests that the requested minimum safety factor is determined by three important
factors:
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* the dynamic fatigue strength behaviors of the belt splice

* the influence of additional belt elongations resulted from the belt deflections on pulleys,
the commencement and termination of troughing, change of the direction and transition
curves

* and the peak belt loading which only occurs temporarily, such as during start-up or stop
operations

As DIN 22101 further suggests, the value of minimum safety factors can be calculated by

Samin = T=prer (33)
1
Stmin 1—(ro+ri+nr) 4)
where
ro a basic reduction which takes the dynamic fatigue strength of the belt splice into
account
r| the reduction factor taking the belt elongation into account
r a reduction taking the peak belt loading in transient operations into account

Table [3.1] illustrates the minimum values of safety factors and of reductions related to the belt
joint. According to the data in Table [3.1] the belt conveyor should be designed with belt rating
larger than 8.0 times of maximum belt tension in stationary operations under normal operating
conditions. Moreover, in transient operations under normal operating conditions, the maximum
belt tension should be no larger than 1/5.4 times of the belt rating. Otherwise, it increases the
risk of belt over-tension.

Table 3.1: Minimum value of the safety factor S and of the reductions r related to the belt joint.
Courtesy of DIN 22101 (German Institute for Standardization, |2015).

’ Belt type \ Operating conditions \ o \ 1 \ rn \ SAmin \ SB.min ‘
Favorable >0.691 | >0.100 | >0.060 | 4.8 6.7
Fabrics Normal >0.715 | >0.100 | >0.060 | 5.4 8.0
Unfavarble >0.734 | >0.100 | >0.060 | 6.0 9.5
Favorable >0.641 | >0.150 | >0.060 | 4.8 6.7
Steel cord Normal >0.665 | >0.150 | >0.060 | 5.4 8.0
Unfavarble >0.684 | >0.150 | >0.060 | 6.0 9.5

In transient operations, an excessive speed ramp rate is an important reason of belt over-
tensioning. Taking the case in Figure [3.4] for instance. In the stationary operations, the belt
tension 77 before the drive pulley equals the belt tension 73 after the drive pulley plus the driving
forces Fy: Ty = T> + F4. However, extra driving forces are required to overcome the inertia F,,



32 Energy Saving for Belt Conveyors by Speed Control

in acceleration operations, and the belt tension 77 arises subsequently: 77, =T + Fy + Fy.. If
the value of acceleration is large, then the value of 7} may exceed the maximum safe working
tension. That leads to belt over-tension which may cause breakage of the belt splice. In addition,
the belt over-tension can also reduce the life of pulleys. Therefore, the belt tension must be
limited to a safe level in transient operations.

T, <

Tz:

Figure 3.4: Forces around the drive pulley.

3.2.2 Belt slippage around the drive pulley

The rationale of power transmission between the drive pulley and the conveyor belt is the fric-
tional connection between the drive pulley and the belt. However, as suggested by Euler (1762)
and |[Entelwein| (1832)), the friction between the drive pulley and the belt is limited, and that belt
slippage occurs whenever the driving force attempts to exceed the available friction. |Attaway
(1999) and [Nel and Shortt (1999) detail the calculation of the maximum available frictional
forces.

udF
T+dT T

dFy

T,

do

(a) (b)

Figure 3.5: Principle of the friction drive of the belt conveyor. Courtesy of |Attaway| (1999).

The basic of the calculation is the integration of the frictional forces around the drive pulley.
Taking the case in Figure[3.5]for instance where the pulley drives the belt clockwise. Figure[3.5b|
illustrates a belt in a finite length bending over a small segment of the driving pulley in an angle
df. As the diagram shows, the tension in the belt increases from 7" to 7' + dT. Assuming that
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the normal force is dFy. If it is further assumed that frictional coefficient between the belt and
the drive pulley is u, then the maximum frictional force is udFy without belt slippage. Taking
the forces distributed on the belt into account, the forces in the x direction can be equated by

Z F, =0 (3.5)

do de
Tc057 +,u(dFN)—(T+dT)cos7 =0 (3.6)
Since the angle of d@ is very small and cos% ~ 1, Equationcan be reduced to
udFy =dT (3.7

Similarly, the forces in the y direction can be equated by

> F=0 (3.8)
do do
dFN—(T+dT)sin7—Tsin7 =0 (3.9
which reduces to
dFy =Td6 (3.10)
since sin% ~ 0. Then substituting Equation into [3.7|yields
dT
— = udb 3.11
T TH (3.11)

Tl,maxd a

T

/ —:/ud@ (3.12)
T

T 0

which yields the maximum belt tension without slippage:

Tl,max = T2e'ua' (3.13)

Accordingly, the maximum value of the available frictional forces is

Ff,max = Fd,max = Tl,max -h=1 (eya - 1) (314)

and the belt is slipping around the drive pulley whenever the driving forces exceed the maximum
available frictional forces between the belt and the drive pulley.

If belt slippage occurs then the drive fails to drive the belt as planned, since the available
driving force is less than the required. If the belt slippage continues to the extent that it slows
down the conveyor, then blockage of the belt’s feeder chute or material spillage may occur.
Moreover, the relative movement wears out the bottom cover of the belt and the surface cover
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Figure 3.6: Pieces of a head pulley’s rubber lagging were frequently torn loose due to the belt

slippage around the drive pulley. Courtesy of (2016).

of the drive pulley. A slipping pulley wears more rapidly by the heat generated as it slips (see
Figure [3.6). Besides the wear of covers, the accumulative heat may cause the damage to the
carcass and the splice. Moreover, there is an increased danger of fire if the slippage continues

for a long period of time, especially in an environment with coal dust. [Nel and Shortt| (1999)

mentioned a case where the belt slippage set the conveyor on fire and the fire totally destroyed
the conveyor. Unscheduled stops lead to a negative financial impact caused by lots of revenue.
Therefore, the driving forces in transient operations must be restricted to avoid the risk of belt
slippage and to keep the operation uninterrupted.

3.2.3 Material spillage away from the belt

Even though a belt conveyor is carefully designed, spillage from the carrying side of the belt
may occur at the loading point and elsewhere along the belt conveyor. There are many reasons
that cause the spillage, such as the material off-center loading at the transfer points and the belt
mistracking along the conveying route. Here, the focus is on the unnecessary spillage caused
by improper transient operations.

In the case of belt conveyors with large speed fluctuations, the instantaneous conveying
capacity can be less than the actual loading rate, so that the belt at the loading area may be
overloaded. This can lead to the escape of bulk materials from the belt. Both the excessively
low and the excessively high belt tension can result in the material spillage. In transient oper-
ations, the belt tension is varying along the conveying route and fluctuating over time. On one
hand, if the improper transient operation results in excessively low belt tension, the belt may

drop significantly between neighboring idler stations. According to|Conveyor Equipment Man-|

ufacturers Association| (2005), material may spill over the edges of the belt when the conveyor

belt sags more than 3 percent of the span between idlers, see Figure On the other hand, in

the case of dipping belt conveyors, the large belt tension can lead to the lift of the belt from the

idler stations, see Figure [3.7b] The lift also can cause the material spillage away from the belt.
If the material escapes from the carrying belt, it may land on the return side of the belt.
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(b)

Figure 3.7: Material spillage. (a) Caused by low tension. (b) Caused by high tension. Courtesy
of Lodewijks and Pang| (2013b).

When it moves to the tail pulley, the escaped material can cause the overstretching of the belt’s
carcass and the cover damage of the pulley. Consequently, the maintenance costs increase.
Moreover, if the bulk material conveyed is sticky, the escaped material can be accumulated
around the idler rolls. This can cause not only the wear of conveyor components, but also the
loss of belt alignment. In return, the misalignment of the belt increases the spillage. Besides the
maintenance cost, the spillage also increases the cleaning cost if it falls on the floor. Moreover,
the spilled material can pose threats to personal safety if it falls from a height. Therefore, taking
all these negative impact into account, the unnecessary material spilling from the belt must be
prevented in transient operations.

3.2.4 Motor overheating

As a motor operates, it converts electrical energy to mechanical energy. In this conversion,
part of the energy is lost due to motor losses. The motor temperature rises due to the heat
generated from the motor losses during operation. If the winding’s temperature is above the
rated temperature, the motor is overheated. Overheating occurs due to a number of factors, one
of which can be the unhealthy transient operation with a rapid acceleration. Normally, motors
can provide larger shaft torque than the nominal for a short period of time without overheating.
However, if the overload continues for a long time period or the load exceeds the permitted load
greatly, it increases the risk of overheating. Especially in the cases where a motor is operated at
a low frequency and the cooling fan is mounted on the rotor shaft, the reduced cooling efficiency
increases the risk of motor overheating.

Overheating is a serious problem in a motor, and can cause a number of performance prob-
lems. For instance, the winding’s insulation life is cut in half for every 10 °C rise above the
rated temperature (Wiedenbrug, 2003). For example, in the case of a motor with a service life
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20 years and with the rated temperature 40 °C, the life of the motor is cut to about 2.5 years if it
runs at 80 °C. Moreover, as suggested by Umair Mirza (2013), more than 55% of the insulating
failures are caused by overheating. Despite the fact that modern insulating materials are more
durable, temperature rises still drastically shorten their service lives. Therefore, the transient
operations should not increase the risk of overloading the driving machine.

3.2.5 Pushing the motor into the regenerative operation
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Figure 3.8: Deceleration operations over different operating conditions. (a-b) Condition 1:
Driving system provides negative driving torque. The conveyor speed follows the reference
speed profile. (c-d) Condition 2: Driving system does not provide negative driving torque. The
conveyor fails to follow the reference speed.

The risk of pushing the driving motor into the regenerative operation can be caused by the
improper deceleration operation. Taking the case in Figure[3.8|for in instance. In order to follow
a planned speed profile, negative driving forces or braking forces sometimes are required, as
shown in Figure [3.8b] The negative driving forces can be provided by a brake system or by
pushing the driving motor into the regenerative operation. However, in the case of a conveyor
system without neither the braking system nor the function of regenerating, the driving system
fails to produce a negative torque. In such cases, the driving torque suddenly is lost, and the
belt fails to run as planned, as shown in Figure Therefore, in cases where the driving
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system can not produce generative driving torque, the risk of pushing motor into the regenerative
operation should be paid more attention, especially in the deceleration operations.

3.3 Determination of the minimum acceleration time

3.3.1 Introduction

In the design of belt conveyors, existing standards, such as DIN 22101 (German Institute for
Standardization, 2015), CEMA (Conveyor Equipment Manufacturers Association, 20035) and
ISO5048 (International Organization for Standardization, |1989), are usually applied to calcu-
late the required driving forces on the driving pulleys, to select the components of belt convey-
ors, to define the space of neighboring idler stations, and even to deal with the vertical curves
along the conveyor length. In addition, the safety factor and the maximum acceleration can
be approximated by applying these standards (Nuttall, [2007). It is important to note that in
the calculation of these standards, the conveyor belt is assumed to be a rigid body and the belt
elastic-visco properties are not taken into account. In the case of low capacity and small belt
conveyor systems, this may lead to an acceptable design and acceptable operational behavior
of the belt (Lodewijks, [2002). However, Lodewijks (2002) further suggests that in the case
of belt conveyor systems with high capacity or long distance, the ignorance of belt dynamics
can cause operational problems, such as the premature collapse of the belt and the damage of
drive systems. This suggestion can also be found in (Pang and Lodewijks, 2011). Therefore, a
method is required to determine the permitted acceleration, taking both the potential risks and
the conveyor dynamics into account.

3.3.2 Existing methods for determining the acceleration time

Determining the acceleration time is significantly important to avoid for instance the risk of belt
over-tension caused by an improper transient operation. In current research, several methods
have been proposed to estimate the acceleration time of belt conveyors, and some of them have
already been applied in practice. The applications mainly are on start-up operations. These
methods can be summarized into three types of approximations. The first approximation sug-
gests that the time length of start-up procedure is no less than five times the time it takes for a
longitudinal wave to travel from the head to the tail of the conveyor. An example can be found
in (Singhl [1994)). This rule is based on the findings of (Funke, 1973)) and can be mathematically
expressed by:

L
t,>5— (3.15)
c1

where 7, is the acceleration time, L is the conveyor length from head to tail, and ¢ is the
propagation speed of longitudinal stress waves. However, this start-up time is only valid if it is
used for torque controlled start-ups, and the drive torque is increased from zero to the required
start-up torque during the starting operation (Funke, 1973 Lodewijks, 1997). Moreover, the
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applications of Equation (3.15| may result in a steep acceleration ramp and a high peak tension
during starting (Singh, [1994; Lodewijks, 1997).

To reduce the risk of belt over-tension during starting, |[Singh (1994) introduced a rule of
thumb to approximate the acceleration time. The rule is “one minute per km of conveyor
length”. According to [Singh| (1994)), this rule generally yields satisfactory results. However,
if the rule applies to the conveyor whose length exceeds 2 to 3 km, the time length of start-
ing procedure may be unnecessarily long, so that the belt dynamic analysis is suggested to be
carried out to determine an acceptable start-up time (Lodewijks, [1997).

Lodewijks| (1997) proposed a more accurate method estimating the start-up time. In this
approximation, it is assumed that the conveyor speed is controlled by a static power converter,
and that the speed increases linearly. So the acceleration of the belt on the drive pulley is
constant. Then based on Euler-Eytelwein formula (see Equation [3.13)), the maximum belt force
of the considered conveyor during stationary operation can be expressed as:

eH?
Tl,max: (e”a—l)Fd (316)

In the case of a long horizontal belt conveyor, the driving force F; can be calculated by

Fi = CfgL () +2mp, , +my,,) (.17)

Then substituting Equation into[3.16]yields

eH?

T max = ( ) CfgL (m),py +2m,p +my 1) (3.18)

eta —1

In order to accelerate the lump mass of belt, bulk material and idler rolls, an extra force F. is
required which can be estimated by

Fye = (m) ,py +2mjy,, +my,, ) La (3.19)

where a is the value of acceleration. The extra drive force yields an extra belt tension 77, which
approximates to

eHa
Tiae = (e#“ — ) F,. (3.20)

Then taking the risk of belt over-tension into account yields the actual minimum safety factor:

T
Samin = SBmin (ﬁ) (3.21)

The substitution of Equations [3.18]and [3.20]into [3.21] gives:

-1

a

SA,min = SB,min (1 + ) (322)
Cfg
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In the case of a belt conveyor with a linear increase of the speed, the belt acceleration is

a= ? (3.23)

Finally, the combination of Equations [3.23|and [3.22] obtains the acceleration time:

Vb SA min
t,= - (3.24)
¢ Cfg (SB,min - SA,min )

Equation [3.24] has been successfully applied to estimate the start-up time of belt conveyors, es-
pecially in the cases of horizontal belt conveyors. The applications can be found in (Lodewijks,
1997} INuttall and Lodewijks| 2007). However, it is important to note that, the value resulted
by Equation [3.24] normally is larger than the minimum required strat-up time. The deviation
might be caused by the over-estimation of the belt tension. As shown in Figure [3.4] the belt
tension 77 before the drive pulley equals the tension 7, after the drive pulley adding the driving
forces. In addition, the increase of belt tension 77, equals the extra driving force F,.. There-
fore, the extra belt tension can be overestimated by Equation [3.20} In addition, Equation [3.21]
is lack of accuracy since the actual belt rating in practice may be far larger than that calculated
by Equation [3.2] Therefore, Equation [3.24] results in a large but safe start-up time. Due to the
overestimation, Equation [3.24| can be applied to calculate the start-up time of conveyors with a
limited inclination angle. This is confirmed by He et al.| (2016a).

From the above description on these three methods, it is clear that these methods can not
be directly applied to determine the minimum acceleration time of the transient operations.
However, the method proposed by Lodewijks (1997) provides an inspiration for the proposal of
the Estimation-Calculation-Optimization (ECO) method.

3.3.3 ECO Method

The ECO method derives from the approach proposed by [Lodewijks (1997). It is based on
simulations and accounts for the dynamic performance of belt conveyors in transient operations
under speed control. The ECO method consists of three steps: Estimation, Calculation and
Optimization. In the Estimation step, an estimator is built to compute the permitted maximum
acceleration and initialize the acceleration time. Taking the potential risks caused by improper
transient operations into account, the estimator considers the belt as a rigid element, and com-
putes the permitted maximum acceleration in transient operations statically. Then accounting
for the acceleration profiles, the demanded minimum speed adjustment time can be rough esti-
mated. Section[3.4ldescribes the estimation in detail.

The purpose of the Calculation step is to detect whether the potential risks occur in transient
operations with the estimated acceleration time. This step accounts for the effect of belt dynam-
ics and hysteresis. The dynamic behavior in transient operations is analyzed by simulations.
The simulations are based on an existing finite element model, which has been widely applied
in practice. Section [3.5] gives a detailed description of the dynamic analysis.

With respect to belt viscous-elastic properties, belt performance in transient operations is
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complex. The transient operation with the estimated acceleration time may result in, for in-
stance, the risk of belt over-tension. In such cases, optimizations are required to improve the
dynamic performance and to achieve the minimum acceleration time, which results in healthy
transient operations. Section [3.6 details the optimization.

3.4 Estimation- static computation

Taking the potential risks in transient operations into account, an estimator is built in this step
to compute the permitted maximum acceleration. In order to describe the estimator clearly, a
case as shown in Figure [3.9)is exampled. The belt conveyor is installed with an inclined angle
0 and driven by a head pulley. In order to provide a pre-tension, a single sheave gravity take-up
device with mass M7 is mounted at the return side after the head pulley. In the following, both
the permitted maximum acceleration and the permitted maximum deceleration are computed.

Figure 3.9: An inclined belt conveyor with a single sheaved gravity take-up.

3.4.1 Maximum acceleration

With respect to the risk of belt breaking at the splice caused by over-tension, the belt tension
along the conveying route must be maintained in a safe level. In cases as shown in Figure [3.9]
the maximum belt tension generally occurs right before the drive pulley. The tension 77 in
steady state before the drive pulley can be approximated by

T =T+ Fy (3.25)

where Fj; is the driving force and 75 is the belt tension after the drive pulley. As shown in
Figuref3.9] where the conveyor is tensioned by a single sheave gravity take-up device, if the
distance between the gravity take-up and the drive pulley is small, the belt tension 7, after the
drive pulley can be approximated by

1

According to Equation the permitted belt tension before the drive pulley can be estimated
by
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knB

Samin

where B is the belt width. Then the combination of Equations to yields the maximum
permitted driving force

(3.27)

Tl,max =

Fd,max,tensioin =<5~ _Mg (328)

with respect to the belt over-tension risk.

Belt slippage is another major risk in the acceleration operations. As stated by Euler (1762)
and Entelwein| (1832), if the driving force exerted on the drive pulley attempts to exceed the
available frictional forces, the belt will slip around the drive pulley. Then according to Equation
3.14] the maximum driving force is

Fd,max,slip = Ff,max =T (e,ua - 1) (3.29)

with respect to the belt slippage risk.

The rated motor torque is the maximum continuous torque available at the design speed that
allows the motor to do work without overheating. In the practical acceleration operations, the
maximum service torque is allowed to be slightly larger than the rated torque Tyor0r.nom for few
seconds. The ratio of the maximum service torque and the rated torque is defined as service
factor (isr). For example, the standard service factor for an open drip-proof motor is 1.15 in
(Emadi, [2004). Then in the acceleration operation, the permitted motor service torque 7,,010r.max
is

Tmotor,max = iszmotor,nom (330)

and the maximum driving force Fy 4y hea: ONto the drive pulley is

Tmolor,max lrflszmotor,nom

Ry Ry

Fd,max,heal = irf (3.31)

in which i, is the gearbox reduction ratio and Ry is the drive pulley’s radium.

Then taking these three risks in acceleration operations into account, the permitted maxi-
mum driving force Fy 4, in transient operations is

Fd,max =min (Fd,max,tension’ Fd,max,slipa Fd,max,heat) (3.32)

As described by Newton’s Second Law, the acceleration is the net result of any and all forces
acting on belt conveyors. Then in acceleration operations, the permitted acceleration is

Famax—F
Aacmax = Lf (3.33)
m
where Fy is the total motional resistances, and m is the total lump mass of the belt, rollers and
the bulk material on the belt. According to the standard DIN 22101, the motional resistance

along the conveying route can be estimated by
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Fr=CfgL (m

rour + (2my g, +my ) cosO) +my, g H (3.34)

and the total mass is

4
rol

m=L(m. ;,+2m),, +m, ) (3.35)

Finally, the maximum permitted acceleration can be estimated by substituting Equations

and into Equation [3.33]

3.4.2 Maximum deceleration

In a soft deceleration operation, the driving force exerted on drive pulleys decreases gradually
and the conveyor speed is reduced smoothly. Differing from the acceleration operation, the
deceleration operation mainly considers the risk of pushing the motor into the regenerative
operation. In the case of belt conveyors which can not provide the negative driving forces, the
maximum deceleration can be estimated by:

_F
Agemax = — (3.36)
m

3.4.3 Speed adjustment time

Acceleration operation

Speed [m/s]

Deceleration operation

Acceleration [m/s?]

Time [s]

Figure 3.10: Acceleration profiles and speed curves in the transient operation

The speed adjustment time is the time required in acceleration or deceleration operations,
and its value is dependent on the planned acceleration profile. Conventionally, the linear accel-
eration was widely applied in start-up operations. However, due to the sudden change of the
acceleration at the beginning and the ending of transient operations, the linear acceleration op-
erations result in a large mechanical jerk. In order to reduce the mechanical jerk and to enable
a soft-start operation, Harrison| (1983) recommended a sinusoidal acceleration profile as shown
in Figure The figure includes the curves of an acceleration operation and of a deceleration
operation. Mathematically, the acceleration and the speed can be expressed:

Cl(l) = Et—Sll’lt— (337)
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A
v(t):v0+7v (l—cosﬂ—t) (3.38)

where Av is the speed adjustment range, 7, is the speed adjustment time, ¢ is the instantaneous
time (0 <t <1t,), and vy is the original speed before the transient operation. According to
Equation [3.37] the maximum acceleration occurs at ¢ = ¢,/2 and

ta) T Av

—|==— 3.39
2 2 t, (3-39)

Then in transient operations with sinusoidal acceleration profiles, the required minimum speed

Amax = Cl(

adjustment time is

A
tac,min = z ! (340)
2 Age,max
T Av
tde.min — 3.41
de. 2 Ade,max ( )

where the subscripts ac and de represent the operations of the acceleration and deceleration,
respectively.

3.5 Calculation- dynamic analysis

In the Estimation step, an estimator is used to approximate the permitted acceleration and the
demanded adjustment time. The estimator views the belt as a rigid element, and assumes that all
masses are accelerated or decelerated at the same time with the same rate. However, Lodewijks
(2002) suggests that the neglect of belt elasticity in high capacity and/or long distance conveyors
may lead to operational problems, for instance premature collapse of the belt and the destruction
of pulleys. Moreover, the estimator fails to account for the risk of material spillage caused by
the low speed or by the low belt tension. Therefore, the dynamic analyses play an important
role when detecting whether the potential risks are prevented in transient operations.

Historically, finite element models of belt conveyor systems have been developed to cal-
culate the conveyor dynamic behavior, especially during staring and stopping. Although these
models only determine the longitudinal response of the belt by mainly using truss like elements,
they have been successful in predicting the elastic response of the belt during starting and stop-
ping. An important case study is given by Lodewijks and Kruse (1998) in which both the field
measurements and the finite-element-model-based simulations are carried out. The experimen-
tal results show that the deviation between the measured results and the calculated results could
be restricted within 5%, which falls within the accuracy of the field measurements. Therefore,
the finite element model, accounting for the belt elasticity, is capable of analyzing the conveyor
dynamics in transient operations.

The finite element model of (Lodewijks and Kruse, |1998)) is derived from Lodewijks|(1996).
In the finite element approach, the distributed mass of the belt, the idler rolls and the bulk
material is divided into finite number of elements. In Figure[3.T1] these elements are presented
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by nodes and numbered in sequence. In addition, due to the belt viscosity-elasticity, the adjacent
nodes are coupled by a spring-damping connector, presented by a spring element in Figure[3.11]

. : i+4
1+1 ) it3

Figure 3.11: Lump-mass spring-dampened finite element method

X
—_—

1/2M5 1/2Mg
N N-1 2 1 |::
Fq

i

Figure 3.12: One dimensional model of belt conveyor system.

As|Lodewijks| (1996)) suggests, it is reasonable to suppose that the belt is laid in a horizontal
direction and moves towards one direction. Figure [3.12]illustrates the one dimensional model
of a single drive belt conveyor system. In this model, the driving force Fj is placed on the 1*
node and the pre-tension is placed on both the 1* and N’ nodes. The displacement of all nodes
can be expressed relative to the displacement of N node. Then according to Newton’s Second
Law, the motion of a belt conveyor can be described as

Mx+Cx+Kx=F (3.42)

where

M mass matrix, size N X N

C matrix of damping factors, size N X N

K matrix of spring factors, size N X N

X vector of nodal displacement, size N X 1

X vector of nodal velocity, size N X 1

X vector of nodal acceleration, size N X 1

F vector of force, size N X 1

3.6 Optimization- dynamics improvement

With respect to the belt elasticity-viscosity, the dynamic performance of the belt conveyor is
complex. Due to the fact that the estimator views the belt as a rigid object, the conveyor transient
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operation in the Calculation step might result in, for instance, the risk of belt slippage. If so,
further studies must be carried out to improve the conveyor dynamic performance in transient
operations (He et al., 2016b). Table [3.2] summarizes some solutions, including replacing a new
belt with higher tension rating, optimizing the mass of the take-up device, applying a softer
deceleration profile and increasing the speed adjustment time. With respect to the fact that
changing the construction or components of an existing conveyor is not practical to some extent,
the general method of improvement is to extend the speed adjustment time. Then the third step,
Optimization, is carried out to find the minimum speed adjustment time.

Table 3.2: Potential risks in transient operations and their solutions

Potential risks Suggested solutions

Replace a new belt with higher tension rating

Belt over-tension at the splicing area | Extend the speed adjustment time or apply a softer
acceleration profile

Decrease the mass of take-up devices

Increase the mass of take-up device

Belt slippage around the drive pulley | Increase the wrap angle or replace a new pulley
with a higher friction resistance coefficient

Extend the speed adjustment time and reduce the
driving force

Extend the speed adjustment time and reduce the

driving force
Motor overheat g

Reduce the frequency of speed regulation process

Replace a new motor with higher torque rating

Install a cooling device

Material spillage away from belt Reduce the mechanical jerk by extending speed
adjustment time or applying a softer deceleration
profile

Pushing motor into the regenerative Apply a softer acceleration profile or extend speed

operation adjustment time

The optimization is realized by using finite-element-model-based simulations. The optimiz-
ing procedure can be viewed as a process of root finding. Taking the risk of belt slippage for
instance. The maximum available frictional resistances between the belt and the drive pulley is
Fypa. It is assumed that during the transient operations, the driving force can exceed the max-
imum available friction Fy 4. It is further assumed that Fy(¢) represents the maximum driving
force over different acceleration time ¢. For instance F;(30) represents the maximum driving
force during a specific transient operation within the acceleration time 30s. Then with respect
to the risk of belt slippage, the minimum acceleration time can be approached by finding the
root of function

f@&)=Fy(t)-Frpa=0 (3.43)

In spited of the fact that the computer nowadays is very powerful and can quickly complete the
calculations, iteration methods are highly suggested to find the solutions more quickly. These
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methods mainly include the bisection method, the false position method, the Newton-Raphson
method and the secant method. Because the research of iteration methods is beyond the scope of
this thesis, the iteration methods will not be further discussed here. More details of the iteration
methods can be found in (Press et al., [1987; |Phillips and Taylor, |1996; Pal, 2009).

3.7 Case study: a long horizontal belt conveyor

In order to show how the ECO method is used to determine the minimum acceleration/deceleration
time, this section studies a long horizontal belt conveyor. The belt conveyor is designed by
Lodewijks|(1996). The designed capacity is 2500t/h for conveying coal with density 850kg /m?,
and the conveying distance is 1000m. A fabric belt, with Young’s modulus of 370M Pa and
tension rating of 500kNm, is selected. The linear density of the belt is 14.28kg/m. The car-
rying part of the belt is supported by three-roll idler stations with average mass per unit length
14.87kg/m. The return part is supported by one-roll idler stations with average mass per unit
length 7.72kg /m. The conveyor is driven by a 250kW motor with torque rating 1592Nm. More
parameters of the belt conveyor system are illustrated in Table [3.3] As examples of the case
study, an acceleration operation from 2m/s to 4m/s and a deceleration operation from 4m/s to

2m/s are studied in sub-sections [3.7.1|and [3.7.2} respectively.

3.7.1 Acceleration operation from 2m/s to 4m/s
3.7.1.1 Step 1: Estimation
On the basis of data in Table [3.3] Equation [3.28]suggests that the permitted driving force is

kyB 1
NZ 5 Mg =86.3kN (3.44)

Fd,max,tension = S
A min

with respect to the risk of belt over-tension. Taking the risk of belt slippage around the drive
pulley into account, Equation [3.29]yields the permitted driving force

1
Famax,siip = EMg (e —1)=49.6kN (3.45)

In addition, with respect to the risk of motor over-heating, the maximum driving force is ap-
proximated by Equation [3.31}

irfiszmomr,nom
Rq

Then taking these three risks into account, the permitted maximum driving force is

=54.9kN (3.46)

Fd,max,heat =

Fd,max =min (Fd,max,tension, Fd,max,slip’ Fd,max,heat) =49.6kN (347)

The result in Equation suggests that in acceleration operations of this specific belt
conveyor system, the highest risk is the belt slippage around the drive pulley. Moreover, it
further suggests that due to the phenomenon of belt slippage, both the risk of belt over-tension
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Table 3.3: Parameters of a coal conveying system with a textile belt. Courtesy of Lodewijks
(1996).

’ Parameters (symbol, unit) \ value \ Parameters (symbol, unit) \ value

Conveyor length (L, m) 1000 Mass of bulk material on the belt | 133.54
per unit length (m, ., kg/m)

Nominal capacity (Qnom,» MTPH) | 2500 Mass of gravity take-up device 5060
(mr, kg)

Nominal speed (vom, m/s) 52 Friction coefficient between drive | 0.35
pulley and conveyor belt (u, —)

Belt width (B, m) 1.200 Wrap angle of the belt on the 180
drive pulley (e, °)

Young’s modulus of belt (Ep, 340 Motor torque rating (7;,0m.motor» 1592

N/mm?) Nm)

Damping factor (D, —) 0.35 Motor service factor (i, —) 1.15

Cross section area of belt (Ape;s, 0.01236 | Reduction factor of gearbox (i, ¢, 18

m?) -)

Nominal rupture force of belt per | 500 Minimal safety factor in steady 8.0

unit width (ky, kN /m) state operation (Sg min,—)

Mass of belt per unit length 14.28 Minimal safety factor in transient | 5.4

(m),,,» kg/m) operation (S min,—)

Mass of idler per unit length on 14.87 Coefficient of secondary 1.09

the carrying side (m:‘oll,c’ kg /m) resistances (C, —)

Mass of idler per unit length on 7.72 Artificial friction coefficient (f, -) | 0.018

the return side (m;nll,r, kg/m)

Total mass of idler per unit length | 22.59

(> kg /m)

and the risk of motor over-heating are prevented. Then taking the motional resistances along
the conveying route into account, Equation[3.33]yields the permitted acceleration in acceleration
operations

Fimax—CfgL(m! ,, +2m,  +m),
d, fg ( roll belt bulk) :0,076m/s2 (3.48)

4 / ’
L (mroll +2my g, + mbulk)

Aac,max =

Accordingly, the minimum acceleration time is initialized as

x AV

=415 (3.49)

tac,min =
Agc,max

to complete the acceleration operation from 2m /s to 4m/s with a sinusoidal acceleration profile.

3.7.1.2 Step 2: Calculation

In this step, simulations are carried out to examine the conveyor dynamic behavior in the accel-
eration operation from 2m/s to 4m/s within 41 seconds. Simulations are based on the following
suppositions:
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* The conveyor belt is fully loaded over the simulations.

* Whenever the driving force attempts to exceed the available frictional resistances, the belt
is slipping around the drive pulley, and the forces exerted on the drive pulley equals the
available frictions between the belt and the drive pulley.

In addition, another important assumptions are given that the maximum permitted belt sag ratio
is 3% and that the permitted speed deviation is 15%. Therefore, with respect to the risk of
material spillage caused by the excessive low belt tension, the belt tension along the carrying
side should be no less than

m, +m, )L
Tonin > 8 et *Mhale _ g 5y
8Nrer

where L. is the distance between the idler centers in the carrying side, and 4,.; is the maximum

(3.50)

permitted belt sag ratio. With respect to the risk of material spillage caused by the excessive low
belt speed, the belt speed at the tail pulley should be no less than 3.4m/s after the deceleration
operation.

Figure[3.13]illustrates the conveyor dynamics in the acceleration operation. The acceleration
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Figure 3.13: Belt conveyor dynamic performance in the acceleration operation with AV =2m/s
and t,. = 41s. (a) Driving forces exerted on the drive pulley. (b) Belt tension at each nodal
point. (c) Belt speed at the drive pulley. (d) Belt speed at each nodal point along the conveying
route.
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starts from the time point 1 second. The diagram of Figure illustrates the driving force
exerted on the drive pulley. It shows that at the beginning of acceleration, the driving force
increases gradually. Around the time point 16 second, the driving force reaches to the limit 49.6
kN. Due to the fact that the drive pulley cannot provide more frictional resistances to couple
the exceeding driving forces, the belt is then slipping around the drive pulley and the driving
force remains at 49.6 kN. The belt slippage continues for 16 seconds, and after that the driving
force decreases. Due to the belt elasticity, the driving force fluctuates around a certain level
after the acceleration operation. Meanwhile, due to the belt viscosity, the fluctuation amplitude
is decreasing over time.

Figure [3.13b| presents the belt tension at each nodal point. Overall, the diagram shows along
the carrying side, the minimum belt tension is over 20 kN during and after the acceleration
operation. That means in this acceleration, the risk of material spillage caused by the excessive
low belt tension is avoided. However, the diagram further shows when the belt is slipping
around the drive pulley, an uncontrolled belt tension wave travels from the head pulley to the
tail. After that, the belt tension oscillates with dampened amplitudes.

Figure shows the dynamic speed curve of the belt around the drive pulley, and the ref-
erence speed over time. As the figure shows, the belt speed at the drive pulley gently increases
and follows the reference speed at the beginning of acceleration. However, due to the phe-
nomenon of belt slippage, the belt speed at the drive pulley suddenly shocks at the time point 16
second. Moreover, due to the fact that the drive pulley can not provide sufficient driving forces
during the period of belt slippages, the dynamic speed is lower than the reference speed until
the disappearance of belt slippage. After that, the belt speed at the drive pulley successfully
catches up the reference speed. At the time point 42 second, it finally reaches the desired speed
4 m/s. Similar to the driving force, the dynamic speed is fluctuating around the desired speed
with a limited deviation after the acceleration operation.

Figure [3.13d|illustrates the belt speed at each node over time. During the acceleration, the
belt speed at each node increases successively. Similar to the belt speed around the drive pulley,
the speed curves of other nodes are not thus smooth due to the uncontrolled acceleration waves
caused by belt slippage. In addition, the belt speed is fluctuating with a dampened amplitude for
a certain period in response to the belt viscosity-elasticity. Moreover, as is shown the amplitude
of fluctuation of belt speed at the carrying side is less than that at the return side. However, it
clear shows that after accelerating, the minimum speed of belt at the tail pulley is larger than 3.4
m/s. Therefore, the risk of material spillage caused by exceeding speed deviation is avoided.

Overall, taking the conveyor dynamics shown in Figures|3.13|into account, the acceleration
operation from 2 m/s to 4 m/s within 41 seconds is not acceptable. Optimizations are given in
the next section to find the minimum acceleration time.

3.7.1.3 Step 3: Optimization

The excitation of uncontrolled belt tension waves and of uncontrolled acceleration waves are
caused by the phenomenon of belt slippage. In order to improve the conveyor dynamics, the
risk of belt slippage should be avoided. Taking the belt slippage into account, the problem of
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optimizing acceleration time is defined as a problem of finding root of function f(z):

f(#) = Famax(t)—49.6 =0 (3.51)

where an important assumption is given that the driving force can exceed the maximum avail-
able friction resistances between the belt and the drive pulley.

In order to reduce the computational time, the secant method is applied. Compared to the
bisection method and the false position method, the secant method generally can find the root
faster. In addition, the secant method is more applicable than the Newton-Raphson, due to
the fact that the derivative of the maximum driving force over time is hardly expressed in a
mathematical way. In the implementation of the secant method, the two initial time points are
to =41s and t; = 71s. The stopping criterion is the function value f(¢) less than 0.1.

Table 3.4: Root finding function of f(¢) = Fjax(t) —49.6 = 0 with the secant method. The stop
criteria is |e| < 0.1.

L n | o | 5 | f) | f) | f@) |
1 41 71 55,01 | 5,0930 | -5,8101 | -1,6228
21 71 55,01 | 48,81 | -5,8101 | -1,6228 | 0,8562
3| 55,01 | 48,81 | 50,95 | -1,6228 | 0,8562 | -0,0732

The experimental results are shown in Table[3.4] As the data shows the secant method costs
only three iterations for finding the minimum acceleration time. The data suggests the optimum
acceleration time approaches to 51 seconds. Figure [3.14] presents the examination results of the
conveyor dynamics during the execution of the 51 seconds acceleration profile. The diagram of
Figure clearly shows during the acceleration, the maximum driving force is 49.5 kN. It
suggests that the risk of belt slippage is successfully avoided. The diagrams of Figures[3.14b|to
also show that in the acceleration, both the tensile force and the speed vary smoothly over
time. From the presented results it can be concluded that the conveyor dynamic behavior in this
acceleration operation is acceptable. The operation accelerating the studied conveyor from 2
m/s to 4 m/s requires at least 51 seconds.
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Figure 3.14: Belt conveyor dynamics in the acceleration operation from 2 m/s to 4m/s within
51 seconds. (a) Driving forces exerted on the drive pulley. (b) Belt tension at each nodal point.
(c) Belt speed at the drive pulley. (d) Belt speed at each nodal point along the conveying route.
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3.7.2 Deceleration operation from 4 m/s to 2 m/s

3.7.2.1 Step 1: Estimation

Pushing the motor into the regenerative operations is the major risk during the deceleration op-
eration. With respect to this risk, the driving torque of the drive pulley should be non-negative.
Accordingly, the maximum deceleration is

Agemax = —Cfg =—0.19m/s> (3.52)
Then based on the formula [3.41] the estimated deceleration time is

n AV

Ldemin = =

=16.5s~ 17s (3.53)

Ade,max
With respect to the risk of material spillage caused by the excessive low belt speed, the belt
speed at the tail pulley should remain over 1.7 m/s after the deceleration operation.

3.7.2.2 Step 2: Calculation

Figure [3.13]illustrates the examination results of the deceleration operation from 4 m/s to 2 m/s
within 17 seconds. Figure [3.15a] presents the driving forces exerted on the drive pulley. The
diagram shows at the start of the decelerating procedure, the driving force decreases gradually
over time. Meanwhile, both the belt tension and the belt speed change smoothly, see Figures
3.15b] and [3.15d) respectively. However, the diagram in Figure [3.15a shows at the time point

11 second, the driving force reduces to the bottom OkN, and then the driving forces are lost.
This phenomenon continues for about 8 seconds. As Figures [3.15b] to [3.15¢| show, the belt
tension and speed along the conveyor are uncontrollable during this period. The diagram in
Figure clearly shows the belt speed at the drive pulley fails to follow the reference speed.
Therefore, the deceleration from 4 m/s to 2 m/s within 17 seconds is unacceptable.

Besides the sudden loss of driving force, this deceleration also results in the belt slippage
around the drive pulley. As the diagram in Figure [3.15a| shows, at the time point 26 second, the
driving force reaches its traction limit, and then the slippage occurs. The slippage causes an
uncontrollable acceleration wave, see Figures [3.15d]and [3.15¢| As the diagram in Figure [3.15¢|
shows, the slippage results in an unexpected speed deviation. The deviation lasts for around 10

seconds.

The diagram in Figure [3.15d] also shows a large speed deviation during and after the decel-
eration. The largest deviation between the drive and tail pulley can be over 1m/s. The figure
further shows at the time point 24 second, the tail pulley speed drops to 0.9 m/s, less than half
of the required speed. This phenomenon increases the risk of material spillage away from the
belt at the loading area. Therefore, special attention should be paid to this phenomenon during
the deceleration operation.

From the presented results in Figure [3.15] it can be concluded that the deceleration activity
from 4 m/s to 2 m/s within 17 seconds will result in the risk belt slippage, the risk of pushing
the motor into the regenerative operation, and the risk of material spillage. Therefore, the
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Figure 3.15: Belt conveyor dynamic behaviors in the deceleration from 4 m/s to 2 m/s within
17 seconds. (a) Driving forces exerted on the drive pulley. (b) Belt tension at each nodal point.
(c) Belt speed at the drive pulley. (d) Belt speed at each nodal point along the conveying route.



54 Energy Saving for Belt Conveyors by Speed Control

deceleration operation with estimated deceleration time is not acceptable. Taking these risks
into account, the next step will carry out further simulations to improve the conveyor dynamics
and to find the minimum deceleration time.

3.7.2.3 Step 3: Optimization

The examination results in Figure [3.15]illustrate the existence of the risk of pushing motor into
the generative operation, of the risk of belt slippage and of the risk of material spillage. Taking
the risks into account, the problem of optimizing deceleration time can be defined as:

= max(t}, terty) (3.54)
in which

th the root of function f(¢) = Fgamax(t) —49.6 = 0 with respect to the risk of belt

f
slippage

tg the root of function g(¢) = Fyamin(t) = 0 with respect to the risk of pushing motor
into the regenerative operation

f the root of function A(t) = vy,(t) — 1.7 = 0 with respect to the risk of material

spillage caused by the excessive low belt speed.

Similar to the optimization step in the acceleration operation, the secant method is applied here
for finding the roots for functions f(¢), g(¢) and A(f). Then comparing these roots yields the
minimum deceleration time for deceleration operation from 4 m/s to 2 m/s with acceptable
dynamic performance. It is important note that in order to implement the secant method, the
value of the driving force can be either over 49.5 kN or below 0 kN.

Finding the root of function f(¢) first. The initial points are 17 and 47, and the stop criteria
is |e| < 0.1. Table presents the root finding result. The root is approached after four times
of iterations. The data in Table suggests that with respect to the risk of belt slippage, the
minimum deceleration time is 30.37 second.

The data in Table [3.5|also includes the function values of g(¢) and A(¢) at point 3. The data
implies that the activity of finding root of g(¢) can be canceled since when the deceleration time
equals 30.37 seconds, the minimum driving force is far larger than OkN. However, there still
exists the risk of material spillage when 73 = 30.37s. But the data in the second row clearly
shows the root of function A(z) should near 35.2. Table illustrates the root finding result
of function A(¢) with initial points 35.2 and 47. The root 35.44 is found after three times of
iterations.

Finally, the optimum deceleration time for the deceleration operation from 4 m/s to 2 m/s
is obtained, and equals 35.44 seconds. If we continue round the root to the nearest integer
which is no less than the root, the minimum deceleration time of this deceleration operation
is 36 seconds. Figure [3.16] presents the dynamic performance of the belt conveyor during the
deceleration operation from 4 m/s to 2 m/s within 36 seconds. The figure shows during and
after the execution of the 36 seconds deceleration operation, the driving forces value always stay
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Table 3.5: Root finding function of f(¢) = Fguqx(t) —49.6 = 0 with the secant method. The stop
criteria is |€| < 0.1. The function values g(#3) and h(t3) are also given.

L n | o | | fa) | &) | k) |
1 17 47 35,2 | -6,4518 | 12,0559 | -0,0109
2| 47 35,2 | 25,23 | 8,0495 | 1,5833 | -0,6066
3| 35,2 | 25,23 | 30,76 | -0,6148 | 7,9286 | -0,2487
4 125,23 | 30,76 | 30,37 | -0,0479 | 7,5258 | -0,2719

Table 3.6: Root finding function of A(t) = v,,;,(t) — 1.7 = 0 with the secant method. The stop
criteria is |€| < 0.01. The function values f(#3) and g(3) are also given.

100

100

L n | o | 5 | fa) | &) | hn) |

1] 352 47 35,78 | -7,1217 | 12,5364 | 0,0163

2 47 35,78 | 34,83 | -6,0124 | 11,7427 | -0,0288

3| 35,78 | 34,83 | 35,44 | -6,7318 | 12,2563 | 0,0005
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Figure 3.16: Belt conveyor dynamics in the deceleration operation from 4m/s to 2m/s within
36 seconds. (a) Driving forces exerted on the drive pulley. (b) Belt tension at each nodal point.
(c) Belt speed at each nodal point along the conveying route. (d) Belt speed at the drive pulley.
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positive but below the friction limit. Meanwhile, both the belt tension and the belt speed along
the conveying route are varying smoothly. Apparently, this deceleration operation is acceptable.

In the case of belt conveyors with variable material feeding rate, the belt speed is expected
to be regulated accurately to match the varying mass flow. In order to prevent continuous high
stress, the conveyor speed is regulated discretely with several specific speeds. For the studied
belt conveyor, it is assumed that the selected speeds are 2 m/s, 2.5 m/s, 3 m/s, 3.5 m/s, 4
m/s, 4.5 m/s, 5 m/s and 5.2 m/s. Using the ECO method, more research is carried out, and
Figure gives the minimum speed adjustment time, both in acceleration and deceleration

operations.
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Figure 3.17: Minimum speed adjustment time for different speed adjustment ranges. (a) Mini-
mum acceleration time. (b) Minimum deceleration time.

3.8 Conclusion

This chapter answered the second key research question raised in Chapter 1: How to determine

the permitted maximum acceleration and the demanded minimum acceleration time in transient
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operations? It proposed the ECO method and a long horizontal belt conveyor was studied.
According to the experimental data, an overall conclusion can be drawn: the ECO method is
applicable to determine the minimum speed adjustment time, both in acceleration and decel-
eration operations. In addition, the following sub-conclusions can also be drawn based on the
experimental results:

* The finite element method can be used to examine the conveyor dynamic performance in
transient operations.

* The transient operations with the initialized acceleration time may result in the risks.

* These risks can be successfully prevented if the optimized speed adjustment time is used.



58

Energy Saving for Belt Conveyors by Speed Control




Chapter 4

Belt conveyor energy model

Chapter 3 discussed the transient operations of a belt conveyor under speed control, and pro-
posed the ECO method for determining the minimum speed adjustment time. That improved
the applicability of belt conveyor speed control. In order to evaluate the economic performance
of speed control, it is worth building a parametric energy model for belt conveyors. This chap-
ter discusses the energy model of belt conveyors. Standard DIN 22101 (German Institute for
Standardization, |2015) is widely used in practice for estimating the power consumption of belt
conveyors. DIN-based energy model is detailed in Section in which the artificial frictional
coefficient f is used to calculate the main resistances of a belt conveyor. Section 4.2| proposes
two ways to achieve the f factor value: physical experiment and analytical calculation. How-
ever, physical experiments are expensive in practice and they may have a negative impact on
the production plan. Therefore, the thesis uses the analytical method for determining the f
factor value. The analytical method divides the main resistances into four types of individual
resistances and calculates these resistances by using the individual calibrated resistance mod-
els. Section 4.3 details the modeling of the sub-resistances and a case is studied in Section 4.4
to show the analytical calculation. Taking the power losses of the driving units into account,
Section {.5]discusses the driving system efficiency. Some conclusion remarks of this chapter is

given in Sectiond.6|

4.1 DIN-based belt conveyor energy model

In last decades, several energy models have been developed to estimate the power consumption
of belt conveyors. Most of energy models are based on belt conveyor design standards, such as
DIN 22101 (German Institute for Standardization, 2015) and ISO 5048 (International Organiza-
tion for Standardization, |1989). The thesis uses the DIN-based energy model for estimating the
power consumption of belt conveyors and so that to assess the performance of belt conveyors
under speed control.

Standard DIN 22101 is proposed by (German Institute for Standardization| (2015) for calcu-
lating and dimensioning belt conveyor components. This standard is widely used in practice for
assisting in designing belt conveyors. This section gives a detail of the calculations. German In-
stitute for Standardization| (2015) suggests that the required mechanical power P, is determined

59
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by the driving forces F; exerted on the driving pulley(s) and the conveyor belt speed v

P, =Fyv 4.1)
Then taking the power losses in the driving system into account, the demanded electrical power
P, is

3 P, B Fyv
Nsys  Msys

in the cases of non-generating belt conveyors. In the steady operating conditions, the driving

P, 4.2)

forces equal to the total motional resistances F along the conveying route

Fy=Fy (4.3)

DIN 22101 divides the total motional resistances into four groups: main resistance Fy, sec-
ondary resistances Fy, gradient resistances Fg, and special resistances Fy:

Ff:FH+FN+FSl+FS 4.4)

These resistances are individually described below.

4.1.1 Main resistances Fy

The main resistances Fy, also called primary resistances, are resistances occurring along the
whole length of the conveyor. These resistances consist of belt indentation resistances, belt and
bulk material flexural resistances, and rotating resistances of rollers. |German Institute for Stan-
dardization| (2015) indicates that the main resistances can be responsible for up to 90% of the
total resistances. In order to estimate the main resistances, (German Institute for Standardization
(2015) further introduces an index of artificial frictional coefficient f, and approximates the
main resistances by

Fy = fgL [m],, + (2m), +m),,,) cosé] (4.5)
where
L the conveyor length, m
m’ . the mass of idler rolls per unit length, kg/m
m . the mass of belt per unit length, kg/m
m, . the mass of bulk solid material on the belt per unit length, kg/m
0 inclination angle of a belt conveyor system, °. In the case of declined belt conveyor

systems, the value of ¢ is negative.

As |German Institute for Standardization (2015) emphasizes, the selection of the artificial fric-
tional coefficient is significantly important in the design process of belt conveyors. For the
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cases satisfying the following limiting conditions, (German Institute for Standardization| (2015)
suggests the standard value for the f factor shown in Table {.1] for estimating the total main
resistances of belt conveyors:

* 3 roller fixed idler sets in the top run
e carrying idlers with anti-friction bearings and labyrinth seals
* values of belt sag ratio less than 1%

* filling ratio within a range from 70% to 110%

Table 4.1: Standard values for the artificial friction coefficient f for estimating the total primary
resistance. Courtesy of the standard DIN 22101 |German Institute for Standardization (2015).

’ Characteristic \ Values for characteristic ‘
Internal friction of the bulk material medium low high
Belt conveyor alignment medium good bad
Belt tension medium high low
Operating conditions (dusty, sticky) medium good bad
Idler diameter 108 to 159 > 159 < 108
Spacing of upper strand idlers in m 1.0to 1.5 <1.0 >1.5
Spacing of lower strand idlers in m 25t03.5 <25 >3.5
Belt speed in m/s 4t06 <4 >6
Troughing angle in ° 25 to 35 <25 > 35
Ambient temperature in °C 15 to 25 >25 <15
Atrtificial frictional coefficient f standard value~0.020 | 0.010~0.020 | 0.020~0.040

4.1.2 Secondary resistances Fy

Differing from the main resistances existing along the whole conveying route, the secondary re-
sistances F only occur at the head and tail of the systems. (German Institute for Standardization
(2015) suggests, the secondary resistances are mainly composed of fives parts:

* the inertia resistance of material conveyed and the friction resistance between material
conveyed and the belt in the feeding zone, Fy, ;

* the friction resistance between conveyor belt and lateral chutes in the acceleration zone
of a feeding point, Fs.pp;

* the friction resistance caused by belt cleaners, Fg,;
* the bending resistance of the conveyor belt where it runs over a pulley, Fgp;

* and the resistance of the bearings of non-driven pulleys, Fr,.
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In the case of belt conveyors where secondary resistances occupy a small proportion in the total
resistance, (German Institute for Standardization| (2015) introduces the secondary coefficient C
to approximate the total secondary resistances

Fyv=(C-1)Fy (4.6)

German Institute for Standardization| (2015) further suggests that, the C factor is dependent
on the conveyor length. If the belt filling ratio is in the range from 70% to 110%, Table .2
illustrates the value of coefficient C over different conveyor lengths.

Table 4.2: Standard values of coefficient C for belt conveyor installations with filling ratios
in the range from 70% to 110%. Courtesy of the standard DIN 22101 (German Institute for
Standardization, 2015)).

| L(m) | 80 [ 100 | 150 [ 200 | 300 | 400 | 500 |
C [192]1.78[1.58[145] 131 [125] 1.2

L(m) | 600 | 700 | 800 | 900 | 1000 | 1500 | >2000
C 1.17 { 1.14 | 1.12 | 1.1 | 1.09 | 1.06 | 1.05

4.1.3 Gradient resistances F;

When the belt and bulk solid travel uphill or downhill with a slope of ¢, the weight of belt
and bulk solid can be divided into two components: one perpendicular to the conveying direc-
tion which is the major reason of the main resistance Fy, and the other along the conveying
direction which generates the gradient resistance Fs;. In the case of inclined or declined belt
conveyors, the gradient resistance can be relatively larger than other resistances. (German Insti-
tute for Standardization| (2015) suggests, the gradient resistance can be up to 65% of the total
motional resistances in the case of a belt conveyor with 5% inclination. Differing from the main
resistances and the secondary resistances, the gradient resistance can be precisely determined
by

Fs; = Lmy,, gsind = Hm), , & 4.7)

where H is the height difference of the belt conveyor.

4.1.4 Special resistances Fy

Special resistances Fg generally occur only on specially designed belt conveyor systems. As
German Institute for Standardization|(2015) and|Phoenix Conveyor Belt Systems GMBH)(2004)
suggest, the special resistances can be caused by

* tilted idler position, which arises the tilting resistance Fg, at side carrying idlers
* chutes outside the feeding points, which arise extra chute frictional resistances Fs.j,

* devices for lateral bulk material discharge along the conveying length, which arise scraper
resistances Fg,
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The total special resistances Fs of a conveyor are the sum of the mentioned individual resis-
tances. Note again, these individual special resistances do not occur on all belt conveyors. Then
taking the total sum of special resistances Fg into account, the total motional resistances of belt
conveyors running at steady state can be approximated by substituting Equations .5|to[4.7)into
Equation 4.4}

Fr=CLfg [m;oll + (ngaelt +m;mlk) cosé] +Hgm, ,, +Fs (4.8)

Finally, the required electrical power in steady state amounts to

CLfg [m;oll +(2my,, +my ) coss | +Hg my i+ Fs
P, = v 4.9)
Nsys

4.2 Calculation of the DIN f factor value

Equation 4.9 has been widely used to determine the magnitude of motor power in the design of
belt conveyors. In the design of a new through belt conveyor, standard values for the artificial
friction coefficient f can be selected from Table 4.1 to help calculate the required dimensions
and ratings of belt conveyor components. However, it is important to note that the values of the f
factor in Table[4.T|are only for the purpose of estimating the ratings of belt conveyors. Generally,
the suggested standard value often overestimates the power consumption to avoid the overload
of the drive system for safety reasons. In addition, the research results of such as (Lodewijks,
2011) show that the frictional coefficient f varies with different conveyor parameters, such as
the cover material of a belt. Moreover, Alles| (1994) and |[Hiltermann et al.| (2011) suggests
that the f factor value will change with both belt load and belt speed of a given belt conveyor.
Therefore, the calculation of the f factor value is required before the DIN-based energy model
is used for calculating the power consumption of a belt conveyor. Calculations of the f factor
value can be performed either by field experiments or by theoretical analyses. The experimental
method is illustrated in Section4.2.Tand Section 4.2.2] details the the analytical method.

4.2.1 Experimental method

Hiltermann et al.| (2011) proposed an experimental method for calculating the f factor of an
existing belt conveyor. This calculation was done by implementing simple measurements on
power consumption of the concerned belt conveyor. |Hiltermann et al.|(2011) supposed that the
efficiency of the driving system is constant and that the special resistances Fg are negligible.
Then on the basis of Equation[4.9] the frictional coefficient can be calculated by

P, Nsys

—-m) H
o bulkS (4.10)
CLg [m;oll + (zm;aelt + m;mlk) 0056]

The paper (Hiltermann et al., 2011) does not give the detail of the measurement, but the
thesis of (Hiltermann, 2008) does. The studied belt conveyor is frequency-controlled, so that
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it is possible to manually alter the conveyor speed by changing the output frequency of the
installed frequency converter. The belt conveyor is driven by three motors. Two motors drive
the main drive pulley and the third drives a secondary drive pulley which nears the main drive
pulley. Hiltermann! (2008)) assumed that the load of these motors is always more or less equal.
The input power of the frequency converter of the first motor is recorded by a power clam
meter, so that the total power consumption can be obtained by assuming that all motors deliver
the same power.

The material flows deposited onto the belt conveyor is controlled by means of a hopper
with speed-controlled apron feeder. Prior to the measurement, the speed of the hopper con-
veyor is fixed for a specific material feeding rate. The actual material flow is monitored by a
belt weighing system with a high accuracy. Belt speeds of the studied conveyor can be varied
during operations. Once the belt speed has reached the desired speed and the belt conveyor has
acquired a constant material load over the entire belt length, the data of the actual electrical
power consumption can be collected and recorded.

Measurements were performed at various steady material flows with different belt speeds.
Figure [4.1] illustrates the experimental results. Figure shows the measured electric drive
power. As the data shows, the power is relatively linearly correlated with the material flow.
Moreover, it clearly shows that lower belt speed requires a lower electric drive power at the
same material flow.

Figure gives the derived values of the f factor over different material feeding rates
and belt speeds. From the diagram, it can be seen that the average value for the f factor is
about 0.022. With the derived average value, Equation @ was used in (Hiltermannl, 2008
Hiltermann et al., 2011) to predict the actual power consumption of the belt conveyor under
different operational conditions.

However, it is important to note that Figure also indicates that the frictional coefficient
varies with different speeds and loads. Using the average value for the f factor may result in
errors of energy savings by means of speed control. Moreover, this experimental calculation
itself is not that accurate. The reasons are twofold. First, Hiltermann| (2008 assumed that
the driving system efficiency is constant so that he only measured the electric power, instead
of the mechanical power. However, experimental results in (ABB), 2000) shows that that the
driving system efficiency varies over loads and speeds. Another reason is that, Hiltermann
(2008)) assumed that the three motors of the concerned conveyor could equally share the driving
power, so that he only detected the electric power of one of the three motors, instead of the
total electric power of these three motors. However, |Hiltermann| (2008)) did not proof that the
three motors provide the same amount of power. The uneven distribution of the driving torque
among the three motors can result in the error of the calculation. Hereby, taking these two
reasons into account, the experimental calculation is suggested to be improved by measuring
the driving torque by strain gauges, instead of measuring the electric power. Then the f factor
can be calculated by:

f= Py - mzmlkgH _ Zzzl Tshaft,kwshaft,k - m;mlkgH @11
CLg [m;oll + (Zm’ +m;7ulk) cosé] CLg [m:’oll + (Zm;elt +m;)ulk) cos&]

belt
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Figure 4.1: Experimental results. (a) Measured electrical power. (b) Derived friction coefficient.

Courtesy of Hiltermann et al.| (201T).
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where n is the total number of the driving pulleys, and T, xand wgpq 1,k represent the driving
torque and the angular speed of the k' driving pulley, respectively.

4.2.2 Analytical method

Equations . TT]illustrates the improved formula of calculating the f factor by filed experiments.
However, the physical experiments are expensive in practice, and the control of material feeding
rate may have a negative impact on the production plan. Theoretical analysis provides another
important technique of calculating the f factor value. The theoretical analysis is based on the
proved resistance models. As|German Institute for Standardization| (2015) indicates, the main
resistances of belt conveyors occur along the entire length of the conveyor between head and
tail. (German Institute for Standardization| (2015)) further suggests that the friction coefficient f
is defined mainly by the belt indentation resistances F;, the flexural resistances Fy;, of belt , the
flexural resistances F, of the bulk solid material, and the rotation resistance F, of rollers. Then
based on the definition, the f factor can be calculated by

f: Fy B ZF1+2Ffb+ZFfs+ZFr (4.12)

Lg [m;()” + (2m’ +m;7ulk) cosé] Lg [m:‘oll + (Zm’ +m;9ulk) cosd]

belt belt

Figure 4.2: Interpretation of finite element method

Herein, a finite-element-method (FEM) based model is proposed to calculate the sum of
these individual resistances along the conveyor route. Figure .2]illustrates the basic idea where
the belt conveyor is virtually divided into a finite number of elements. The boundary of each
element is the center of neighboring idler stations. At the carrying side, the frictional resistances
Fy of the k" element equals

Fo=Ff+F},+Fj+Ff ifm+l1<k<n-1 (4.13)
where the superscript ¥ stands for the element number. Similarly, the frictional resistance of
elements at the return side can be calculated by

Fy=F'+Fh+F  ifl<k<m-1 (4.14)

fb

Then accordingly, the total main resistances are
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m—1 n—1 m—1 n—1
Fu = Y F+ . Fo=y (FarhvFl+ B+ Y (FreFh+F) @15)
k=1 k=m+1 k=1 k=m+1

Finally, the f factor can be calculated by

-1 k k k k -1 k k k
vt (B Fly+ FE 4 FE) + S0 (FE+ P+ FE
f= (4.16)

Lg [m;oll + (zm;ell + m;ulk) COS5]

According to Equation {.16] the key-point of the analytical approach is to calculate the
individual resistances along the conveyor route. This can be achieved by using proved sub-
resistance models from literature. The next section will detail the calculation models of these
resistances.

4.3 Modeling of sub-resistances

4.3.1 Indentation resistance of belt

The belt indentation resistance model is based on May et al.|(1959)), |Spaans|(1991) and Lodew1-
1ks| (1995).

When the belt moves over a roller station, the contact region of the belt bottom cover is in-
dented by the hard roll(s) due to the belt and load weight. Figure 4.3|illustrates the deformation
of the belt where a and b represent the front and rear part of the contact length between belt
and roller. Due to the belt elasticity-viscosity, the material requires more time to relax to the
original pattern so that the rear contact region length b is smaller than the front contact length
a. The asymmetrical deformation results in the asymmetrical pressure distribution, shown as
Figure In such a way, the indentation rolling resistance is generated.

Based on the phenomenon of the asymmetrical pressure distribution, May et al. (1959)
provides an indentation resistance model, accounting for the rubber elasticity-viscosity. May
et al.| (1959) assumes that the conveyor belt is lying on the ground and that a hard roller is
rolling over the belt bottom cover, see Figure 4.4] May et al|(1959) further assumes that the
belt carcass is a rigid base, and that the cover rubber is a linear visco-elastic material. When
the roller is moving over the cover rubber, the material in front of the cylinder is compressed,
and the original shape is recovered behind the roller. The rubber elasticity-viscosity results in
an asymmetrical contact shape between the belt and the roller. May et al.|(1959) describes the
cover material by using a Winkler foundation model (see Figure 4.4)) to approximate the stress
pattern. The Winkler model is composed of an infinite number of independent three-parameter
Maxwell models. These Maxwell models can be compressed without affecting their neighbors.
May et al. (1959) suggests that the stress distribution between roll and the cover rubber can be
calculated by
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Belt Direction

()

Figure 4.3: Indentation rolling resistance. (a) Cyclic compression and recovery. (b) Asymmetric
pressure distribution. Courtesy of (Munzenberger and Wheeler, 2016).
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Figure 4.4: A cylinder rolling over a conveyor belt.
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a front part of contact length between belt and idler, m

E Young’s modulus (E; and E»), N/m?
R roll radius, m
h thickness of belt bottom cover, m

X distance to the center line of the roll, m
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k Deborah number, defined by v1/a, where v is the belt speed and 7 is the relaxation
time (t =n/Ey)

If the belt moves at a constant speed v, then the distributed vertical force can be calculated by

/aa(x)dx
b
3 2
Era 2—(1—’) +3(9) + 1—(9)] (4.18)
a a a

6RI
where b is the rear part of contact length between belt and idler in m, see Figure 4.4} Derived
from Equation 4.18] the contact length a can be calculated by

F;

2E2ka3
Rh

F/1/3
a= v (4.19)

[6%1 (2— (2)3 +3 (g)) R (1 ) (g)z)]l/s

Similarly, the total moment M about the center is

M = /aa(x) xdx (4.20)
-b

Then the total distributed frictional force per unit length is

Eat |, (b) (b
a a

; k b\*) 1 b\’ b\ ia)

k —5 1+(5) +§ 1+(;) —k(1+k)(k+a)€k a (421)

Calculation result in Equation .21 normally underestimates the indentation resistances.

E1a4k
+
R%h

As [Lodewrjks (1995) indicates, May et al. (1959) only considered the normal stress in the
material, and ignored the shear stresses between adjacent rubber materials, as well as the inertia
of the material. To improve the accuracy of the indentation resistance model, Lodewijks| (1995)
proposes a correction factor derived from Hunter| (1961):

*
g
T

Is (4.22)

where
fs the correction factor defined by Lodewijks (1995))
]2* the indentation resistance factors derived from the [Hunter| (1961}

f”’; the indentation resistance factors derived from the modified May et al. (1959)
model
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The calculations of these two indentation resistance factors fl;‘l and f;n are detailed in (Lodewi-
1ksl [1995), and the improved estimation is given by

F = fsFp, (4.23)

As suggested by Limberg (1988), the indentation rolling resistance could be written as a func-
tion of the vertical force and the conveyor speed. Hereby, the indentation resistance can be
presented by

F/ = f(F.v) (4.24)

where f is the function. It is important to note that the result in Equation stands for the
indentation resistance for unit belt width. To approximate the indentation resistances of a belt
over an idler station, it requires to consider the normal force distribution over idler stations. If
it is assumed that the normal force at a distance x in width to one of belt edges is F; (x), then
the total indentation resistance over the idler station can be calculated by

B B
F= [ F@= [ F(F@w (425)
0 0
In the case of through belt convectors, |Spaans| (1991) hypothesizes that with respect to the
weight of bulk material, the surface pressure on the center roll is evenly distributed and that
the surface pressure on the covered wing roll section will increase linearly. To calculate the
normal forces acting on the side idler roll of a three-roll idler set, [Krause and Hettler| (1974)
applies a modified version of Coulomb’s earth pressure theory. Krause and Hettler (1974)
further suggests that in the coming part of the belt approaching an idler, there is a passive
state of stress in the bulk material. After traveling over the idler, the belt is opening and the
stress in the material is in an active state. Then taking both the active and passive stress states
into account, Krause and Hettler| (1974) approximates the normal force on the wing roll by
1 2
Fny = é—Ll,osgl1 (K. +K)) cosy, (4.26)
where
Os density of solid material, kg/m>
[ the space of adjacent idler stations, m
A width of the belt section on the wing roll, covered by bulk solid materials, m
O wall friction angle between the belt and the bulk material
K, the active pressure factor derived from |Krause and Hettler| (1974)

K, the passive pressure factor derived from Krause and Hettler (1974)

On the basis of the Coulomb’s earth pressure theory, Krause and Hettler| (1974) gives the values
of pressure factors by
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12
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K, = sin(d+9) (4.27)
| Voin (U= ) + [ 1ot |
- 12
&
K, = sin .¢z) : (4.28)
| Voin(@r 6, + |ttt |

where
A trough angle of the wing roll
oi angle of internal friction of bulk solid material
B angle of repose of bulk solid material

Then taking the total masses of solid materials exerted on a idler set into account, the normal
force on the center roll due to the bulk solid is

1
Fye=my, ;81— Epsgall2 [Kacos(A—¢y) + Kpcos (A+ )] (4.29)

Taking both the belt and load weight into account, Figure [4.5|illustrates the surface pressure
onto conveyor belt at the carrying side. Diagram in Figure [4.53) virtually divides the belt into
five sections: two uncovered wing sections (Al and AS5), two covered wing sections (A2 and
A4), and one center section (A3). As the diagram in Figure [4.5b] shows, the normal forces
distributed on wing rolls at sections A1 and AS are even. The normal force per width unit on
these two sections is:

F,(x) = ppldpgcosd 0 < x < By or B4 < x < Bs (4.30)

where
pp  the belt density, kg/m?
dp the belt thickness, m

X the distance in the width direction to the left belt wedge in Figure 4.5b| m

If it is assumed that the normal force along covered wing section increases linearly, then the
normal force on area A2 per width unit is

2(x—By)F
F)(x)= w + ppldpgcosd By < x < B (4.31)
A2
As the forces on two wing rolls are symmetric, the normal force on area A4 per width unit can
be calculated by
2(Bs—x)F
F)(x)= % + ppldpgcosd Bz < x < By (4.32)
A4
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(b)

Figure 4.5: Surface pressure on a conveyor belt with respect to the weight of bulk solid material
and the weight of the belt. (a) Dividing a belt into five sections. (b) Surface pressure distribution.

B1-Bs, the distance to the left belt wedge. B4i-Bas, the width of individual belt section.

The surface pressure on the center roll is assumed to be uniform, and then the normal force on

the center roll per width unit is

F
F\j(x) = B—]Z;+pbldbg B, <x<Bj

(4.33)

Then the Combination of Equations {.30] to 4.33] gives the weight distribution of belt and

the bulk:

F)(x) =3

ppldpgcosd 0<x<B

2aBUlve 1 pyldygcosd By < x < B
T B, T Ppldpgcos 1SX< D>
I;Z; + ppldpg B <x<Bj
2(B4—x)Fnw ld B2 < <B
=g, tpPpldpgcosd B3 <x < By
ppldpgcosd By < x < Bs

(4.34)

Finally, the substitution of Equation 4.34]into Equation[4.25] gives the belt indentation resis-
tance over a three-roll idler station.
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4.3.2 Flexural resistances of belt

The modeling of the flexural resistance of belt is based on the calibrated model of Spaans
(1991).

As Spaans| (1991) suggested, flexural resistances of belt are caused by the hysteresis losses
of belt under cyclic bendings. [Spaans| (1991) further suggests that the coefficient of energy loss
due to the belt flexure can be approximated by:

Yy,=AM/M (4.35)
where
Y, energy loss factor due to indentation
M moment, Nm

AM  loss of moment , Nm

Figure 4.6: Transverse and longitudinal stress states. Courtesy of [Wheeler| (2003)).

Considering a piece of belt supported by two rolls, see Figure 4.6] It is assumed that the
conveyor belt is evenly loaded and that the load distribution is ¢ with N /m. It is further assumed
that there are two bending curves: one whose center of curvature is at the one directly above the
roll, and another one whose center of curvature is at the point of maximum sag. Then according
to Spaans| (1991)), the radius of curvatures can be calculated by:
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1 F, q
— = _1 4.36
Ry 2wE; T (4.36)
1 —q
- = 1 4.37
B T (4.37)
where
R, the radius of curvature over the idler roll, m
Ry the radius of curvature at the point of maximum sag, m

F, the vertical force due to the weight of the belt and bulk solid refereed to an idler
station, N

E; the flexural rigidity of the belt, Nm?

q the homogeneous load distribution with respect to the total of the belt and the bulk
material, N/m

T the belt tension, N

w a factor defined by w = \/T/E;

In (Spaans, [1991)), the bending moments are approximated by:

M, = — 4.38
1 R, (4.38)
E;
M, = =L 4.39
2 R (4.39)

M, the bending moments occurring within the belt at the point directly above the idler
roll, Nm

M,  the bending moments occurring within the belt at the point of maximum sag, Nm

Then the belt’s flexural resistances can be calculated by:

Fop=y, (M M2 _y
b= "Yp RR) bET

1
R+ R

ol NS
NSRS

(4.40)

Spaans| (1991)) further suggests that, if the conveyor belt is with high tension, Equation can
be further reduced to

Fpp=—-" (4.41)
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4.3.3 Flexural resistances of solid materials

The modeling of flxural resistances of bulk solid material is based on the calibrated model of
Spaans|(1991).

Due to the internal friction of the bulk solid and friction at the belt and bulk solid interface,
the flexural resistance of the bulk solid material occurs as a consequence of the belt sag. Spaans
(1991)) provides an analytical model for calculating the flexural resistance of the bulk solid
material due to the longitudinal deformation. As suggested by Spaans (1991)), the coefficient
of energy loss is a result of the difference between the passive and active stress state when the
volume flow deforms. [Spaans| (1991) further suggests, if the deformation of the belt is slight,
the flexural resistance of the bulk solid material over spacing / can be estimated by

F,F, d?

Froj = —— =K, —e X 4.42
I8l \/T—EI( P )1218 ( )

Fys;  flexural resistance of bulk material due to longitudinal deformation
Fg normal force due to the weight of the material, N

K., active stress coefficient in a vertical plane

K,,  passive stress coefficient in a vertical plane

X a horizontal distance from the smallest radius of curvature to the nearest idler, m.
The magnitude of the distance depends on the size of trough angle, the belt width,
the belt tension and the modulus of elasticity of the carcass.

On the basis of Coulomb’s earth pressure theory, the stress coefficients in a vertical plane are

calculated by:
K, = LZsindi (4.43)
@ 1+ sing,; '
1+ sing;
K, = —— 4.44
Py 1 —sing,; ( )

Equation #.42] can be reduced to

F,sF, 4sing; d>
VTE] cos;, 121

Figure illustrates the transverse volume deformation of the bulk material. When the

e X (4.45)

Fpro =

through belt opens under the gravity action, the relax of bulk solid forms an active stress state
transversely. Reversely, the closing of the through belt generates a passive stress state. The
transformation of the stress states also can be found in Figure The opening and closing
action occurs over individual half of the idler spacing. It is further assumed that the trough
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/\ S Fe /
. |
closing v

Figure 4.7: Model of the opening and closing of the trough shape. Courtesy of (1991).

sides turn over an angle A when the trough shape opens and closes. Then taking the transverse
deformation of the trough shape into account, (1991) provides an analytical model for
approximating flexural resistance Fy,; of bulk solid material due to the transverse deformation:

1
Fro = gAﬁ,osng,2 (K — Kq) cosy, (4.46)

However, as (1991) further suggests, the flexural resistance caused by the opening and
closing of the belt is considerably small, compared to the flexural resistance due to the length-
wise deformation of the volume flow. Therefore, it is eligible to ignore the influence of the
transverse deformation in the final calculation of the flexural resistance of bulk solid. Accord-
ingly, the final flexural resistance Fy; of bulk solid material can be approximated by

Ffs = Ffs,l (447)

4.3.4 Rotating resistances of rollers

The modeling of the rotating resistances of rollers is based on the calibrated models of
(1995), Wheeler (2003, 2016) and [SKF, (2016).

y ' Bearing
&\
/g Roller shell
N4
= ! = ¢

Bearing house

\';

1= e
Roller shaft

Figure 4.8: Roller construction. Courtesy of |J LV Industries Pty Ltd| (]2009[).

Figure [4.§]illustrates the major components of a typical roller. A bearing house is amounted
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at each side of the tubing shell. A bearing is assembled into the bearing house to connect a
shaft. The bearing house is covered by lip seals to protect the bearing from environmental
pollutants and to keep the bearing house clean. The bearing unit typically is composed of
rolling components, lubricant and seals. When the idler rolls are rotating, the rolling elements
in the bearings cause frictional resistances. Meanwhile, the grease results in energy losses due
to the viscous drag of the lubricant. In addition, the relative rotation between lip seals and the
bearing house causes energy losses. According to the definition in SKF| (2016)), the rotating
resistances F, of idler rolls can be approximated by

Mo+M;+M
Fr=2%

(4.48)
where My, My, M are the friction moments due to the viscous drag of the lubricant, the rolling
elements of the bearing and the contact lip seal, respectively.

Lubricants are substances that help to reduce the friction of bearings and to allow smooth
movement. In the case of a grease lubricated bearing, the lubricant frictional moment My occurs
due to the lubricant’s viscosity property. The lubricant frictional moment is independent of the
vertical load but is a function of speed. Moreover, the operating viscosity of the lubricant
considerably affects the frictional moment My. In addition, the mean bearing diameter and the
width of the rolling contact areas also have an effect on M. In accordance with the experimental
results, Lodewijks| (1995) and Wheeler (2003) approximate the load-independent moment M,
by

Mo =10""fo(vn)*? d3, (4.49)
where
Jo a factor depending on the bearing type and lubrication, in the case of single row
deep groove ball bearings, fo = 1.5-2.0
v the viscosity of lubrication oil, m?s
n the number of rotations per second, s~

dpe the average bearing diameter, m

The load-dependent friction moment M| is caused by the sliding resistance and the hysteresis
resistance of the bearing elements. Besides the exerted force, the frictional moment M; also
depends on the bearing type and the bearing’s mean diameter:

My = fiPdp. (4.50)
where
fi a load-dependent friction factor

P; a decisive load for frictional torque, N
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Wheeler|(2016)) indicates that the axial load is considered negligible during operating conditions
in the case of general idler rolls. Therefore the load P; determining the friction moment can
virtually equal the radial load F; on the bearing. In addition, Wheeler (2016) suggests that the
load-dependent friction factor f; is considerably varied by the types of bearings. In the case of
62 series deep groove ball bearings, the factor is given by

P, 0.55
£ =0.0008 (—0) (4.51)
Co

while for 63 series deep groove ball bearings

P\ 055
fi =0.0009 (—0) (4.52)

Co
where C is the static load rating of the bearing given by the bearing manufacturer, and Py is

the equivalent static bearing load given by

Po = XoF, (4.53)

where Xj is the radial factor depending on the bearing design. In the case of sing row deep
grove ball bearings, Xy = 0.6.

Seals are used to to retain the lubricant in the bearing, and to form the closure of bearings
to prevent contaminants from reaching the critical surface inside the bearing. |Wheeler (2003))
defines these seals as inner seals. Wheeler (2003) further indicates that, the design of the inner
lip seal (if present) varies significantly between manufacturers. Different to inner seals, the
outer lip seals are used to form the primary boundary of the bearing house to prevent the eternal
contaminants. |Wheeler (2003) indicates that the outer lip seals are typically fixed to the shaft,
and that the frictional moment of lip seals for idler is approached by

0.15¢2s

M, = 4.54

where d 1s the contact diameter of lip seals in m. If grease filled labyrinth seals are required
to crucially prevent the dust and water into the rolling elements of the bearing, the viscous drag
of the grease generates extra frictional moments. The calculation of the frictional moments of
labyrinth seals can be found in (Wheeler, 2003, 2016).

This section has discussed the analytical calculations of the individual resistances along the
conveying route. All these calculations are based on the calibrated models from literature. To
show how the f factor value is achieved by the analytical approach, a fictive long horizontal
belt conveyor will be studied in the next section. The impact of different loads and speeds on
the f factor value also will be discussed.
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4.4 Case study of the f factor calculation

4.4.1 Setup

This section performs simulation experiments to show the analytical calculation of the f factor
value. A long horizontal belt conveyor is studied. Table[d.3|lists the parameters of the concerned
conveyor. To simplify the experiments, it is assumed that

* At the carrying side, the conveyor belt is supported by three-roll idler sets with the same
trough angle. The idler sets are evenly distributed along the conveying route. The con-
veyor belt is visually divided into L/I. pieces where [. is the idler spacing of the carrying
side. The three-roll idler station is in the lengthwise middle of the belt piece.

* At the return side, the conveyor belt is supported by one-roll idler sets and these sets are
with constant pitch. The conveyor belt is evenly divided into L/I, pieces where [, is the
idler spacing of the return side. The one-roll idler station is in the lengthwise middle of
the belt piece.

The case will be studied in which the belt conveyor is running at nominal speed with nom-
inal loading rate. Due to the fact that the belt tension has a significant impact on the flexural
resistances, the secondary resistances at the tail pulley are taken into account to improve the
accuracy of the calculation. The separate calculations of the individual secondary resistances
are detailed in DIN 22101 (German Institute for Standardization, [2015).The next section gives
the computational results.

4.4.2 Experimental results

4.4.2.1 Belt indentation resistances

The calculation results of the belt indentation resistances are illustrated in Table 4.4l As the
data shows, at the return side where the belt is empty, the belt indentation resistances over an
idler station is 4.87 N. Taking all the idler stations of the return side into account, the total belt
indentation resistances are 1.62 kN. At the carrying side, due to the weight of belt and bulk, it
requires 13.88 N to overcome the indentation resistances on a three-roller idler set. The total
indentation resistances of the carrying side are more than 11 kN. Totally, the belt indentation
resistances over the whole conveyor are 13.25 kN.

Table 4.4: Belt indentation resistances

\ Parameter \ Value \ Unit ‘
) Indentation resistance on an one-roller idler station 4.87 N
Return side . . - -
Total belt indentation resistances of the return side 1.62 | kN
Carrvine side Indentation resistances at a three-rollers idler station | 13.88 | N
ying Total indentation resistances of the carrying side 11.63 | kN

Total (3 Fr) 13.25 | kN
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4.4.2.2 Flexural resistances

The flexural resistances includes two parts: the bending losses of the belt and of the bulk solid
material. Equation suggests that the belt flexural resistances are dependent on the load
and the belt tension. However, due to the fact that the tension difference along the return side
is limited, the difference of belt flexural resistance at the return side is small, see Table {4.5]
Differently, the belt tension of the carrying side increases considerably from the tail to the head
of the conveyor. Therefore, as the data in Table @] indicates, the belt flexural resistances at
the carrying side are quite different. As the data in Table further shows, the total flexural
resistances of belt are around 6.8 kN taking the belt of both the return and carrying sides into

account.
Table 4.5: Flexural resistances of belt
] Parameter \ Value \ Unit ‘
(Belt tension right after the drive pulley) 30 kN
(Belt tension right before the tail pulley) 34 kN
Flexural resistance between neighboring stations | minimum | 2.02 | N
of the return side maximum | 2.29 | N
Total of the return side 0.71 | kN
(Belt tension right after the tail pulley) 37 kN
(Belt tension right before the drive pulley) 67 kN
Flexural resistance between neighboring stations | minimum | 5.60 | N
of the carrying side maximum | 10.10 | N
Total of the carrying side 6.10 | kN
Total (3, Ffb) 6.81 kN

Table[.6illustrates the flexural resistances of the bulk solid material. These resistances only
exist at the carrying side. From the tail to the head of the conveyor, the load flexural resistance
reduces along the conveying route caused by the increase of the belt tension. As the data in
Table [.6] indicates, the maximum of the load’s flexural resistance between neighboring idler
stations can be over 11 N but the minimum is lower to below 7 N. Taking the load distributed
along the whole carrying side into account, the data of Table [4.6| further shows the load’s total
flexural resistances, 7.21 kN .

Table 4.6: Flexural resistances of the bulk solid material

| Parameter | Value | Unit |
(Belt tension right after the tail pulley) 37 kN
(Belt tension right before the drive pulley) 67 kN
Fexural resistance between neighboring stations | minimum | 6.96 | N
of the carrying side, F; maximum | 11.17 | N
Total (3, Fyy) 721 | kN
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Table 4.7: Rotating resistance of idler rolls.

Parameter \ Value \ Unit ‘
lubricant friction 073 | N
bottom roll bearing rolling friction | 0.11 | N
Return side lip seal friction 1.65 | N
total of the bottom roll | 2.50 | N
total of the one-roll idler stations 0.83 | kN
lubricant friction 052 | N
wing roll bearing rolling friction | 0.03 | N
lip seal friction 1.34 | N
total of the wing roll 1.89 | N
Carrying side lubri‘cant fri.ction‘ . 052 | N
center roll bearing rolling friction | 0.16 | N
lip seal friction 1.34 | N
total of the center roll | 2.02 | N
total of a three-roll idler station 580 | N
total of carrying side 483 | kN
Total (. F}) 5.66 | kN

4.4.2.3 Rotation resistances

Due to the fact that the belt pre-tension is large, the belt sag has a limited impact on the rotation
resistances of idlers. Therefore, it is eligible to study one three-roll idler station of the carrying
side and one one-roll idler station of the return side, instead of the whole idler stations. Table
illustrates the individual resistances of the rollers, including the lubricant friction, the bear-
ing rolling friction and the lip seal friction. At the return side, the total rotation resistance of the
roller is 2.50 N where the lip seal friction occupies up to 1.65 N. Therefore, the lip seal fric-
tions make a major contribution to the rotating resistances of rollers of the return side. Similar
phenomenon also occurs at the rollers of the carrying side. The idler station of the carrying side
has three rollers, and the total rotation resistances of a three-roller station are 5.80 N, see Table
Taking all idler stations of the whole conveyor into account, the total rotating resistances
of rollers are 5.66 kN.

4.4.2.4 Final Results

Taking all individual resistances into account, Table [4.8]illustrates the total of main resistances,
near 33 kN. Accordingly, the value of the artificial friction coefficient f is calculated by us-
ing Equation [4.12] As the data in Table 4.8 shows, the value of the f factor in this case is
0.0187, which is in the range from 0.01 to 0.02 suggested by DIN 22101 (German Institute for
Standardization, [2015)).
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Table 4.8: Total of main resistances in kN and the derived value of the f factor.

’ Parameter \ Value \ Unit ‘
Total indentation resistances (3 F7) 13.25 | kN
Total flexural resistances of belt(}; Fyp) 6.81 kN
Total flexural resistances of bulk solid (3, F,) | 7.21 kN
Total rotation resistances of rollers(}’ F;) 5.66 kN
Total of main resistances (Fy) 3293 | kN
The DIN f factor 0.0187

4.4.3 Further discussion

4.4.3.1 Different speeds and loads

The main resistances are dependent on the belt speed and the load on the conveyor. The ex-
perimental results in (Hiltermann, 2008; Hiltermann et al., 2011]) show that the value of the f
factor varies over different speeds and loads. To reduce belt conveyor power consumption, the
conveyor speed is adjusted to the match the variable material flow. To analyze the power con-
sumption and to evaluate the power savings by means of speed control, the DIN-based energy
model will be used in the following chapters. In order to improve the accuracy of the calcu-
lation, variable values of the f factor are taken into account. Taking the same concerned belt
conveyor for instance. If it is assumed that the minimal conveyor speed is 40% of the nominal
speed, then Table {.9]illustrates the derived values of the f factor for different filling levels and
for different conveyor speeds. In Table [21;9], the filling ratio ¢ is the percentage comparison
between the actual load and the nominal load on the belt. From the data in Table it indi-
cates that the f factor varies over loads and speeds. Moreover, it also clearly shows that when
the conveyor speed is lowered while the loading rate keeps the same, the f factor normally has
an increase. Taking the case where the loading rate is 50% of the nominal for instance. If the
conveyor is running at nominal speed, the filling ratio is 50% and the f factor value is 0.0143.
However, when the conveyor is running at optimum speed 2.5 m/s, the filling ratio is 100% and
the f factor value increases to 0.0173, see Table 4.9

4.4.3.2 Non-uniform distribution

In the above experiments, it is assumed that the bulk material on the belt is evenly distributed
along the carrying side. However, in most practical cases, the material feeding rates are varying
over time. Therefore, the lengthwise material distribution normally is non-uniform along the
conveyor. In addition, because the relationship between the indentation resistance and the mass
on the belt is non-linear, the value of the f factor varies with different material flow distribu-
tions.

The condition where the conveyor is non-uniform loaded is further studied. Taking the case
where conveyor is running at nominal speed and the average filling ratio equals 50% for in-
stance. A number of simulation experiments are performed. In the experiments, the conveyor
is load by a random ratio along the conveying route but the average keeps around 50%. The
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Table 4.9: The calculated values of the f factor for different speeds and for different loads.

v 0 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
2 0.0122 | 0.0118 | 0.0116 | 0.0117 | 0.0119 | 0.0124 | 0.0129 | 0.0137 | 0.0146 | 0.0155 | 0.0166
2.25 0.0125 | 0.0120 | 0.0119 | 0.0120 | 0.0122 | 0.0127 | 0.0133 | 0.0140 | 0.0149 | 0.0159 | 0.0170
2.5 0.0127 | 0.0122 | 0.0121 | 0.0122 | 0.0125 | 0.0130 | 0.0136 | 0.0143 | 0.0152 | 0.0162 | 0.0173
2.75 0.0129 | 0.0124 | 0.0123 | 0.0125 | 0.0128 | 0.0132 | 0.0139 | 0.0146 | 0.0155 | 0.0165 | 0.0175
3 0.0130 | 0.0126 | 0.0125 | 0.0126 | 0.0130 | 0.0134 | 0.0141 | 0.0148 | 0.0157 | 0.0167 | 0.0178
3.25 0.0131 | 0.0127 | 0.0127 | 0.0128 | 0.0131 | 0.0136 | 0.0143 | 0.0150 | 0.0159 | 0.0169 | 0.0180
3.5 0.0132 | 0.0128 | 0.0128 | 0.0129 | 0.0133 | 0.0138 | 0.0144 | 0.0152 | 0.0161 | 0.0171 | 0.0182
3.75 0.0133 | 0.0129 | 0.0129 | 0.0130 | 0.0134 | 0.0139 | 0.0146 | 0.0153 | 0.0162 | 0.0172 | 0.0183
4 0.0134 | 0.0130 | 0.0130 | 0.0131 | 0.0135 | 0.0140 | 0.0147 | 0.0155 | 0.0164 | 0.0174 | 0.0184
4.25 0.0135 | 0.0131 | 0.0130 | 0.0132 | 0.0136 | 0.0141 | 0.0148 | 0.0155 | 0.0165 | 0.0175 | 0.0185
4.5 0.0135 | 0.0131 | 0.0131 | 0.0133 | 0.0136 | 0.0142 | 0.0148 | 0.0156 | 0.0165 | 0.0175 | 0.0186
4.75 0.0136 | 0.0132 | 0.0131 | 0.0133 | 0.0137 | 0.0142 | 0.0149 | 0.0157 | 0.0166 | 0.0176 | 0.0187
5 0.0136 | 0.0132 | 0.0132 | 0.0134 | 0.0137 | 0.0143 | 0.0149 | 0.0157 | 0.0166 | 0.0176 | 0.0187
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experimental results are illustrate in Figure [4.9] The bubbles of the diagram represent the cal-
culated f factor values. As the diagram shows, the material distribution of a belt conveyor has
an influence to the f factor. The data in Figure .9] shows that the calculated f factor values
are in the range from 0.0133 to 0.0154. The black line of the diagram stands for the average of
the calculated f factor values. As it shows, the average f factor value is 0.0143, which exactly
matches the data of Table 4.9 Therefore, it is relatively accurate to use the data in Table 4.9 to
calculate the power consumption of the concerned belt conveyor.

Average B The f facotr value
0.016

0.0155

0.015 =

0.0145 +—5

0.014 =

0.0135 +— -
0.013

0.0125

0.012 -
49.6% 49.9% 50.0% 50.0% 50.1% 50.2%

Mean value of the fillig ratio

Figure 4.9: Derived values of the f factor in the cases of belt conveyors with non-uniform
material distribution.

4.5 Drive system efficiency

In Section 4.1 Equation [4.2] calculates the electric power consumption P, of belt conveyors by
dividing the total mechanical power P, exerted on the driving pulley with the driving system
efficiency 7;,s. Sections @ to @ showed the mechanical power calculation by using the
DIN-based energy model. This section discusses the power losses along the drive system and
describes the system efficiency.

Frequency converter Motor Gearbox Pulley

Figure 4.10: Drive system components. The pictures of the components are courtesy of the
Internet.
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Figure 4.10)] illustrates a typical modern drive system of belt conveyors. The drive pulley
of a belt conveyor is driven through a gearbox by an electric motor. The motor is powered
by a frequency converter, and the frequency converter can precisely control the speed and the
torque of the motor. During the power conversion in the motor and the power transmission in
the frequency converter and the gearbox, the driving units are not free of energy losses. In the
cases of belt conveyors with a drive system as shown in Figure .10} the system efficiency 7,y
can be calculated by

Nsys = N freqlmotorTlgear (455)
where

Nfreq the efficiency of the frequency converter
Nmotor the efficiency of the electric motor

Ngear the efficiency of the gearbox

In the following of this section, the power losses and the efficiency of the driving units will be
briefly discussed.

4.5.1 Frequency converter power losses

Input || Rectifier || DC-link IGBT-module
Inductor

—apr | ke -
O] hds ¢

Extra losses

Figure 4.11: Source of the frequency converter losses. Courtesy of |Aarniovuori et al. (2007).

Figure .11]illustrates the sources of the frequency converter losses. As the diagram shows,
the losses in the frequency converters are built up from the input choke losses, the rectifier’s
conduction losses (diode rectifier), the direct current (DC) link losses, the switching losses of
the transistors (the IGBT-module in Figure 4.TT)), and extra losses. The extra losses include
the power consumption of the cooling fan and of the control system. The calculation of these
individual energy losses can be found in (Aarniovuori et al., 2007) and (Tsoumas et al., 2014).
Aarniovuori et al.| (2007)) further suggests that the transistors are the major source of the fre-
quency converter losses. Taking all the losses in the converter into account, the efficiency of the
converter can be calculated by

Pout _ Pin—21085freq

Nfreq = P, = P, (4.56)

where
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P, the input power of a frequency converter, equalling electric power consumption P,
consumed by a belt conveyor

P,,; the output power of a frequency converter

2.losstreq total power loss of a frequency converter

4.5.2 Motor power losses

An electric motor is a machine that converts electric power into mechanical power (Dilshad
et al.,|2016). The motor input virtually equals the output power of the frequency converter, and
it is always larger than the output mechanical power of the motor. The difference between the
input electric power and the output mechanical power is the losses during energy transforma-
tion inside the machine. The literature, like (Boglietli et al., 2003) and (Karkkainen, 2015),
subdivides the motor losses into four groups: copper losses, iron losses, mechanical losses and
stray losses. Taking all these individual power losses into account, the motor efficiency can be
approximated by

_ Prech _ Pejec — 2 10SSmoror
Tmotor = P

elec Pelec

(4.57)

where
Prec  the output mechanical power provided by a motor

P, the input electric power of a motor, equal to the output power P,,,; of the frequency
converter

2. losstreq total power losses of a motor

4.5.3 Gearbox power losses

In most industrial applications, the gearbox provides gear reduction and torque increase, and
then the output of the gearbox rotates slower but with a higher torque. Michaelis et al. (2011)
suggests that the power losses in a gearbox consist of gear, bearing, seal and auxiliary losses
(see Figure {.12)). The brief description of the bearing and seal losses can be found in Section
4.3.4] Similar to bearing losses, gear losses can be further separated into load-dependent losses
and no-load losses. [Fernandes et al. (20135]) detail the power losses in gears. Then taking all
individual resistances of the gearbox into account, the gearbox efficiency can be calculated by

Pmech,out Pmech,in - Z lOSSgear
Ngear = P =

mech,in Pmech,in

(4.58)
where

Ppechonr the output mechanical power of the gearbox, equal to the total mechanical power
P,, exerted on the drive pulley
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Prechin the input mechanical power of the gearbox, equal to the output mechanical power
of the motor in Figure {.10]

2. lossgeqr total power losses of the gearbox, equal to Py in Figure [4.12]

Power loss Gears Bearings Seals Auxiliaries
Py = Pyzo + Pyzp + Pyrg + Pyp + Pyp + Pyx

No-load losses l l l l

Load dependent losses

Figure 4.12: Composition of gearbox power loss. Courtesy of Michaelis et al. (2011).

4.5.4 Discussion: calculation of the drive system efficiency

Sections to briefly discussed the power losses of the driving units and the relative
efficiency. However, the efficiency of the drive units is more used in practice to calculate the
final electric power consumption. The efficiency of the driving units can be achieved by mea-
surements or by consultancy from the drive unit component manufactures. If these driving units
are connected in a series as shown in Figure the final system efficiency can be derived
from Equation 4.53]

In order to the simplify the calculation, Hiltermann et al.| (201 1)) and |[Zhang and Xial (2011))
assume that the efficiency of the drive system is constant. However, more experimental results
show that the system efficiency is variable over different loads and speeds. Taking frequency
converters, motors and gearboxes into account, ABB| (2000) gives the efficiency of the whole
system, see Table 4.10] Based on these data, an empirical model can be given that allows the
calculation of the drive system efficiency as a function of the speed ans load ratios:

Nsys (¢vs 1) = 0.7878 +0.1953¢0, +0.05067 7 — 0.1147 % +0.048, o7 — 0.042267 7 (4.59)

where ¢, and @7 are the ratio of motor speed and torque, respectively.

Table 4.10: Efficiency of the whole drive system (including the frequency converter, the motor
and the gearbox). Courtesy of ABB| (2000).

. Speedratio gy | 5000 | 750, | 100%
Load ratio ¢,

50% 0.884 | 0.903 | 0.906

75% 0.887 | 0.911 | 0.920

100% 0.890 | 0.913 | 0.924
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4.6 Conclusion

This chapter described the DIN-based energy model for calculating the power consumption
of belt conveyors. The experimental results showed that the artificial frictional coefficient f
was 0.0187 if the concerned belt conveyor was running at nominal speed with fully loaded.
Further simulation results showed that the f factor varied considerably over loads and speeds.
Moreover, the experimental data clearly showed that when the conveyor speed was lowered
while the loading rate kept the same, the f factor had a noticeable increase. Overall, it is
suggested to consider the variable value of the f factor to calculate the power consumption of a
belt conveyor for different loads and for different speeds.

Based on the DIN-based energy model, the next chapter will describe the modeling of belt
conveyor speed controllers. Both the active and passive speed strategies will be described .
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Chapter 5

Modeling of speed control systems

As discussed in the previous chapters, researchers and engineers have already studied the belt
conveyor speed control for many years. However, these studies mainly focus on the passive
speed control and rarely investigate the active speed control. The performance of speed con-
trol can be assessed by field tests or computational simulations. However, field tests are con-
siderably more expensive than computational simulations. Therefore, this chapter describes
a simulation model of belt conveyor speed control systems for the purpose of analyzing the
performance of speed control, both the active and passive speed control. Before discussing
the modeling of speed controllers, this chapter firstly analyzes the applicability of speed control
since not all belt conveyor systems can use speed control to reduce power consumption. Section
[5.2] briefly introduces the scheme of the simulation model which includes two subsystem, the
operational system and the control system. The modeling of the operational system is detailed
in Section [5.3] including the process of verification. Section [5.4] discusses the control system
and introduces several different control strategies. The passive and active control strategies are
introduced individually. In addition, the active speed control strategy is further classified into
two groups: the fixed time interval strategy and the variable time interval strategy. To assess the
performance of speed control, Section [5.5] defines several key performance indicators (KPIs),
including the belt conveyor utilization and the power consumption. Lastly, the conclusion of
this chapter is given in Section[5.6]

5.1 Applicability of belt conveyor speed control

The academic review in Section 2.7 indicated that speed control can reduce the power con-
sumption of belt conveyors. Section 2.6 also suggested that a speed control system requires at
least a speed controller, a variable speed drive system and a material flow sensor. However, it
is important to note that not all belt conveyor systems can use speed control for the purpose
of energy savings, even though these systems are equipped with all above mentioned physical
devices. Taking a belt conveyor system with a single conveyor for instance. The material feed-
ing rate in a certain period must be predicted, either by acknowledging the upstream process of
bulk solid handling system or by knowing the maximum feeding rate of the conveyor feeder.
Otherwise, speed control can not be applied, even though the actual material flow onto the belt
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can be detected in real time. Therefore, the applicability of speed control should be discussed
before the modeling of belt conveyor speed controller.

The applicability of speed control on the belt conveyor system with a single belt conveyor
has been discussed above. A general rule can be summarized as: the material feeding rate
must be predictable. This rule also can be used on the belt conveyor system with multiple
conveyors. Besides the method acknowledging the upstream handling process or the feeder
feeding condition, the prediction can also be realized by measurement. In the cases of multiple
belt conveyors in a series, a material flow sensor can be used to detect the material volume/mass
flow of the upstream belt conveyor in real time. Then taking the speed of the upstream conveyor
into account, the material feeding rate onto the downstream belt conveyor(s) can be predicted.
Based on the information of the incoming material flow stream, the speed of the downstream
belt conveyor(s) can be adjusted.

Additionally, the applicability of speed control is also constrained by the actual loading con-
dition. Taking the belt conveyor system in different application sites into account, the loading
scenarios can be categorized into four types and the applicability is analyzed as below:

* Scenario 1: constant loading degree in long term operations. In such a scenario, the
bulk solid material is loaded onto the belt conveyor with a roughly constant flow during
a long term operation. The material loading degree only changes when one operation
is finished or restarted. Such a scenario can be found for instance at an open pit mine
where a skilled operator operates an excavator to continuously load a belt conveyor. This
scenario can be further categorized into two sub-scenarios as shown in Figure The
solid line presents the condition in which the feeding rate nears the nominal conveying
capacity. In these cases, the implementation of speed control will not help in achieving
a considerable amount of power reduction, even though we take the active speed control
into account where the conveyor speed can perfectly match the material flow. The costs
of relevant sensors and the controller will be much higher as compared to savings that
can be achieved in that specific condition. The dashed line in Figure presents anther
condition in which the feeding rate is considerably lower than the nominal conveying ca-
pacity. In such cases, the passive speed control is strongly suggested. The belt conveyor is
running at a pre-defined non-nominal speed so that the conveyor is virtually fully loaded.

* Scenario 2: moderately varying loading degree in between long term operations. This
scenario can be found at a dry bulk terminal where multiple cranes feed a belt conveyor.
Each crane produces roughly the same mass flow onto the belt conveyor. In cases where
not all cranes operate at the same time during different long term operations, the material
loading degree to the same conveyor varies in between two operations. In such cases, the
conveyor speed can be reduced to match the number of available cranes.

* Scenario 3: moderately varying loading degree in between short term operations. Com-
pared to Scenario 2, some loading scenarios contain roughly constant material flow in
between operations but the operations vary relatively on short term. For example, the
material loading patterns of the conveyors in underground long wall mining follow such
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scenario. In such cases, active speed control is suggested so that the conveyor speed can
match the actual material loading rate.

* Scenario 4: excessively varying loading degree in all operations. In this scenario the
feeding rate changes excessively. This scenario can be considered to be the completely
random loading scenario. Although it can be a rare scenario where the nature of the feed
flow is absolutely random, similar loading scenarios can be found in underground iron
or copper mines. If the conveyor system has only a single belt conveyor, then the ma-
terial feeding rate is totally unpredictable. In such cases, speed control is inapplicable
for reducing the power consumption of the single belt conveyor. On the other hand, if
the conveyor system has multi-conveyors, speed control potentially has the opportuni-
ties of energy savings of the downstream belt conveyor(s). However, the frequent speed
adjustment may result in considerable stress cycles which may be harmful to the con-
veyor system and components. Therefore, in such loading scenarios, speed control is less
applicable.
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Figure 5.1: Types of material loading scenarios. (a) Scenario 1: constant loading degree in
long term operations. (b) Scenario 2: moderately varying loading degree in between long term
operations. (c) Scenario 3: moderately varying loading degree in between short term operations.
(d) Scenario 4: excessively varying loading degree in all operations.
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5.2 Simulation model of belt conveyor speed control systems

A belt conveyor system is a continuous transport system which continuously transports bulk
solid materials through the conveying route. Based on the Delft Systems Approach (Veeke
et al., 2008)), the simulation model of belt conveyor speed control systems can be illustrated as
a black box. Figure [5.2]illustrates the scheme of the simulation model which consists of two
functional subsystems: the operational system and the control system.

Requirement l 1 Performance

Control system

Input Output

I:g> Operational system ]:::>

Figure 5.2: A belt conveyor system based on the Delft Systems Approach (Veeke et al.,|2008).

The operational system transforms the input into the required output. In a belt conveyor
speed control system, the input is the materials loaded onto the conveyor and the output is the
materials discharged from the belt. Taking the activities of material into account, Section [5.3]
details the modeling of the operational system.

The control system monitors the operational system and translates the requirements to the
system into control actions to meet the objective. The objective of the belt conveyor speed con-
trol is to achieve maximum potential load which leads to energy savings. Section[5.4]describes
the types of speed control and introduces relevant control strategies. The performance shows
the outputs of the evaluation indicators. Several key performance indicators (KPIs) of speed
control are defined in Section

5.3 Modeling of operational system

Figure [5.3]illustrates the modeling of the operational system. It is assumed that the conveyor
system has a number of belt conveyors connected in series. Then as the diagram in Figure
shows, the operational system is divided into several sub-operational systems. Each sub-
operational system represents a belt conveyor. Figure [5.3b]illustrates the modeling of the sub-
operational system, taking the activity of bulk material into account. As the figure shows, the
material activities mainly includes the process of being loading onto the conveyor, the process
of being conveyed along the conveying route and the process of being discharged or unloaded
from the conveyor. In addition, the activity of being transferred in the transfer chute should be
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taken into account. In the following of this section, the modeling of bulk material activities are
given individually.

Control system

A A A
A Y \ 4
Input| | Sub-operational system | Sub-operational system Sub-operational system )Utpllt
' of BC1 " of BC2 of BCn '
Operational system
(a)
| Control system
. b L 1
| |
Being loaded Being conveyed Being . Output
Inptit

P onto the »  towards the P discharged from Bel.ng transferred ——>

| in the chute |

| conveyor conveyor head the conveyor |

. ---—- _ - - -_"—_"—_"—" " - - _ - ____—_"_ _~-_~—_—_—————_ |

Sub-Operational system

(b)

Figure 5.3: Modeling of the operational system. (a) Overview of the operational system. It
is assumed that the belt conveyor system has n belt conveyors connected in series. (b) Sub-
operational system of each belt conveyor.

5.3.1 Modeling of loading process

If a material flow sensor is installed nearby the loading area, the detected value of material flow
rate can be viewed as the real material loading rate in the case of a long belt conveyor. Generally,
the data acquisition of the sensor is discrete. If the time interval between adjacent detecting
operations is small, it is acceptable to represent the continuous material loading activity by a
discrete tool.

Figure [5.4] illustrates the discretization of a continuous material loading flow onto a belt
conveyor. The diagram in Figure shows the real system where the bulk material is continu-
ously loaded. The height of the line represents the actual material loading rate of the conveyor.
If it is assumed that the conveyor is running at a constant speed and that the sample time is
constant, then the continuous material stream is evenly divided into a finite number of blocks
as shown in Figure

The actual material loading rate can vary over time, while a discrete sample is a value at a
specific point in time. Therefore, the real material flow rate between adjacent sampling points
is unknown. This causes a discretization error whose value depends on the sample rate of
the flow sensor. Figure [5.5illustrates the discretization of the loading rate onto the belt with
different cycle times. The comparison indicates that if the cycle time is small enough, the
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Loading rate

Time

(a)

Cycle time(At
Loading rate A < (A9

Time
(b)
Figure 5.4: Discretization of a continuous material loading flow onto a belt conveyor. (a) Con-

tinuous representation of the material loading flow. (b) Discrete representation of the material
loading flow.
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Figure 5.5: Comparison between the continuous and discrete representations. (a) Cycle time
=2At. (b) Cycle time =At. (c) Cycle time =%At.



Modeling of speed control systems 97

discrete representation will be very close to the real continuous system. However, it requires
a lot of computational resources. Therefore, selecting a suitable cycle time is important to the
modeling of the material loading flow.

5.3.2 Modeling of conveying process

Drive pulley(s) is continuously rotating to drive the belt conveyor. Due to the friction, it is
assumed that bulk material is staying still on the belt so that the material is moving toward
the head of the conveyor with the conveyor speed. Taking the black block in Figure [5.6] for
instance. At the time point fy, the distance between the mass block and the conveyor tail is
x (o), see Figure If it is assumed that the belt speed is v (¢p) and then at the time point
11 = to+ At, the traveling distance of the black block in Figure [5.6b|can be approximated by

x(ty) =x(tg) +v(ty) At 5.1

Generally, the belt conveyor system can be treated as a first-in-first-out buffer. Therefore,
in terms of other mass blocks as shown in Figure [5.6] the conveying activity can be calculated
separately.

5.3.3 Modeling of unloading process

It is assumed that the distance between the center lines of the head and the tail pulley is L. Once
the total traveling distance of a block exceeds the conveyor length, the block is being discharged

|_x:> x(ty)

@t - @,

(a)

|—x:>0 x(,)=x(1y)+v(t, ) At

@t - @,

(b)

Figure 5.6: Modeling of conveying process. (a) At the time point #y. (b) At the time point 7.
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Xo)

Figure 5.7: Modeling of unloading activity of mass block.

n-2 n-1

from the belt. If the traveling distance x, of the n’ block exceeds the conveying length L while
the distance x,_; of the (n—1)"" block is less than L, the n'” block is partially discharged from
the concerned belt, see Figure In such cases, the discharged mass mp;ock nqis Of the n'h

block is
X,—L
Mplock,n,dis = Mblock,n (—) (52)
Xn — Xn-1
and the mass of the n'" block should be updated by
L—Xx,-
Mplock.n = Mblock,n ( ) (53)
n— Xn-1

5.3.4 Modeling of transferring process

After being discharged from the conveyor, the material enters into a discharge chute or a transfer
chute. Herein, we only discuss the activity of material in the transfer chute. Since the dynamic
analysis on behaviors of bulk materials is out of the research scope, we herein assume that the
blocks filled by bulk materials move through the transfer chute in a series, see Figure[5.8al Then
the transfer chute also can be simplified as a first-in-first-out buffer, see [5.8b|

After being discharged from the transfer chute, the bulk material is loaded on the down-
stream conveyor. To reduce the power consumption of belt conveyors, the speed of the down-
stream conveyor is variable. It is assumed that the upstream conveyor is running at a constant
speed v1, that the original cross section of the block is A; and that the cover length is Lpjock.1-
If it is further assumed that at the time point 7y, the speed of the downstream conveyor is v; (fy),
then at the loading area of the downstream conveyor, the concerned block is reshaped with the
cross section Aj

_ A1V1
v2 (1)

2 (5.4)

5.3.5 Verification of the operational system model

To prove the simulation of the operational system model performs as intended, it is necessary to
verify the outputs of the simulation model. The material flow stream on a single belt conveyor
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Figure 5.8: Material block in a transfer chute. The transfer chute is treated as a first-in-first-out
buffer.

is studied. The verifying method used here is to compare the model output with theoretical
values.

The nominal conveying capacity of the conveyor is Q,,,,, in MTPH at nominal speed v,
in m/s. The conveyor length is L in m and then it requires time

= L/Vnom (5.5)

to move the material from the loading location to the discharge area. It is assumed that a material
flow sensor is installed at right after the loading area so that the instantaneous material loading
rate can be detected. If it is further assumed that the loading rate is fluctuating periodically with
a sinusoidal profile, then the material loading rate can be mathematically represented by

Qin(t) = Qysin (%Tt)+Q2 (5.6)

where p is the cycle time. If the belt conveyor is empty at the time point # = 0, then at the
conveyor discharge area, the unloading rate is

1<t

out\l) =
Qou(t) lein(%"(t—tl))+Q2 I>1

(5.7)
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Correspondingly, if < #; the total mass M in kg of material on the belt is

Mo (t) = {f —Qg’fét)dt =&, P (cos (Z;t) 1) 1< (5.8)

At the time point ¢ = #;, the total material mass is

1491 2r
M, 22, P21 —1]-1 )
tor(t1) = 3 Al (COS( p z) ) (5.9
When ¢ > t;, the total material mass on the belt is
mn t ou t

Mo (t) = /(Q ®)- Q ol )) dt + M,o(17) (5.10)

pO1 . . (2 m 0))
= — —1 —f——t —1 5.11
3-67fsm(p l) [Sm( pp l) 36" G40

The verification is done by comparing the simulation results and the theoretical calculation
results. It is assumed that Q; =200 MTPH, Q> = 1000 MTPH and p = 10 min. If it is further
assumed that L = 1000 m and v,,,,, =5 m/s, then

* Equation [5.5] suggests it requires #; = 3.33 min to convey the material through the con-
veyor. This is proved by the results in Figure [5.9a

* The comparison between Equations [5.6] and suggests that the unloading rate equals
the loading rate with a time delay # = 3.33 min. This matches the diagram in Figure[5.9a

* Equation indicates that the total mass on the belt is 63,580 kg at the time point t =
= 3.33 min, as shown in Figure [5.9b]

» After the time point ¢ = 3.33 min, the total material mass is fluctuating over time with the
average %tl = 55,560 kg and with the amplitude %sm (”Tl) =9,190 kg, see Figure

5.9b)

Overall, the simulation results in Figure match all above mentioned theoretical calculation
results. Correspondingly, the simulation model of operational system is verified.

5.4 Modeling of control system

The control system is the core of a belt conveyor speed controller. The control strategies vary
over different types of speed control. Taking both the passive and the active speed control into
account, this section discusses the modeling of control system.

5.4.1 Passive speed control

In the case of belt conveyors with feeding Scenarios 1 and 2 of Section the passive speed
control is highly suggested. In a certain period of time, the conveyor speed is fixed in spite of
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Figure 5.9: Verification of the material flow model. (a) Material loading and unloading rates of
the concerned belt conveyor. (b) Total mass of material on the belt over time.
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Figure 5.10: Information flow of the passive speed control system.

small and/or temporary variations in the material flow. The conveyor speed is defined prior to
a pecific loading condition. Under the passive speed control, the belt load and speed are semi-
optimized, and the magnitude of energy savings is primarily determined by the selection of the
conveyor speed. Therefore, the keys to passive speed control are to make a precise prediction
of the potential maximum material loading rate and to select an appropriate conveyor speed.

Figure [5.10]illustrates the information flow of the passive speed control system. Generally,
the passive speed controller does not require a feedback of the actual conveyor speed and the
conveyor speed is controlled with an open-loop. However, the passive speed controller needs
to be acknowledged with the information of the working condition of the upstream handling
process so that the speed controller can predict the potential maximum material loading rate.
Based on the level of the loading rate, the speed controller suggests a reference speed to the
motor controller of the concerned belt conveyor(s).

In terms of passive speed controllers, the “high-medium-low” strategy is often used to cal-
culate the reference speed if the reference speeds are defined by several different levels. Taking
the example of (Daus et al., |1998) for instance. In the described open pit mine, the concerned
belt conveyor system is fed by four excavators in a parallel. Based on the number of operating
excavators, Daus et al.| (1998) suggests the reference speed of the conveyor system with a simple
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but effective strategy:

50% nominal belt speed 1 excavator
reference speed ={ 75% nominal belt speed 2 excavators (5.12)

100% nominal belt speed 3 —4 excavators

Figure [5.11]illustrates an application of the “high-medium-low” strategy defined by Equa-
tion [5.12] In the diagram of Figure [5.1Ta] the number of operating excavators is represented
by different colored blocks. The solid line represents the actual material loading rate, and the
dashed lines illustrate the potential values of the maximum material loading rates in certain pe-
riods of time. Based on the number of the operating excavators, the colored line in Figure[5.11b]
illustrates the suggested speed of the concerned belt conveyor.

. 1 excavator .2 excavators

Onom .3 excavators .4 excavators 0
nom vl?()lll
100% A A
100% 100%
75% ’ \_F
’ 75% 75%
50% 50% 50%
25% 25%
| | | | | | |
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
Time [h] Time [h]

(@) (b)

Figure 5.11: Material loading rate and the corresponding conveyor speed under the “high-
medium-low” control strategy. (a) The potential material loading rate (dotted lines) and the
actual rate (solid lines). The colored blocks represent the number of operating cranes. (b) Sug-
gested conveyor speed based on the algorithm of (Daus et al.,[1998). The suggested speed takes
the acceleration/deceleration time into account.

Overall, the basic strategy of passive speed control is that the conveyor is running at a
specific fixed speed in a long or moderate period until it is acknowledged with the change of
the loading levels. It is important to note that the speed suggestion must take the required
acceleration/deceleration time into account. In addition, the acceleration operation must be
completed before the arrival of the larger material stream, see Figure[5.1Tb] It is also suggested
that the deceleration operation starts after the arrival of the lower material stream, also see

Figure[5.110

5.4.2 Active speed control

Different to the passive speed control, the active speed control takes the variation of material
flow over time into account. The active speed control is widely used on the belt conveyor
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systems composed of multiple conveyors. In such cases, the material flow on the upstream belt
conveyor is detected in real time, and the speed of the downstream conveyor(s) is adjusted to
match the actual upcoming material flow.

Active speed control can be performed either in a continuous or discrete way. If the material
feeding rate is varying slightly over time, active speed control can continuously adjust the belt
speed without high belt tension and without material spillage. If the variation is considerably
large, like Scenario 3 in Section [5.1] the discrete control is suggested so that the belt speed can
be adjusted in a soft way.

5.4.2.1 Continuous control

The material flow sensor generally is installed at the upstream conveyor. It is assumed that
the material requires time 74,4, to travel from the installing location of the sensor to the load-
ing area of the downstream conveyor. Then the instantaneous material feeding rate Q;, of the
downstream conveyor can be approximated by

Qin(t) = Qerect(t - Z‘dealy) (5.13)

where Qgereci(t — tdeary) represents the material flow detected by the flow sensor at time point
(f = tgealy). Accordingly, the theoretical instantaneous belt speed v;(¢) can be calculated by

Qin(t)vnom _ Qdetect(t _tdealy)
Qnom Onom o

If the theoretical belt speed can be strictly followed, then the cross section of the bulk material

Ven(t) = (5.14)

onto the downstream belt conveyor is kept constant at the design value. Such control is the
continuous active speed control.

Lodewijks et al.| (2011]) provide a case study of the continuous speed control. In the case
study, the material flow is smoothly fluctuating in a sine wave with the cycle time 15 min-
utes. The belt speed fluctuates to accommodate the fluctuating material feed in a strict manner.
Simulation-based experimental results of (Lodewijks et al., 2011]) show that the continuous
speed control can achieve considerable power savings in the studied condition.

However, matching the actual material flow in a strict way is not thus applicable in practice,
since the actual material flow in most practical cases changes frequently to some extent. As
Chapter 3 suggests, the fast and frequent transient operations can cause, for instance, the risk
of belt over-tension and the risk of motor over-heating. Therefore, the continuous active speed
control generally is not recommended in practical operations.

5.4.2.2 Discrete control

For practical reasons, discrete speed control for belt conveyors is preferred above continuous
control, especially in the cases of the material flow with frequent and large variations. |Pang
and Lodewijks| (2011) suggest that by means of discrete control, the belt speed can be adjusted
in a soft way, and that the continuous acceleration operations with high belt tension can be
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prevented. In terms of the discrete control, there are two basic strategies: the fixed time interval
and the variable time interval.

Strategy 1: Fixed time interval The material flow sensor is installed at the tail of the up-
stream conveyor. The incoming material flow of the downstream conveyor in a certain future
period can be predicted. Then based on the prediction of the material loading rate, the future
speed of the downstream conveyor can be determined. If the decision is made periodically, then
the control is dicretized with a fixed time interval.

lActual inputs

Fuzzification

v Fuzzy inputs

Fuzzy processing

Fuzzy output
A 4

Defuzification
l Control output

Figure 5.12: The structure and operation of a fuzzy controller. Courtesy of Reznik Leonid
(1997).

Fuzzy logic control is a common control method for providing discrete control strategy.
Reznik Leonid| (1997) details the theory of fuzzy control, and Figure [5.12] illustrates the sim-
plified structure and operation of a fuzzy controller. This controller mainly involves three pro-
cesses: the fuzzification in which the actual material loading rate is fuzzified and the fuzzy
inputs are obtained; the fuzzy processing in which fuzzy inputs are processed and the fuzzy
outputs are produced according to the rules set; and the defuzzification in which a real value is
produced according to the fuzzy output.

In the determination of the conveyor speed, the input of fuzzy controller is the predicted
material feeding rate in a time interval #; and the actual inputs are fuzzified by the following
membership function:

bo, max (Xfé’_ts) =rg=0
by, 0<max (X;g_ts) <n

f(xX)=13by, 1 <max (Xto ) <nr (5.15)

fo—Is

ooy

b,, r,-1 <max (Xto ) <r

fo—ts

where Xt’é’_ts illustrates the series of the predicted material feeding rates from g —; to tg, 1,
(n=0,1,2,...,n) are the fuzzy boundaries and b,(n = 0,1,2,...,n) are the fuzzy inputs. Due to
the linear relationship between material feeding rate and the corresponding speed, the fuzzy

processing can be represented as “if the input is b;, then the output is b;”. In the defuzzication
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process, due to the linear relationship between the nominal speed and the nominal conveyor
capacity, the reference speed v,. s can defuzzified by

Vrief = biviom (5.16)

Figure [5.13]illustrates the algorithm of the fixed time interval strategy. Taking the example
shown in Figure [5.14] for instance. The black solid curve is the predicted material loading rate
of the downstream conveyor during the time interval [#y,s]. The difference between adjacent
points #; (i=0,1,2,...,6) equals the fixed time interval 7;. In the time period [7y,7;] , the peak of
material loading rate is larger than r;_; but less than r;, and as a consequence the fuzzy input
is b;. Correspondingly, the suggested speed in the time interval [#o,#;] is v;. However, the
predicted material loading rate in the time period [#1,7,] is in the range between r;_; and 7,41 S0
that the corresponding speed during the period [z1,12] is v;+1, see the dashed line of Figure
Therefore, an acceleration operation is required at the time point #;. However, the belt conveyor
system in practice does not allow the sudden speed changes. In addition, in order to prevent the
material overloading onto the belt and to avoid the material spillage, the acceleration operation
completes before the larger material flow arrives. That means the acceleration operation should
be carried out earlier to compensate the time required by the acceleration operation. Then
taking the speed adjustment time into account, the colored dotted line in Figure [5.14]illustrates
the improved belt speed curve with sinusoidal ac/deceleration profiles. Similarly, the suggested
speed between [1;, 6] is as the dotted curves in Figure|5.14]

Is it time for deciding the N
reference speed

S 2 =
+ Y % +2) Vit2 O\\c,
Compute the reference speed B isl Vil 2
& 2
! : :
—c% v Vi 8
Generate the speed curve of = §
the concerned belt conveyor S o v S
8 2 -l O
= 1
End 6
Figure 5.13: Algorithm flowchart Figure 5.14: Material flow and corresponding refer-
of the fixed time interval strategy. ence speed under the fixed time interval strategy.

Strategy 2: Variable time interval Another strategy for discretizing the active speed control
is based on variable time intervals. If the material loading rate is out of a specified boundary, an
acceleration/deceleration operation is triggered, and a new reference speed is generated. Due
to the fact that the time interval between adjacent transient operations generally is uneven, this
event-triggered method is called the variable time interval strategy.
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Compute the reference speed

v

A A
Does the concerned belt N SLE L I e Vis2 oo
conveyor require to adjust speed? Q i ; <
1% = Tl v 3
2 " &
Generate the speed curve of '—g 7 4y, 9
the concerned belt conveyor S 5
| P = E
2 5 Ti Vil B
45 Qﬁ
End s
Figure 5.15: Algorithm flowchart
of the variable time interval strat- Figure 5.16: Material flow and corresponding refer-
egy. ence speed under the variable time interval strategy.

Figure[5.15|represents the flowchart of algorithm of the variable time interval strategy. Dif-
ferent to the algorithm of the fixed time interval strategy, this algorithm requires to compute the
reference speed in each computational cycle. Figure [5.16|shows an application of the variable
time interval strategy, in which the profile of the predicted material loading rate onto the down-
stream conveyor equals to that in Figure [5.14] In Figure [5.16] several certain threshold values
for feeding rate are defined. As the diagram shows, the material loading rate is in the range
(ri-1,7:] in the time period [fy,#;). During this period, the conveyor is running at speed v;. At
the time point 71, the material loading rate jumps out of the interval (r;_,r;] and enters into the
interval (r;,r;+1]. Then a new reference speed v;4| is generated, and an acceleration activity is
triggered. Similarly, the acceleration or deceleration activities are triggered at time points #;, #3,
14, ts and 6 in Figure Correspondingly, the black dashed lines in Figure illustrates
the suggested speed under the variable time interval strategy. Then taking the speed adjust-
ment time into account, the colored dotted line shows the improved belt speed with sinusoidal
ac/deceleration profiles.

Conflicts and solutions To prevent being overloaded, the concerned belt conveyor should
complete the acceleration operation before the arrival of the larger quantity material flow and
it is suggested to start the deceleration after the arrival of the smaller quantity material flow.
However, if the material feeding rate is varying frequently, there may exist a conflict between
neighboring transient operations. Conflicts occur both in the fixed time interval strategy and
the variable time interval strategy. Taking the conditions in Figure for instance where
the variable time interval strategy is used. The diagram of Figure illustrates the conflict
between neighbored deceleration and acceleration operations. At the time point #;, the material
feeding rate drops under r;_;. Based on the control strategy, the conveyor starts to lower speed
from v; to v;—; with the deceleration time 74,. At the time point #,, the material feeding rate
exceeds r;. To avoid the material spillage, the conveyor should start the acceleration from the
time point (t; —,.). If the sum of time 74, and time ¢, is larger than the time interval (¢, — 1),
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Figure 5.17: Conflicts in discrete speed control. (a) Overlap between neighboring decelera-

tion and acceleration operations. (b) Overlap between neighboring acceleration operations. (c)
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then the conflict occurs as the black dotted lines illustrate in Figure[5.17a] In such cases, both the
deceleration and acceleration operations should be canceled, and a new speed curve is suggested
which is colored and dotted in Figure

The conflict also occurs in the cases where the material flow has a sudden and large variation.
Taking the condition shown in Figure for instance. At the time point #{, the material
loading rate exceeds r;,_j. As planned, the conveyor should speed up from v;_; to v;. It is
assumed that this acceleration operation has no time conflicts with former transient operations,
and then the acceleration operation can be performed in the time interval [#; —7,.,t;]. At the time
point 7, the material loading rate increases to above r;;1 so that another acceleration operation is
expected to be carried out to increase the conveyor speed to v;,. Taking the conveyor dynamics
into account, the second acceleration operation should start from the time point #, —#,.. If the
time point #, —#,. 1s prior to the time point #;, then the second acceleration overlaps with the
first acceleration, see Figure In such cases, the two acceleration operations should be
combined into one which is represented by the colored dotted line in Figure Similarly,
the overlap between neighboring deceleration operations also can result in conflicts, as shown
in Figure The solution is also given by the colored dotted line in Figure[5.17¢

Finally, taking the potential conflicts into account, Figure[5.18|gives the improved algorithm
flowcharts of the discrete active speed control strategies.

Is it time for deciding the N
reference speed

v Y

Compute the reference speed Generate the reference speed

v v

Does the concerned belt N Does the concerned belt N
conveyor require to adjust speed? conveyor require to adjust speed?
v v?
Does the new transient operation N Does the new transient operation N
have conflicts with the former have conflicts with former
transient operation? transient operation?
v vY
Solve the conflicts and reset Solve the conflicts and reset
the (former) reference speed the (former) reference speed
I‘ I‘
Generate the speed curve of Generate the speed curve of
the concerned belt conveyor the concerned belt conveyor
|¢ | ¢
End End
(a) (b)

Figure 5.18: Improved algorithm flowcharts of the discrete active speed control strategy. (a)
Fixed time interval strategy. (b) Variable time interval strategy.
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5.4.3 Verification

Verification of the control system model is realized by using the dynamic simulations. Due to
the fact that the the passive speed control algorithm is very sample as compared to the active
speed control algorithm, herein we only discuss the verification of the active speed control sys-
tem. The black curves in Figure [5.19illustrates the predicted material loading rate onto the
concerned belt conveyor over 60 minutes. It is assumed that the reference speed set is defined
as {40%,50%,60%,70%,80%,90%,100% } of nominal speed. It is further assumed that the per-
mitted maximum acceleration is 0.1 m/s” and that in terms of the fixed time interval strategy,
the time interval is 30 seconds. The colored lines of Figure [5.194 illustrates the suggested
speed under the fixed time interval strategy taking the acceleration/deceleration operations into
account. The colored lines of Figure [5.19b|shows the simulation results of the variable time in-
terval strategy. As these two diagrams show, the suggested speed curves are generated as plans,
and the conflicts discussed above are successfully solved.
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Figure 5.19: Verification of the model of the control system. (a) Fixed time interval strategy.
(b) Variable time interval strategy.
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5.5 Performances-Key Performance Indicators

The last section introduced several control strategies to build the simulation model of belt con-
veyor speed control systems. This section defines several key performance indicators (KPIs) to
evaluate the performance of speed control. Based on the importance of the indicators, the KPIs
are classified into two groups: primary indicators and secondary indicators.

5.5.1 Primary KPIs

In terms of belt conveyor speed control, the primary KPIs majorly consist of the belt utilization
rate U, the power consumption P and the power saving AP. These indicators are the basic
indicators which can be directly used for evaluating the performance of belt conveyors under
different control strategies. In the following of this section, these primary indicators will dis-
cussed in detail.

Belt utilization rate U Belt utilization rate U is a percental difference between the actual and
the nominal cross sections of material on the belt. In the evaluation of speed control, the belt
utilization rate is an important indicator. On the one hand, the actual value of the utilization rate
suggests the power saving potential by means of speed control. On the other hand, the difference
of the utilization rates between the nominal operation and the variable speed operation implies
the performance of speed control. Taking the non-uniform distribution of material into account,
the utilization rate can be calculated by

_ Average cross section of material on the belt

= x 1009 5.17
Nominal cross section of material on the belt ¢ ( )

Due to the linear relationship between the mass and the cross section of material, the utilization
rate can also be computed by

B Total mass of material distributed on the belt

Nominal total material mass on the belt x 100% (5.18)

Power consumption P and power saving AP Power consumption P in kW is another impor-
tant indicator for evaluating speed control. The power consumption has two terms: one is the
mechanical power consumption P,, and another is the electric power consumption P,. In this
and following chapters, the power consumption P refers to the electric power consumption P,
if there is no special notation. The calculation method of the power consumption can be found
in Chapter 4. If it is assumed that in the nominal speed operation, the power consumption is
P.on, while P, represents for conditions with non-nominal speed, then the power saving AP
by means of speed control can be calculated by

AP = Peop = Puon (519)

If the saving is represented by a percentage, then the calculation of the power saving can be
expressed by
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P}’lO}’l

con

AP = (1 - ) % 100% (5.20)

5.5.2 Secondary KPIs

Secondary KPIs are the additional indicators of evaluating the performance of speed control.
The values of these indicators are originated from the power consumption P. The secondary
KPIs mainly include the total energy consumption W, the electricity cost Cost,;., the carbon
dioxide (CO2) emissions Emissioncoa, the social cost of carbon SCC and the total cost Cost;,y.

Total power consumption W and energy saving AW  Total power consumption W in kWh is
the amount of work done by belt conveyors and can be calculated by accumulating the instan-
taneous power consumption over time

W= fp(t)d(t) _ ZP(I)[sample
3600 3600
where #;4p1e 1 the sampling cycle time in s of the instantaneous power. Energy saving AW is

(5.21)

the difference of the energy consumption between the nominal speed operation and the variable
speed operation:

AW =Weon = Whon (5.22)

where the subscribes .., and ,,, represent the operations with the constant-and-nominal speed
and with the non-nominal-and variable speed, respectively.

Electricity cost Cost,;, Electricity cost is the payment for consuming electricity during the
material transportation, which takes the price of electricity into account. The price of electricity
varies widely from country to country and also may vary from time to time. Herein, the price
of electricity in the Netherlands is used to evaluate the electricity cost and it is assumed that
the price is constant over time. According to the latest data from Eurostat (Eurostat, 2016),
the price of electricity in the Netherlands averaged 0.1037€per kW h for industrial consumers
during the first half of 2016.

Carbon dioxide (CO2) emissions Emissionco; and their social cost SCC  Air pollution, a
by-product of electricity, can be extra considered in the evaluation of speed control. Carbon
dioxide (C0O;), as a major source of greenhouse gases, is often used to describe the negative
impacts of the electricity consumption. As United States Environmental Protection Agency
(20135)) suggested, the CO2 emissions also cause changes in net productivity, human health,
property damages from increased flood risk, and changes in energy system costs. The value of
carbon dioxide emission is variable over different activities, and the concept of emission factor
E Fcoois widely used to calculate the total carbon emissions:

Emissionc02 = EFCOZW (523)
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The emission factor EFcpy depends on sources of electrical power. The Intergovernmental
Panel on Climate Change (IPCC) (Edenhofer et al.,[2011) suggests that the CO, emission ranges
from 4 g/kWh for the hydro-power based electricity generation to 1001 g/kWh for the coal
based electricity generation. In addition, the data of (Brander et al., 2011)) shows that the CO;
emission factor varies considerably from country to country due to different compounds of types
of electricity generation. As |Brander et al.| (2011) further suggests, the average CO, emission
factor nears 410 g/kWh in the Netherlands.

The social cost of carbon SCC, commonly referred to as the carbon price, is widely used to
estimate the climate change impacts of the CO; emission and to estimate the economic damages
associated with a small increase in CO2 emissions. There are many researchers of institutions
or of agencies developing models for estimating the SCC. Due to the fact that the research of
the SCC is out of the scope of the thesis, these models will not be further discussed. The thesis
uses the result of (van den Bijgaart et al., 2016) which suggests a mean value 31 €/rCO; to the
SCC in the Netherlands for year 2015.

Total cost Cost;,; and total savings Saving;,, The indicator of the total cost takes both the
electricity cost and the social cost of carbon into account. The difference of the total cost
between the nominal speed and the non-nominal speed shows the total savings Saving;,; by
means of speed control.

5.6 Conclusion

This chapter answered the fourth key research question presented in Chapter 1, and modeled
the belt conveyor speed control system. The system is built up two sub-systems: the operational
system and the control system. In terms of the operational system, the comparison between the
simulation result and the calculation result show that the operational system was successfully
modeled by a discrete tool. In terms of the control system, the experimental results show that
the conflicts between neighboring transient operations were prevented by an improved control
algorithm.

Additionally, this chapter defined several key performance indicators (KPIs) to evaluate
the conveyor performance under speed control. The evaluation will be carried out in the next
chapter.



Chapter 6

Simulation experimental results

Chapter 5 presented the modeling of the belt conveyor speed control system, in which the con-
veyor system was viewed as a first-in-first-out buffer and a discrete tool was used to represent
the continuous transport system. A series of computational simulations will be carried out in
this chapter to assess the performance of both the passive speed control and the active speed
control. In the assessment, the variable DIN f factor values will be used to calculate the power
consumption of a belt conveyor. In addition, the acceleration and deceleration time also will be
taken into account to ensure healthy dynamics of belt conveyors under speed control.

6.1 Introduction

Chapter 5 classified the bulk material loading scenarios into four groups and introduced several
different types of belt conveyor speed control systems. In Scenario 1, the loading rate keeps
constant for a long term operation. If the loading rate is non-nominal, the passive speed control
is suggested and the conveyor is running at a fixed non-nominal speed. The passive speed
control also can be applied in Scenario 2 where the loading degree moderately varies in between
long term operations. In such cases, the conveyor speed is fixed until there is a considerable
change of the loading rate. If the loading degree is varying moderately in between short term
operations, see Scenarios 3 of Section 5.1, the passive speed control is not applicable any more.
In such cases, the active speed control is highly suggested. Under the active speed control,
the conveyor speed is frequently adjusted, as compared to the passive speed control, to match
the actual loading rate. So that the concerned belt conveyor is expected to be running with
a high utilization rate. However, if the actual loading varies excessively in all operations as
in Scenario 4, the belt conveyor speed control is not suggested since the excessively frequent
speed adjustment can result in unhealthy conveyor dynamics.

The objective of this chapter is to study the performance of the speed control. Section
will study a fictive belt conveyor system of an import bulk terminal to show performance of
the passive speed control. Firstly, the assessment of the steady state performance of the passive
speed control will be carried out. In the steady state operation, the loading rate is constant
and the conveyor is running at a fixed speed. Three kinds of bulk material will be used in the
assessment. In addition, the variable value of the f factor defined by DIN 22101 (German
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Institute for Standardization, 2015) will be taken into account to improve the accuracy of the
assessment. Besides the static analysis, the dynamic performance of the passive speed control
also will be studied where the loading rate is varying in between long term operations. Section
[6.3] studies another fictive belt conveyor system for assessing the active speed control. In the
assessment, both the fixed time interval strategy and the variable time interval strategy will be
studied. In addition, in terms of the fixed time interval strategy, the influence of the speed set
and of the time interval will be studied. Finally, conclusions are presented in Section [6.4]

6.2 Passive speed control

6.2.1 Setup

A fictive long horizontal belt conveyor in a fictive import dry bulk terminal is studied in this
section. The terminal is yearly operating for 360 days at 24 hours per day. Figure[6.1| shows the
simplified layout of the terminal and BC1-BC2-BC3 is one of the belt conveyor transport chains.
The primary function of this terminal is as follows. The material in ships can be unloaded by
four cranes in parallel and discharged onto the BC1 belt. Then the material flow on the BC1 belt
is in turn deposited onto the BC2 and BC3 belt conveyors, successively. Finally, the material is
discharged from the BC3 belt and stored at a stockyard by stackers.

. BC3 & _ \
- §
(Q\
O
M
g §
N BCl1 Landside
L : < )

Reclainmer conveyor  point

l Crane & Stacker- Belt . Transfer

Figure 6.1: The layout of a fictive import terminal in which the BC2 belt conveyor is the studied
belt conveyor.

The import terminal handles several types of dry bulk materials, including coal, limestone
and iron ore. Table [6.1]illustrates the parameters of these three kinds of bulk materials. Nomi-
nally, the conveying capacity of the conveyor system is 2,000 MTPH, 3,500 MT PH and 6,000
MTPH, in terms of coal, limestone and iron ore, respectively. However, with respect to the
crane-scheduling problem in practice, the number of operating cranes is variable-in-time dur-
ing ship unloading. As a consequence, the material flow on the BC1-BC2-BC3 chain can be
considerably lower than the design capacity. Based on the number of simultaneously operating
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cranes in a time interval, the ship unloading capacity during this time period however can be de-
termined and the peak of the material feeding rate onto the belt conveyors can be approximated.
Accordingly, the conveyor speed can be reduced to match the number of operating cranes and
then the utilization of belt conveyors is improved.

Table 6.1: Three sets of bulk material parameters. Courtesy of [Spaans| (1991).

Bulk material type | Coal | Limestone | Iron ore |
Density (kg/m?) 740 1,580 2,765
Angle of internal friction (°) 32 45 35
Frictional angle between belt and material (°) | 15 15 15
Angle of repose (°) 15 15 15

Table 6.2: Basic parameters of the BC2 conveyor.

’ Parameters \ Value \ Parameters \ Value ‘
Nominal conveying capacity (MTPH) | 6,000 | Belt type ST 1600
Nominal speed (m/s) 5 Idler spacing (m) (top) 1.2
Conveyor length in (m) 1000 (bottom) | 3
Conveyor height in (m) 0 Linear idlers weight (kg/m) | 42.8
Troughing angle (°) 30 Linear belt weight (kg/m) 39.4
Special resistances (N) 0 Belt width (m) 1.2

As an example, the BC2 belt conveyor is studied, which has the largest useful conveying
length in the BC1-BC2-BC3 chain. The studied belt conveyor is occupied for 40% of the
total operation time of the terminal. Table [6.2]illustrates the parameters of the concerned belt
conveyor. Taking the drive system efficiency into account, the permitted minimum conveyor
speed is defined as 2 m/s. Based on the linear relationship between the conveyor speed and the
conveying capacity, the reference speed is classified into four levels:

2m/s 0—1 crane

2.5m/s 2 cranes
Belt speed= 1 (6.1)
3.8 m/s 3 cranes

Sm/s 4 cranes

6.2.2 Experiment plan

Several steady-state calculations and a dynamic simulation will be performed. Firstly, steady-
state calculations are carried out to analyze the power savings, taking three kinds of bulk mate-
rials into account. Table [6.1]lists the parameters of the bulk materials. In the static analyses, it
is assumed that there always are 2 cranes operating simultaneously. Then it is further assumed
that the material loading rate is constant and equals half of the nominal conveying capacity. To
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achieve various results and to compare the differences, calculation runs {1,3,5} in Table
apply the nominal speed 5 m/s while runs {2,4,6} use a non-nominal speed, 2.5 m/s. Section
[6.2.3] details the steady-state calculations.

Table 6.3: Plan of Steady-state calculations.

| Caleulationrun | 1 | 2 | 3 [ 4 | 5 | 6 |
Bulk material Coal Limestone Iron ore
Loading rate 1000 MTPH 1750 MTPH 3000 MTPH
Loading distribution | Uniform | Uniform | Uniform | Uniform | Uniform | Uniform
Speed Sm/s 25 m/s Sm/s 2.5m/s Sm/s 2.5m/s

However, due to a possible problem of crane schedules, the number of operating cranes
varies over time. As a consequence, the material flow onto the concerned conveyor is variable-
in-time. In addition, the actual material flow through the conveyor generally is non-uniform.
To analyze the performance of passive speed control, a dynamic simulation is carried out. It is
assumed that the number of operating cranes is varying from zero to four. The handling of coal
is studied for instance and the actual material loading rate varies from zero to 2,000 MTPH.
Section [6.2.4] discusses the dynamic simulation and illustrates the experimental results.

6.2.3 Steady-state calculation

Firstly, the variable values of the DIN f factor are achieved by the theoretical calculation
method which was discussed in Chapter 4. Table [6.4] shows the calculation results of the f
factor over different loads and speeds. Taking the calculation run set {1,2} for instance where
the bulk material conveyed is coal. The loading rate is half of the nominal conveying capacity.
In Run 1, the conveyor is running at nominal speed and the conveyor belt is half loaded, while
in Run 2 the conveyor speed is lowered to ensure that the conveyor belt is fully loaded. Due
to the considerable increase of the bulk and belt flexural resistances, the f factor value shows
a large increase when the conveyor is fully filled, see Table As the data shows, the value
of the f factor in Run 2 is 0.0143 as compared to 0.0131 in Run 1. The considerable change
of the f factor value can also be found in the run set {3,4,5,6}. The operation in Runs 3 and 4
conveys limestone and the operation of Runs 5 and 6 handles iron ore. Similar to Runs 1 and 2,
the conveyors in these runs are loaded with half of the nominal conveying capacity. Runs 3 and
5 uses the nominal speed and Runs 4 and 6 use a lower speed. As illustrated in Table[6.4] when
the conveyor is running at a lower speed and the conveyor has a higher utilization, the DIN f
factor value has a considerable increase.

Taking the variable f factor values and different conveyor speeds into account, Table [6.5]
illustrates the power consumption of belt conveyors in different runs. All the static analyses
show positive results in the possibility to save power if the speed controlled operation is used
instead of the nominal speed operation. Taking Runs 1 and 2 for instance. In Run 1, the power
consumption is 137 kW. Due to the passive speed control, the power consumption in Run 2 is
reduced by 36.8 kW, 27% of that in Run 1. This indicates that the passive speed control enables
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Table 6.4: Variable values of the artificial frictional coefficient f of the BC2 belt conveyor. The
data is achieved by using the theoretical calculation method discussed in Chapter 4.

| Calculation run 1 [ 2 | 3 | 4 | 5 | 6 |
Bulk material Coal Limestone Iron ore
Belt utilization rate U (%) 50 100 50 100 50 100
Atrtificial frictional coefficient f | 0.0131 | 0.0143 | 0.0148 | 0.0190 | 0.0162 | 0.0188

Table 6.5: Results of the steady-state calculation.

Estimation run \ 1 \ 2 \ 3 \ 4 \ 5 \ 6 ‘
Key performance indicators

Belt utilization rate U (%) 50 100 50 100 50 100
Power consumption P (kW) | 136.61 | 99.78 | 189.48 | 178.96 | 271.00 | 256.14
Power savings AP (kW) 36.83 10.52 14.86

Electricity consumption Win | 3,279 | 2,395 | 4,548 | 4,295 | 6,504 | 6,147
24 hours (kW h)
Electricity saving AW in 24 884 253 357
hours (kWh)
Electricity cost Cost,, in 24 340 248 472 445 674 637

hours (€)

Carbon dioxide emission 1344 082 1865 1761 2667 2520
Emissioncos in 24 hours

(kg)

Social cost of carbon SCC in 42 30 58 55 83 78
24 hours (€)

Total cost in 24 hours (€) 382 279 529 500 757 715
Total savings in 24 hours (€) 103 29 42
Yearly prediction

Predicted annual energy 472 345 655 618 937 885

consumption (MWh/yr)
Predicted annual electrical 48,960 | 35,760 | 67,910 | 64,140 | 97,120 | 91,800

cost (€/yr)

Predicted annual electrical 13,200 3,770 5,330
cost savings (€/yr)

Predicted annual CO» 52 15 21
reduction (Tons/yr)

Predicted annual reduction of 1,620 460 650
SCC (€/yr)

Predicted total annual 14,820 4,230 5,980

savings (€/yr)
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a considerable amount of power savings, although the f factor value in Run 2 is larger than that
in Run 1. The power saving can also be found in Runs 4 and 6 of Table[6.5]

Derived from the data of Table [6.5] Figure [6.2] illustrates and compares the power saving
rates of the steady-state analyses. Taking the variation of the f factor into account, the savings
are between 5% and 27%. According to the data, the various saving rate highly depends on
the types of bulk materials. As the data in Figure [6.2] suggests, there is a negative correlation
between the density of bulk materials and the saving rate. This suggestion can also be applied to
the cases where the f factor value is assumed to be fixed. The data in Figure [6.2] considers the
condition where the f factor is constant over loads and speeds. As the data shows, in terms of
coal, the power saving can be up to 32% while in terms of iron ore, the saving ratio is reduced
to 19%. In addition, the data of Figure [6.2] further suggests that compared to the condition
with variable f factor values, the condition with a constant f factor over-estimates the power
savings, especially in the runs conveying limestone and iron ore. Therefore, it is important to
consider the variable values of the f factor to improve the accuracy of the assessment.

Power saving rates
35% 0
32% E Variable f ® Constant f

0% <% 26%
25%
19%
20% ’
15%
10%
6% 5%
5%
0%

Coal (740kg/m3) Limestone (1580kg/m3) Iron 0re(2765kg/m3)
Figure 6.2: Comparison of steady-state estimations.

The data of Table [6.5] also includes the value of other key performance indicators. For
example, the results of yearly predictions are given. As the data shows, a large amount of
electricity cost and carbon emission can be saved by speed control. Taking the transportation of
coal for instance. Due to the passive speed control, the electricity cost yearly can be reduced by
€13,200 with 52 tons of carbon emission. If the social cost of carbon is taken into account, the
total annual savings can be up to €14,820.

Further calculation and discussion The data in Table[6.4] shows that the DIN f factor value
varies with loads and speeds. It further shows that when the conveyor speed is reduced, the DIN
f factor increases considerably due to the increase of the load. Therefore, taking the variable
DIN f values into account, it is important to find the optimum conveyor speed for maximum
power reduction before the application of speed control. Further steady-state calculations are
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Figure 6.3: Calculation results. The loading rate varies from 10% to 100% of the nominal
conveying capacity. The conveyor speed varies from 2 m/s to 5 m/s. The speed ratio is no
less than the loading ratio to avoid the material spilling from the belt. (a) Power consumption
for different loading rates and for different speeds. (b) Power saving ratio for different loading
rates and for different speeds.
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carried out in which coal is conveyed. Table [6.6]illustrates the DIN f factor value for different
loads and speeds. It clearly shows that the speeds and loads have a large impact on the f factor
value. From the data in Table [6.6] a conclusion can be given for the studied belt conveyor: in
the cases where the material loading rates are the same, it results in a larger DIN f value if the
belt conveyor is running at a lower speed.

Further calculation results are given in Figure[6.3] The diagram of Figure[6.3a)illustrates the
power consumption for different loads and speeds. As the diagram shows, due to the reduction
of the conveyor speed, the conveyor with a lower speed in the same loading rate consumes
less power. Similar phenomenon can also be found in Figure [6.3b which illustrates the power
reduction rate by means of speed control. Therefore, according to the data in Figure[6.3] it can
be concluded that for this defined belt conveyor, the optimum conveyor speed is that enables
100% conveyor utilization rate if the loading rate is larger than the permitted speed ratio.
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Figure 6.4: Material feeding rate and the corresponding speed of the studied belt conveyor.
(a) Feeding rate in 24 hours. (b) Feeding rate in certain periods. The left diagram shows an
increasing trend and the right diagram shows a decreasing trend.

6.2.4 Dynamic simulation

The bulk material handling operation in 24 hours is studied. Taking the bulk material coal for
instance. The solid line in Figure [6.4] illustrates the material feeding rate onto the BC2 belt
over 24 hours. The corresponding speed is represented by the dotted lines. As shown in Figure
[0.4a] the feeding rate is varying over time and the conveyor speed is adjusted in accordance
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with the peak of material feeding rate. The ECO method is used to decide the permitted accel-
eration/deceleration value and to ensure soft acceleration/deceleration operations. Furthermore,
in order to reduce the risk of material spillage away from the belt caused by overloading, the
conveyor speed should reach the desired speed before the arriving of the larger level of material
feeding flow, see Figure On the contrary, the event of deceleration operation is triggered
after the arriving of the lower level of material feeding flow, also see Figure [6.4b]

The experimental results of simulations are given in Figure [6.5] Overall, the operation
running at nominal speed consumes more energy than that running at variable speeds. Figure
[6.53] presents and compares the filling ratio of the BC2 conveyor over 24 hours. As the figure
shows in the case of the BC2 belt conveyor running at nominal speed, the profile of the filling
ratio is similar with the shape of the material feeding rate shown in Figure[6.4] Furthermore, the
comparison of the two curves in Figure yields that the conveyor’s filling ratio is improved
to 79.3% from 47.8% on average, due to the variable speed drives.

Figure [6.5b] demonstrates the instantaneous power consumption with the consideration of
the variable f factor and the variable system efficiency. The figure shows that in the traditional
mode with constant speed drives, the average power consumption is 124 kW with the maximum
of 168 kW. However, due to the strategy of speed control, the power consumption is reduced to
88 kW on average, although the maximum increases to 197 kW caused by the acceleration.

Figure compares the accumulative power consumption of the studied conveyor in the
24 hours’ operation. The figure shows the total energy consumption is up to 2,985 kWh in the
nominal speed operation. The comparison however illustrates that due to the decrease of the
conveyor speed, the electricity consumption is reduced by the amount of 880 kW h.

Table summarizes the experimental results, including the yearly predictions. From the
data it can be learned that in the given example, the belt conveyor speed control yearly can
result in over 130 MWh electrical savings and around 52 tons of CO; reduction. According

Table 6.7: Calculation results of speed control of the BC2 belt conveyor.

| Constant speed | Variable speed

Average material feeding rate (MT PH) 957 957
Average conveyor utilization rate (%) 47.8 79.3
Average power consumption (kW) 124.3 87.7
Average power reduction (kW) 36.6
Average power reduction (%) 294
Total power consumption in 24 hours (kW h) 2,985 2,105
Yearly predictions

Predicted annual electrical consumption (MWh/yr) 430,000 303,000
Predicted annual electrical cost (€/yr) 44,600 31,400
Predicted annual electrical cost savings (€/yr) 13,200
Predicted annual CO, emission (Tons/yr) 176 124
Predicted annual CO, emission reduction (Tons/yr) 52
Predicted annual reduction of the social cost of CO, (€/yr) 1,600
Total annual savings (€/yr) 14,800
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Figure 6.5: Experimental results of passive speed control. (a) Conveyor belt filling ratio. (b)
Instantaneous electric power consumption. (¢) Accumulating power consumption in 24 hours.
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to the latest data from Eurostat (Eurostat, |2016), the Netherlands electricity price for industrial
consumers during the first half of 2016 averaged 0.1037 €/kW h. That implies for the concerned
belt conveyor working in the given condition, speed control can reduce the operational cost by
€13,200 yearly. Furthermore, if the social cost of CO; is taken into account, more than €1,600
cost can be reduced annually. In total, speed control on the BC2 belt conveyor realizes over
€14,800 cost savings in a year.

6.3 Active speed control

6.3.1 Setup

This section analyzes the performance of the active speed control where another fictive belt
conveyor system is studied. As shown in Figure [6.6] the conveying system consists of two
belt conveyors connected in series. The upstream conveyor is running at nominal speed. The
material loading rate onto the upstream conveyor is moderately varying in between short term
operations, whose profile is similar with the Scenario 3 of Section 5.1. As Figure [6.6] shows,
a material flow sensor is installed nearby the loading area of the upstream conveyor, and it
detects the actual material flow in real time. Based on the data of the flow sensor, the active
speed controller predicts the material loading rate of the downstream conveyor and generates
the reference speed of the downstream conveyor.

ctive speed controller
-— -

-— ~
— -— - ~
— - ~

I ~
~—_ Material flow sensor
2 Motor controller

Upstream conveyor ( S : b

Downstream conveyor

Figure 6.6: Fictive belt conveyor system for active speed control.

Table [6.8]lists the basic parameters of the concerned belt conveyor system. In terms of the
downstream conveyor, the variable values of the f factor over different speeds and loads are
given in Table[6.9]

6.3.2 Experiment plan

The operation of the system over eight hours is studied. Figure [6.7] illustrates the material
loading rate onto the upstream conveyor. As the figure shows, the loading rate varies over time.
On an average, the material loading rate is around 870 MTPH. Simulations are carried out
to show the conveyor performance under the active speed control. Table [6.10| defines different



Simulation experimental results

125

Table 6.8: Parameters of the belt conveyors.

’ Parameters \ Value \ Parameters \ Value ‘
Nominal conveying capacity (MTPH) 2,000 | Belt type ST 800
Nominal speed (m/s) 5 Ilder spacing (m) (top) 1.2
Conveyor length (m) Upstream 300 (bottom) | 3

Downstream 1000 | Linear idlers weight (kg/m) | 27.1

Conveyor height (m) 0 Linear belt weight (kg/m) 23
Troughing angle (°) 30 Belt width (m) 1.2
Density of bulk material (Coal) (kg/ m3) | 740 Special resistances (N) 0
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Figure 6.7: Material loading rate onto the upstream conveyor.

simulation runs in order to produce various results. Run 1 is the operation running at nominal

speed, and the experimental result of Run 1 is the benchmark of the active speed control. In

terms of the fixed time interval strategy, the run set {2,3,4,5} considers different speed sets

which are determined by the adjacent speed difference. In Run 2, for instance, the speed set
is {2,2.25,2.5,...,4.5,4.75,5} in m/s and the adjacent speed difference is 0.25 m/s. The run set
{3,6,7} studies the behaviors of the controller under different time intervals. The run set {3,8}

compares the difference between the fixed time interval strategy and the variable time interval

strategy.
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Table 6.9: Values of the DIN f factor over different loads and speeds. The conveyor is loaded by coal with density 740 kg/m>. The load is
represented by the conveyor utilization U, varying from 0 to 100%. The conveyor speed V is in the range from 2 m/s to 5 m/s with a discrete
interval 0.25 m/s. The conveyor is pre-tensioned with 30 kN .

v v 0 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

2 0.0122 | 0.0118 | 0.0116 | 0.0117 | 0.0119 | 0.0124 | 0.0129 | 0.0137 | 0.0146 | 0.0155 | 0.0166
2.25 0.0125 | 0.0120 | 0.0119 | 0.0120 | 0.0122 | 0.0127 | 0.0133 | 0.0140 | 0.0149 | 0.0159 | 0.0170
2.5 0.0127 | 0.0122 | 0.0121 | 0.0122 | 0.0125 | 0.0130 | 0.0136 | 0.0143 | 0.0152 | 0.0162 | 0.0173
2.75 0.0129 | 0.0124 | 0.0123 | 0.0125 | 0.0128 | 0.0132 | 0.0139 | 0.0146 | 0.0155 | 0.0165 | 0.0175
3 0.0130 | 0.0126 | 0.0125 | 0.0126 | 0.0130 | 0.0134 | 0.0141 | 0.0148 | 0.0157 | 0.0167 | 0.0178
3.25 0.0131 | 0.0127 | 0.0127 | 0.0128 | 0.0131 | 0.0136 | 0.0143 | 0.0150 | 0.0159 | 0.0169 | 0.0180
3.5 0.0132 | 0.0128 | 0.0128 | 0.0129 | 0.0133 | 0.0138 | 0.0144 | 0.0152 | 0.0161 | 0.0171 | 0.0182
3.75 0.0133 | 0.0129 | 0.0129 | 0.0130 | 0.0134 | 0.0139 | 0.0146 | 0.0153 | 0.0162 | 0.0172 | 0.0183
4 0.0134 | 0.0130 | 0.0130 | 0.0131 | 0.0135 | 0.0140 | 0.0147 | 0.0155 | 0.0164 | 0.0174 | 0.0184
4.25 0.0135 | 0.0131 | 0.0130 | 0.0132 | 0.0136 | 0.0141 | 0.0148 | 0.0155 | 0.0165 | 0.0175 | 0.0185
4.5 0.0135 | 0.0131 | 0.0131 | 0.0133 | 0.0136 | 0.0142 | 0.0148 | 0.0156 | 0.0165 | 0.0175 | 0.0186
4.75 0.0136 | 0.0132 | 0.0131 | 0.0133 | 0.0137 | 0.0142 | 0.0149 | 0.0157 | 0.0166 | 0.0176 | 0.0187
5 0.0136 | 0.0132 | 0.0132 | 0.0134 | 0.0137 | 0.0143 | 0.0149 | 0.0157 | 0.0166 | 0.0176 | 0.0187

Table 6.10: Experiment plan of the active speed control.

7 Simulation run 7 1 7 2 7 3 7 4 7
Control strategy | Nominal speed Fixed time interval
Time interval - 30 seconds
Speed set (m/s) (5} {2,2.25.25,..,454.75,5}) | {2,253...45,5} | (2,3,4,5}
| Simulation run | 5 7 6 7 7 7 8 |
Control strategy Fixed time interval Variable time interval
Time interval 30s 20 seconds 7 10 seconds Variable
Speed set (m/s) {2,3.5,5} {2,2.5,3...,4.5,5}
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6.3.3 Results and Discussion

Table [6.11] shows the experimental results of simulation runs. Due to the fact that the upstream
conveyor consistently is running at nominal speed in these eight simulation runs, the simula-
tion results of the upstream conveyor are excluded. As the data in Table [6.11] shows, all the
simulation runs achieve power savings if the concerned belt conveyor is actively controlled.

Table 6.11: Experimental results of the downstream conveyor under active speed control over 8
hours.

Simulation run 1 [ 2 ]3] 45 [e6 | 7] 8]
Total conveying in eight hours (fons) 6,900

Average loading rate Q(MTPH) 866

Average speed v(m/s) 5 3.02 | 3.09 | 323 | 3.39 | 3.04 | 299 | 2.95

Average conveyor utilization U(%) 434 | 67.0 | 655 | 622 | 59.2 | 66.5 | 67.8 | 68.8
Average power consumption P(kW) | 97.4 | 70.0 | 70.8 | 72.5 | 75.3 | 70.2 | 69.6 | 68.9

Power saving AP (kW) - 274 | 26.6 | 25.0 | 22.1 | 27.2 | 27.8 | 28.5
(%) - 28 27 26 23 28 29 29

Electricity consumption W (kW h) 779 | 560 | 566 | 580 | 602 | 562 | 557 | 551

Consumption savingAW (kW h) - 219 | 213 | 200 | 177 | 218 | 223 | 228

Figure shows the influence of speed sets under the fixed time interval strategy. In Run
2, the minimum speed increment is 0.25 m/s and the speed set has 13 elements. However, in
Runs 3 to 5, the minimum increment is defined as 0.5 m/s, 1 m/s and 1.5 m/s, respectively.
Accordingly, the number of elements is reduced to 7, 4 and 3, respectively. Generally, the
smaller the minimum increment is, the more sensitive the speed controller is and the more
power you can save. This is proved by the comparison in Figure The diagram of Figure
[0.84lillustrates the average conveyor utilization in each hour and Figure [6.8b|shows the average
power consumption. As the data shows, Run 2 consistently results in the highest utilization
rate. By way of contrast, the result of Run 5 shows the lowest average utilization rate. This is
also proved by the data in Table Over the eight hours’ operation, the utilization in Run 2
reaches up to 67% as compared to 29% in Run 5. Correspondingly, Run 2 uses the least number
of electricity and Run 5 consumes the most, see Table [6.11]and Figure [6.8b]

The simulation run sets {3,6,7} studies different time intervals of the fixed time interval
strategy. In Run 3, the time interval is set to 30 seconds, while the value in Runs 6 and 7 is 20
and 10 seconds, respectively. The experimental results are illustrated in Figure [6.9] The data
of Figure [6.9a) shows that the high utilization rate can be achieved when a small time interval
is used. As a consequence, Runs 6 and 7 consume less power compared to Run 3, see Figure
In addition, the comparison between Figures [6.8] and suggests that the definition of
the speed set has a larger impact on the energy savings than the selection of the time interval.

Figure [6.10] compares the fixed and variable time interval strategies. Run 3 uses the fixed
time interval strategy and Run 8 employs the variable time interval strategy. The definitions of
the speed set in Runs 3 and 8 are the same, {2,2.5,3,..,4,4.5,5} in m/s. The diagram of Figure
[0.10a) compares the conveyor utilization over time. As the diagram indicates, the utilization
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rate in Run 8 is higher than that in Run 3. In addition, due to the high conveyor utilization, the
operation in Run 8 consumes less power than that in Run 3, see Figure [6.10b] Due to the fact
that the variable time interval strategy can be viewed as the fixed time interval strategy with a
time interval equaling the sampling period of the material flow sensor, it is safe to conclude that
the variable time interval strategy can improve the conveyor utilization and can enable more
power reduction of belt conveyors, if the variable interval strategy uses the same speed set of
the fixed time interval strategy.
Figures [6.11]to[6.18] detail the experimental results of simulation runs.

80 "
i *
o * ¥
o r * *
N
S £ & ¥
(] *
T
i |k * * Run?2
§ ¥ ¥ Run 3
g " Run 4
= "
S5t 5 Run 5
¥
*
40 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8
Time [ h]
(a)
90
*
¥
80 F *
= ¥
=
X
=70t * X * Run2
2 * Run3
3 ¥ ¥ Run 4
o *
*¥ Runb
60 *
*
*
50 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8
Time[h]

(b)

Figure 6.8: Influence of the speed sets to the final values of the main performance indicators.
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Figure 6.9: Influence of the time intervals to the final values of the main performance indicators.
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Figure 6.11: Experimental results of Run 1 where the conveyor is running at nominal speed.
Averagely, the conveyor utilization is 43.4% and the power consumption is 97 kW. After eight
hours’ operation, the total energy consumption is around 780 kW h.
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Figure 6.12: Experimental results of Run 2 where the conveyor speed is actively controlled
with the fixed time interval strategy. The time interval is 30 seconds. The speed set is
{2,2.25,2.5,..,4.5,4.75,5} in m/s. Averagely, the conveyor speed is 3.02 m/s and the conveyor
utilization is 67.0%. The power consumption is 70 kW in an average. After eight hours’ opera-
tion, the total energy consumption is 560 kW h.
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Figure 6.13: Experimental results of Run 3 where the conveyor speed is actively controlled
with the fixed time interval strategy. The time interval is 30 seconds. The speed set is
{2,2.5,3,..,4,4.5,5} in m/s. Averagely, the conveyor speed is 3.09 m/s and the conveyor utiliza-
tion is 65.5%. The power consumption is 71 kW in an average. After eight hours’ operation,
the total energy consumption is 566 kW h.
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Figure 6.14: Experimental results of Run 4 where the conveyor speed is actively controlled with
the fixed time interval strategy. The time interval is 30 seconds. The speed set is {2,3,4,5} in
m/s. Averagely, the conveyor speed is 3.23 m/s and the conveyor utilization is 62.2%. The
power consumption is 72.5 kW in an average. After eight hours’ operation, the total energy
consumption is 580 kWh.
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Figure 6.15: Experimental results of Run 5 where the conveyor speed is actively controlled with
the fixed time interval strategy. The time interval is 30 seconds. The speed set is {2,3.5,5} in
m/s. Averagely, the conveyor speed is 3.39 m/s and the conveyor utilization is 59.2%. The
power consumption is 75.3 kW in an average. After eight hours’ operation, the total energy
consumption is 602 kWh.
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Figure 6.16: Experimental results of Run 6 where the conveyor speed is actively controlled
with the fixed time interval strategy. The time interval is 20 seconds. The speed set is
{2,2.5,3,..,4,4.5,5} in m/s. Averagely, the conveyor speed is 3.04 m/s and the conveyor utiliza-
tion is 66.5%. The power consumption is 70.2 kW in an average. After eight hours’ operation,
the total energy consumption is 562 kW h.
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Figure 6.17: Experimental results of Run 7 where the conveyor speed is actively controlled
with the fixed time interval strategy. The time interval is 10 seconds. The speed set is
{2,2.5,3,..,4,4.5,5} in m/s. Averagely, the conveyor speed is 2.99 m/s and the conveyor utiliza-
tion is 67.8%. The power consumption is 69.6 kW in an average. After eight hours’ operation,
the total energy consumption is 557 kWh.
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Figure 6.18: Experimental results of Run 8 where the conveyor speed is actively controlled with
the variable time interval strategy. The speed set is {2,2.5,3,..,4,4.5,5} in m/s. Averagely, the
conveyor speed is 2.95 m/s and the conveyor utilization is 68.8%. The power consumption is
68.9 kW in an average. After eight hours’ operation, the total energy consumption is 551 kWh.
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6.4 Conclusion

This chapter analyzed and compared the conveyor performance under difference control man-
ners. Based on the experimental results, a general conclusion can be given that the power
consumption can be reduced if the conveyor speed is running at a lower speed. According to
the experimental results, the f factor value has a considerable variation between different loads
and speeds. In the case of non-nominal loading rate, if the conveyor speed is reduced then the
conveyor utilization is increased as a consequence, and the DIN f factor value has an increase
as compared to the operation running at nominal speed. Nevertheless, the experimental results
show a positive power reduction if the conveyor is running at non-nominal speeds. In addition,
it can be concluded from the experimental results that for the defined belt conveyor, the opti-
mum conveyor speed generally is that enables 100% conveyor utilization rate. Moreover, the
experimental results suggests that if the DIN f factor value is treated as a constant, the final
power saving rate may be over-estimated as compared to the variable DIN f value.

In terms of the active speed control with the fixed time interval strategy, the simulation
results show that the conveyor utilization improvement and the power reduction vary with dif-
ferent speed sets. In addition, the results indicate that the definition of the time interval also
has an impact to the final result of power savings. Moreover, the experimental results further
suggests that the variable time interval strategy generally is more efficient than the fixed time
interval strategy.



140 Energy Saving for Belt Conveyors by Speed Control




Chapter 7

Conclusions and recommendations

The goal of the thesis is to investigate the application of speed control to belt conveyors for
reducing energy consumption. The main body of the thesis is composed of five chapters, each of
them answering one of the key research questions presented in Chapter 1. To reflect the research
in previous chapters, this chapter firstly provides conclusions in Section Recommendations
for further researches are discussed in Section[7.2]

7.1 Conclusions

In the thesis, the following main research question was addressed: How well can belt conveyors
perform under speed control, taking both the dynamic belt performance and the energy savings
into account? To answer this question, five sub research questions were formulated in Chapter
1. The answers to these questions are as follows:

* What is the research status of the belt conveyor speed control?

Chapter 2 reviewed the academic researches and the industrial applications of speed con-
trol. Through the literature review, it can be concluded that speed control is a promising
approach for reducing power consumption of belt conveyors. The research on speed con-
trol has been carried out for decades. However, these researches fail to cover some issues
like the dynamic performance and the potential risks on belt conveyors in transient op-
erations. The literature review further shows that, rare implementations of speed control
can be found in practice to reduce energy consumption. Moreover, the literature sur-
vey suggests that, the current research on investigating the application of belt conveyor
speed control faces two major challenges: providing a method to determine the requested
minimum speed adjustment time to ensure healthy dynamics of a belt conveyor during
transient operations, and seeking an accurate energy model to assess the effectiveness of
the belt conveyor speed control.
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* How to determine the permitted maximum acceleration and the demanded mini-

mum acceleration time in transient operations, taking both potential risks and dy-
namic performances of belt conveyors during speed control into account?

Unhealthy conveyor dynamics can result in risks like belt over-tension and belt slippage
around the drive pulley during transient operations. To improve the applicability of speed
control, Chapter 3 proposed the Estimation-Calculation-Optimization (ECO) method to
calculate the minimum speed adjustment time. The ECO method is derived from the
method provided by Lodewijks| (1997). It takes both the potential risks and the conveyor
dynamics in transient operations into account. From the experimental results, it can be
observed that the finite element method has been successfully used to examine the con-
veyor dynamic performance in transient operations. The experimental data also indicates
that the transient operations with the initialized acceleration time may result in risks like
belt slippage. In addition, it also shows that these risks can successfully be prevented if
the optimized speed adjustment time is used. Above all, the conclusion can be drawn that
the ECO method has successfully determined the required minimum speed adjustment
time.

How to accurately estimate the energy consumption of belt conveyors?

Chapter 4 introduced the energy model based on the standard DIN 22101 (German Insti-
tute for Standardization, 2015)), and proposed the analytical method to calculate the DIN
f factor value. The calculation result shows that, when the concerned belt conveyor is
running at nominal speed with fully loaded, the DIN f factor equals 0.0187. The value is
in the range from 0.01 to 0.02, which is suggested by DIN 22101. From the experimental
data, it can be further observed that the variations of loads and of speeds have a consid-
erable impact on the f factor value. In addition, it can also be found that the f factor
value has a slight change over different material flow distribution profiles. Moreover, the
calculation results show that when the loading rate is at a certain level, a lower speed of a
belt conveyor results in a larger DIN f coefficient due to the increase of load. Overall, it
is highly suggested to use the variable f factor values to improve the estimation accuracy.

How should the belt conveyor speed control system be modeled to assess the conveyor
performance under speed control?

Chapter 5 modeled the belt conveyor speed control system which was built up by two
sub-systems: the operational system and the control system. The comparison between
the simulation result and the calculation result shows that the operational system was
successfully modeled by the discrete tool. In addition, the experimental result shows that
the conflicts between neighboring transient operations were also successfully prevented
by the improved control algorithm.

To evaluate the conveyor performance under speed control, Chapter 5 also defined several
key performance indicators (KPIs). The belt utilization rate and the power consumption
were grouped into the primary indicators. Derived from the power consumption, some
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other indicators were defined as secondary evaluation indicators, such as the total energy
consumption, the relevant carbon dioxide (CO2) emissions and the social cost of carbon.

* To what extent can the energy consumption be reduced by using speed control in
different manners?

Chapter 6 carries out the assessment of the speed control performance. Two belt conveyor
systems are studied. One system uses the passive speed control. From the steady-state
calculation and the dynamic simulation, it clearly shows that the passive speed control
allows a certain number of power savings. In addition, the static calculation results show
for the concerned belt conveyor, the savings are in the rang from 5% to 27% in terms
of different bulk materials. In the dynamic simulation, the average conveyor utilization
rate is improved to 79.3% from 47.8%. In addition, the power consumption is reduced by
29.4% on average.

Another belt conveyor system uses the active speed control. The experimental results
show that due to the active speed control, the average conveyor utilization is significantly
improved, and that a considerable power reduction is achieved. Due to different control
strategies, the average power reduction varies from 23% to 29%. In terms of the fixed
time interval strategy, the experimental results further show that both the speed set and
the time interval have an impact to the final power savings. In addition, the experimental
results indicates that the variable time interval strategy enables more power reduction,
compared to the fixed time interval strategy.

7.2 Recommendations

Recommendations for further investigations in the sub topics are formulated as follows:

* Belt conveyor energy model

In the analytical calculation of the DIN f factor value, it is assumed that the conveyor is
running at a steady state. The influence of the conveyor dynamics on the f factor value is
still unknown. Therefore, it is recommended for the future research to analyze the impact
of transient operations to the f factor, taking the conveyor dynamics into account, espe-
cially in the cases where the conveyor speed is frequently and/or continuously adjusted.

Another recommendation is to investigate the influence of the operating condition to the
f factor value. In the current analytical calculation, it is assumed that the conveyor is
operating in favorable conditions. However, the performance of rollers is affected for
instance by lack of lubrication after a long term operation. That will highly increase the
frictional resistances of a belt conveyor. Therefore, it is recommended to calibrate the
current energy model by using an index determined by the service time of the conveyor.

* Negative impact of belt conveyor speed control

Due to speed control, the conveyor utilization rate can be improved. On the one hand, the
increased belt load can have a negative impact on the belt life due to the large frictional
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resistances. However, on the other hand, the lower belt speed causes the belt to travel
over a smaller distance, which can result in a positive effect on the belt life. Therefore,
numerical analyses or experimental measurements are needed to evaluate the exact im-
pact of speed control to the belt life. Similar researches are also recommended on other
conveyor components, such as the idler bearings.

Economic feasibility of speed control

As suggested in Chapter 2, the application of speed control on a belt conveyor at least
requires a speed controller, a variable speed drive and a material flow sensor. For an
existing belt conveyor system which does not have these devices, it may require a large
capital investment to realize speed control. If a belt conveyor is equipped with multiple
drive units, more investment is needed. Therefore, it is recommended to evaluate the
economic feasibility of speed control by comparing the extra capital investment for speed
control and the cost savings in certain years by means of speed control. In addition, the
extra costs caused by like maintenance also should be taken into account.
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Nomenclature

Non capitals

a Front part of contact length between belt and idler
a The value of acceleration

Aacmax Maximum acceleration

Ade.max Maximum deceleration

b Rear part of contact length between belt and idler
b, Contact length of bulk material

bi Fuzzy boundary

bs., Internal diameter between chute walls

1 Propagation speed of longitudinal stress waves
csehbCrank Coefficient for calculating the resistance Fgcpp

dis Contact diameter of lip seal

Factor for calculaitng the lubricant frictional monent, depending on the bearying type

di Contact diameter of lip seal
dp Thickness of belt
dpe  Average bearing diameter
ds Thickness of solid material layer
f Function
f Artificial frition coefficient
fo
and lubricantion
fi Load dependent friction factor
Ir Fuzzy membership function
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I Indentation resistance factor derived from Hunter -
/., Indentation resistance factor derived from May -
fs Correction factor of indentation resistance defined by Gabriel -
f(t) Function with respect to the risk of belt slippage -
g Acceleration due to gravity m/s?
g(t)  Function with respect to the risk of pushing a motor into the regenerative operation = —
h Thickness of belt cover m
hre;  Belt sag ratio -
h(t)  Function respect to the risk of material spiilage caused by the excessive lower belt speed
Irf Reduction factor of a gearbox -
isy  Motor service factor -
k Deborah number and k = % = ;%72 —
kn Belt tension rating kN
[ Distance between neighbouring idler stations m
[ Width of the covered belt section on the wing roll m
Iy Belt conveyor acceleration length m
b Length of shell of the central idler in a three piece carrying idler arrangement m
m Total mass of a belt conveyor, including the total mass of the rollers, of the belt and of

the bulk material kg
m, . Mass of belt per length unit kg/m
Mplock.n The material mass of the n'" block kg
Mpjockndis The discharged material mass from the n'’ h block kg
m, .. Mass of bulk solid per length unit kg/m
m’ ., Mass of idler rolls per length unit kg/m
n Roller rotation speed 57!
Xn Traveling distance of the n'" block m
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PGr

ro

n
r

T

la
tac,min
tdelay
tde,min
i

¥

Vo
Vi
V2
Vact

Vb

Cycle time of the fluctuating material flow s
pressure between belt cleaner and belt N/m?

Homogeneous load distribution with respect to the total of the belt and the bulk material
N/m

A basic reduction which takes the dynamic fatigue strength of the belt splice into account

The reduction factor taking the belt elongation into account -
A reduction taking the peak belt loading in transient operations into account -
Peak of the material loading rate in percentage -
Function root with respect to the risk of belt slippage -

Function root with respect to the risk of pushing a motor into the regenerative operation

Function root with respect to the risk of material spiilage caused by the excessive lower

belt speed s
Acceleration time s
Minimum acceleration time s
Traveling time from the sensor location to the head of a belt conveyor s
Minimum deceleration time s
Traveling time from the tail to the head of a belt conveyor s

Vector of nodal acceleration —
Vector of nodal velocity -

Vector of nodal displacement -

The speed of a belt conveor mjs
horizontal speed of solid material N
Speed of the upstream conveyor m/s
Speed of the downstream conveyor m/s
Actual belt conveyor speed mjs

Desired speed of an acceleration operation mjs
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viom Nominal speed of a belt conveyor m/s
Vi Theoretical speed of the downstream conveyor mjs
X Distance to belt edge m
Xy Distance from the support to the radius of curvature m
Capitals
Al Cross section of a material block at the upstream belt conveyor m?
Ay Cross section of a material block at the downstream belt conveyor m?
Aqcr  Actual cross section of material on the belt m?
Ag,  Effective contact area between belt cleaner and belt m?
A,om Nominal cross section of material on the belt m?
B Belt width m
Bai.a5 Uncovered width of a belt section on a wing roll m
Bas a4 Covered width of a belt section on a wing roll m
B43  Covered width of a belt section on a center roll m
B, Distance to belt edge (n=1,2,...,5) m
C Matrix of damping factors -
C Coefficient for the all-inclusive consideration of the secondary resistances -
Dp  Pulley diameter m
DW,.r Speed error mjs
E;  Young’s modulus N /m?
E; Young’s modulus N /m?
E; Flexure rigidityo of beltl Nm?
F Vector of force -
F Kinetic resistances, equal to the total motional resistances in the steady state operation
N
F Decisive load for frictional torque N
F, Axial force on bearing N
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F,.  Extradriving forces caused by the acceleration opertion kN

Faur Inertia resistance and frictional resistance between the material conveyed and the belt in

the zone of a feeder point N
F;  Driving forces kN
F4max Maximum driving forces kN
Fimax.hear Maximum driving forces with respect to the risk of motor over-heating kN
Famax,siip Maximum driving forces with respect to the belt slippage risk kN
Fimaxtension Maximum driving forces with respect to the belt over-tension risk kN

Fy Frictional resistances

Fyp  Flexure resistance of belt

F¢pq Maximm available friction between the belt and the drive pulley kN
F J’fb Flexeral resistances of the k" element N

Ff max Maximum value of the available frictional forces between a belt and a drive pulley kN

Fys  Flexure resistance of solid material N
Fys1  Flexure resistance of bulk material due to longitudinal deformation N
Fys;  Flexure resistance of bulk material due to transverse deformation N
Fga  Scraper resistances N
Fg,  Wrap resistance between belt and pulleys N
Fg,  Frictional resistance caused by belt cleaner N
Fy Main resistances kN
F; Belt indentation resistance N
Fl.k Indentation resistances of the k'* element

! Beltindentation resistance per width unit according to May N/m
Fy Frictional resistances of the k' element N
Fy Normal force kN
Fy  Secondary resistances kN

Fy. Normal force on the center roll N
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Fschp

Fs;

Fr

FTr

Fvs

x ;o

$

~ x xR

=

Normal force on the wing roll
Radial force on bearing
Rotating resistance of idler rolls

Rotating resistances of the k" element

2z =z =z =z

Tilting resistances of idlers
Special resistance kN

Frictional resistance between the material conveyed and the lateral chutes within the
acceleration zone of a feeder point N

Gradient resistance N

Vectorial sum of the two belt tensions acting on the pulley and of the forces due to the
mass of the resolving parts of the pulley N

pulley bearing resistance N

Vertical force between neighboring roll stations due to the weight of belt and the bulk

solid N
Vertical force per width unit N/m
Vertical force due to the weight of solid material N
The forces in the x direction kN
The forces in the y direction kN
The change in elevation between head and tail pulleys m
Mass flow kg/s

Matrix of sping factors -
Coefficient in active stress state -
Coefficient in passive stress state -
Conveyor length m
Mass matrix —
Moment Nm
Bearing friction moment due to the viscous drag of the lubricant Nm

Bearing friction moment due to the rolling elements of the bearing Nm
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Bending moments occurring within the belt at the point directly above the idler roll Nm

Bending moments occurring within the belt at the point of maximum sag

Roller friction moment due to the contact lip seal

Mass of a gravity take-up device

N(DW,.r) Ramp rate of the belt speed

Py

Equivalent static bearing load
Decisive load for frictional torque
Electric power

Input electric power of a drive motor
Input power of a frequency converter

Mechanical power

Precy Output mechanical power of a drive motor

Ppechin Input power of a gearbox

Prech.our Output power of a gearbox

P()Mt

Qact
Qin
Onom
Qout

R

R,

Output power of a frequency converter

Actual loading rate

Input of a belt conveyor, equalling the material loading rate
Nominal conveying capacity

Output of a belt conveyor, equalling the material discharging rate
Rollerl redius

Radium of a curvate over the idler

Radium of a curvate at the point of maximum sag

Radium of a drive pulley

Proportion of motors’ monimal torque

Proportion of motors’ monimal speed

Samin Minimum safety factor in the steady operating condition

SB.min  Minimum safety factor in the non-steady operating condition

Nm

kW

kW

kW

kW

kW

kW

kW

kW

MTPH

MTPH

MTPH

MTPH
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Fs., Extra chute frictional resistances

Fs; Gradient resistance

T Belt tension

T, Belt tension before the drive pulley

T\, Belt tension before the drive pulley in an acceleration operation
T max Maximum belt tension before the drive pulley without slippage
T, Belt tension after the drive pulley

T, Drive torque

Tnax.,a Maximum safe working tension in the steady operating condition
Tnax,p Maximum safe working tension in the non-steady operating condition
T,in  Minimum belt tension through the whole belt conveyor
Tnotor.max Maximum drive torque exerted on the motor shaft
Tmotor.nom Nominal drive torque exerted on the motor shaft

Tspafrk Driving toruge of the k'™ driving pulley

U Belt utilization rate

W Total power consumption

Xo Radial factor depending on the bearing design

Greek non capitals

a Wrap angle of a belt around the drive pulley

B Repose angle of solid material

0 Angle of inclination of the installation

n Damping efficient

Nfreq Efficiency of a frequency converter

Ngear Efficiency of a gearbox

Nmotor Efficiency of a drive motor

Nsys ~ Drive system efficiency

A Trough angle

kN

kN

kN

kN

kN

kN

kN

kN
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u Friction coefficient between a belt and a drive pulley -
U Friction coefficient between materiel conveyed and lateral chutes -

Uy Friction coefficient between belt and belt cleaner -

v Viscosity of lubrication oil m?s
w Factor defined by w = \T/E; m
Wshafrk Angular speed of the k' driving pulley rad/s
o Internal friction angle of bulk solid material ©
¢  Wall friction angle between belt and bulk materiall ©
ps  Density of bulk solid material kg/m?
Ob Desity of conveyor belt kg/m?
o Stress N/m?
T Relaxation time s
©i Angle of the internal friction of the bulk material °

or Torque ratio of a drive motor, equal to the actual torque divided by nominal torque  —
©y Speed ratio of a belt conveyor, equal to the actual speed divided by nominal speed  —
Greek capitals

¥,  Belt damping factor of energy loss due to bending -
Y Belt damping factor of energy loss due to indentation -
Acronyms

ECO Estimation-Calculation-Optimization

FEM Finite-Element-Model

KPIs Key performance indicators

SCC Social Cost of Carbon

Other Symbols
Cost,. Electricity cost €
Cost;,; Total cost €

EFco, Emission factor of carbon with respect to the electricity generation 8/kWh
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Emissioncoy Carbon dioxide (CO2) emission kg
Saving,,; Total saving by means of speed control €
2. losstreq Power loss of a frequency converter kW
> loss00r Power loss of a drive motor kW

2. 105Sgeqr Power loss of a gearbox kW



Summary

Belt conveyors are widely used in bulk solids handling and conveying systems. Considering the
extensive use of belt conveyors, their operations involve a large amount of energy. Taking the
relevant economic and social challenges into account, there is a strong demand for lowering the
energy consumption of belt conveyors, and for reducing the carbon footprint. Speed control is
one of the promising approaches for reducing the power consumption of belt conveyors.

This thesis focuses on the application of speed control to belt conveyors for reducing their
energy consumption. Research on belt conveyor speed control has already been carried out
for more than twenty years. However, rare implementations of speed control to reduce energy
consumption can be found in practice. One major reason is that the current research does
not cover issues like the potential risks (such as the risk of belt over-tension, the risk of belt
slippage around the drive pulley and the risk of motor over-heating) and the dynamic analyses
of belt conveyors in transient operations. Therefore, speed control of belt conveyors is not often
successfully applied in practice.

With the aid of a dynamic belt model, the belt conveyor’s dynamic behavior is investigated
during the transient operations. In addition, a three-step method is proposed to determine the
minimum speed adjustment time. The method can be briefly summarized as the Estimation-
Calculation-Optimization (ECO) method. The ECO method takes both the potential risks and
the conveyor dynamics into account. With this method, the minimum speed adjustment time
for different speed ranges can be calculated. The transient operation with an acceleration time
no less than the minimum results in healthy dynamics, and the potential risks can be avoided.
Accordingly, the ECO method improves the applicability of speed control.

To assess the applicability of belt conveyor speed control, a belt conveyor energy model
is required to calculate the power consumption and to estimate the power savings via speed
control. This thesis uses an energy model based on the standard DIN 22101. The DIN-based
model uses the artificial frictional coefficient f to calculate the main resistances. The value of
the f factor can be calculated either by physical experiments or by analytical calculations. The
physical experiments are expensive and they may have a negative impact on the operational
plan of belt conveyor systems. Therefore, this thesis uses an analytical method to calculate the
DIN f factor. The analytical method uses the calibrated sub-resistances models from literature
to calculate the main resistances. Derived from the main resistances, the f factor value can
be achieved. With the analytical approach, the f factor of a long horizontal belt conveyor is
calculated. From the calculation results, it can be observed that the f factor varies with different
loads and speeds. Therefore, it is suggested to use a variable f factor value to calculate power
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consumption and to estimate the final power reduction via speed control.

Using the ECO method and the DIN-based energy model, the simulation models of belt
conveyor speed control systems are developed to assess the performance of speed control. The
simulation model is built up by the operational system and the control system. In the modeling
of the operational system, a discrete tool is used to represent the continuous material flow. The
modeling of the control system accounts for different speed control manners. According to dif-
ferent loading scenarios, two types of controllers are built: passive and active speed controllers.
In terms of the passive speed control, the “high-medium-low” strategy is highly suggested. In
terms of the active speed control, both the fixed time interval strategy and the variable time
interval strategy are discussed. Importantly, the conflicts between adjacent transient operations
should be accounted for in the active speed control.

An experimental study is conducted to evaluate the speed control performance. Two belt
conveyors are studied. One conveyor uses the passive speed control. Both the static calculation
and the dynamic simulations are performed. All experimental results show that the passive
speed control achieves power reductions for the concerned belt conveyor. The data of the static
calculation further shows that the variable f factor has a considerable impact on the final results
of the power savings. Another belt conveyor uses the active speed control. The experimental
result shows that the control strategy has a large impact on the power reduction. According to
the data, it can be observed that the operation with the variable time interval strategy gains more
energy savings than that with the fixed time interval strategy. In addition, it also can be found
that in terms of the fixed time interval, the value of power savings varies with different speed
sets and with different time interval lengths.

Overall, speed control is a promising method of reducing power consumption of belt con-
Veyors.



Samenvatting

Bandtransporteurs worden veel gebruikt in systemen voor de handling en het transport van bulk-
goed. Door de uitgebreide toepassing van bandtransporteurs is het elektriciteitsgebruik ervan
hoog. Door relevante economische en sociale vragen is er een dringende behoefte om het ener-
gic gebruik ervan te verminderen en de CO2-footprint te verkleinen. Een van de mogelijkheden
om het energiegebruik van bandtransporteurs te verminderen is snelheidsregeling.

In dit proefschrift ligt het accent op snelheidsregeling van bandtransporteurs voor de verlag-
ing van het energic gebruik. Al meer dan 20 jaar wordt onderzoek gedaan aan snelheidsregeling
van bandtransporteurs, maar er zijn in de praktijk nagenoeg geen toepassingen van ervan voor
de vermindering van energiegebruik. Een belangrijke reden daarvoor is dat in het huidige on-
derzoek geen aandacht wordt besteed aan onderwerpen als de mogelijke risico’s (breken of
slippen van de band, overbelasting of oververhitting van een motor) en aan de analyse van het
dynamisch gedrag van bandtransporteurs in niet-stationaire toestand.

Met behulp van een dynamisch model van de band is het dynamisch gedrag van de band
in de niet-stationaire toestand onderzocht. Daarnaast is een driestappenmethode opgesteld
voor het bepalen van de kortste tijd voor het aanpassen van de snelheid. Deze methode kan
worden samengevat als Schatten-Berekenen-Optimaliseren (English: Estimation-Calculation-
Optimization, ECO). In de ECO-methode wordt rekening gehouden met potentiéle risico’s en
met de dynamica van het systeem. Met deze methode kan de minimale omschakeltijd voor
verschillende snelheidsintervallen worden berekend. Bij een snelheidsverandering met een ver-
snellingstijd niet korter dan de minimale omschakeltijd kunnen risico’s worden vermeden. Hi-
erdoor verbetert de ECO-methode de bruikbaarheid van snelheidsregeling.

Om de effecten van snelheidsregeling op het energiegebruik van bandtransporteur te kun-
nen bestuderen is een model van het energiegebruik nodig. In dit proefschrift wordt een en-
ergiemodel gebruikt dat is gebaseerd op de norm DIN 22101. In dit model wordt een fictieve
wrijvingscoéfficiént f gebruikt voor de berekening van de belangrijkste weerstandskrachten.
Omdat fysieke experimenten duur zijn en een nadelige invloed kunnen hebben op de beschik-
baarheid van een transportsysteem voor het operationele gebruik, wordt in dit proefschrift een
analytische methode gebruikt voor het berekenen van de coéfficiént f. In deze methode wordt
erkende deelmodellen uit de literatuur gebruikt om de grootste weerstanden te berekenen. Uit
deze weerstandskrachten kan de factor f worden bepaald. Met de analytische benadering is de
factor f van een lange horizontale bandtransporteur berekend. Uit de berekende resultaten bli-
jkt dat de wrijvingscoéfficiént f verandert bij verandering van belasting en snelheid. Er wordt
daarom voorgesteld om een variabele factor f te gebruiken voor de berekening van het en-
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ergiegebruik en voor de schatting van de uiteindelijke energiebesparing door snelheidsregeling.

Om het gedrag van snelheidsregeling te kunnen bestuderen zijn simulatiemodellen van de
snelheidsregelingen van bandtransporteurs ontwikkeld, gebruikmakend van de ECO-methode
en het op DIN 22101 gebaseerde model van het energiegebruik. Het simulatiemodel bestaat uit
een model van het operationele systeem en een model van het regelsysteem. In het model van
het operationele systeem wordt de continue stroom materiaal discreet afgebeeld. In het model
van het regelsysteem is rekening gehouden met verschillende snelheidsregelingen. Er zijn twee
types snelheidsregelingen gemaakt voor verschillende beladingscenario’s: actieve en passieve
regelingen. Als passieve regeling wordt de strategie “hoog-gemiddeld-laag” voorgesteld. Als
actieve regelingen worden zowel de strategie met een vast interval als de strategie met variabele
intervallen besproken. Het is belangrijk om aandacht te besteden aan actieve snelheidsregeling
in verband met conflicten door elkaar opvolgende overgangsoperaties.

Er is experimenteel onderzoek gedaan om de effecten van snelheidsregeling te evalueren.
Daarvoor zijn twee bandtransporteurs bestudeerd. Eén transporteur gebruikt een passieve snel-
heidsregeling. Er is een statische berekening gedaan en dynamische simulaties. Uit alle exper-
imentele resultaten blijkt verlaging van het energiegebruik van de betreffende transporteur bij
toepassing van de passieve regeling. Verder blijkt uit de statische berekening dat de factor f
een behoorlijke invloed heeft op de vermindering van het energiegebruik. Voor de andere trans-
porteur wordt actieve snelheidsregeling gebruikt. De gebruikte regelstrategie blijkt een grote
invloed te hebben op de vermindering van het energiegebruik. Uit de resultaten blijkt dat met
een strategie met variabele intervallen een grotere energiebesparing kan worden bereikt dat met
een strategie met een vast interval. Bovendien is gevonden dat bij een regeling met een vast
interval de besparing afhankelijk is van de snelheid en van de gekozen lengte van het interval.

Samenvattend: snelheidsregeling is een veelbelovende methode voor verlaging van het en-
ergiegebruik van bandtransporteurs.
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