IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 28 February 2021, accepted 12 March 2021, date of publication 17 March 2021, date of current version 14 August 2023.

Digital Object Identifier 10.1109/ACCESS.2021.3066799

== RESEARCH ARTICLE

Solar Power Tower Drives:
A Comprehensive Survey

WALEED M. HAMANAH 1, (Student Member, IEEE), ABOUBAKR SALEM"’!, (Member, IEEE),
M. A. ABIDO 12, (Senior Member, IEEE), ABDULAZIZ M. QWBAIBAN3, (Member, IEEE),
AND THOMAS G. HABETLER "3, (Fellow, IEEE)

! Department of Electrical Engineering, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
2K. A. CARE Energy Research and Innovation Center (ERIC), King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
3School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

Corresponding author: M. A. Abido (mabido@kfupm.eud.sa)
This work was supported by the Deanship of Scientific Research (DSR) at King Fahd University of Petroleum and Minerals (KFUPM)

under Project GTEC1701. The work of M. A. Abido was supported by the King Abdullah City’s Funding Support for Atomic and
Renewable Energy (K.A.CARE), Energy Research and Innovation Center (ERIC) at KFUPM.

ABSTRACT Recently, renewable energy is considered a vital source for electricity generation that aims
to reduce the carbon dioxide emissions acquired from fossil fuels. Concentrated solar power (CSP) is a
growing technology that collects solar energy from the sunbeams. One of the efficient CSP topologies is the
solar power tower (SPT), which aims to collect the direct sunbeams on a central collector using thousands
of reflecting mirrors, called heliostats. Many literature reviews have presented the development of control
techniques to improve tracking accuracy and SPT performance. However, on the component level, little
work has been issued. This article introduces a comprehensive review of the different SPT drives. More than
100 papers have been classified and discussed to allocate the development and the research-gaps in SPT
drives. The drive mechanisms, considering both the power source and mechanical transmission systems,
have been classified and discussed. Additionally, a comprehensive review of the different electrical motors,
along with their power electronic converters, used for heliostat units are presented, discussed, and compared.
The advantages and the drawbacks of the different electrical drive systems are presented and discussed.
Besides, the azimuth-elevation tracking technique is selected, discussed, and investigated with a dual-axis
two linear actuators mechanism. Additionally, a case study for a small-sized heliostat prototype is presented,
discussed, and analyzed using the azimuth-elevation dual-axis tracking to investigate the SPT’s performance
in Dhahran, KSA, as a promising location in the Gulf region. According to this review, the research gaps and
future work have been highlighted to help interested researchers in this area finding potential challenges.

INDEX TERMS Renewable energy, concentrated solar power, heliostat control system, electric drives, power
electronic converters.

NOMENCLATURE PMDC  Permanent Magnetic DC
Abbreviations .
P . PMSM  Permanent Magnetic Synchronous Motor
CSP Concentrating Solar Power PI Proportional Inteeration
SPT Solar Power Tower P &
PDC Parabol%c Dish Collector Symbols
PTC Parabolic Trough Collector - .
LFR Linear Fresnel Reflector Y. reference azimuth angle
PV Photovoltaic o reference elevatlpn angle
AC Alternative Current Vmeas measurement a21mu'th angle
DC Direct Current Umeas measurement elevation angle
D Duty Cycle
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R, armature resistance

L, armature winding leakage inductance
Ry field resistance

Ly field winding leakage inductance

Jn  rotor moment of inertia

B,, frictional coefficient

I. INTRODUCTION

Nowadays, obtaining a clean environment and reducing CO»
emissions from fossil fuels has become a significant concern
of many researchers. Therefore, most studies focus on renew-
able energy resources as potential alternatives where the
sun is one of the most important renewable energy sources.
Solar energy is considered the first option for expanding,
upgrading, and modernizing power systems worldwide [1].
Governments all over the world are joining that consensus and
preparing their plans in this regard. The usage of renewables
is the best option for improving access to affordable, depend-
able, and more reliable sources of advanced energy services.
Around 170 countries have set renewable energy goals, and
nearly 150 countries have established policies to capitalize on
businesses in renewable energy technologies [2].

One of the promising renewable energy technologies is
thermal-based solar power, called the Concentrated Solar
Power (CSP) system. The idea of a CSP system’s operation
is based on gathering sunbeams on a collector that transfers
the collected thermal energy using a specific fluid that can be
considered a heat source, which can be referred to as a thermal
energy generator. This generator can be applied directly to
feed thermal systems, like chillers, or indirectly for other
applications, such as electrical power generation and water
desalination.

One of the preferred CSP technologies is the Solar
Power-Tower (SPT) technology that is considered the most
efficient among the different CSP technologies. The benefit
of SPT topology is flourishing if the commercial develop-
ment cost is reduced [3]. Consequently, the levelized energy
cost for long-term deployment is lower than other topolo-
gies [4], [5]. The SPT concept uses a reflector, referred to
as heliostats, which reflects sunbeams on a definite point on
a collector, referred to as “target” placed on the top of the
fixed tower. Generally speaking, a heliostat is a flat mirror
supported on a movable mechanical structure that tracks the
sunbeams using a dual-axis tracking system.

Recently, the work in heliostat tracking and SPT focuses
on the tracking systems’ control and accuracy and the system
calibration. Generally, SPT heliostat fields face the obstacles
of high cost and low energy efficiency due to the large
number of sensors utilized. A cluster control technique is
made to reduce the number of used sensors, reducing the
field cost, and achieving reasonable accuracy [6]. Another
enhancement is made to increase the SPT overall efficiency
by creating multi-reflection stages. This technique provides
higher efficiencies. However, the tower receiver’s height still
needs more investigation [7], [8]. Extensive reviews have
been introduced in [9], [10] discussing the current larger-scale
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SPT systems, concentrating on the tracking error sources and
the basic requirements of calibration systems. In addition,
the methods for improving power generation efficiency were
presented.

Generally, an SPT plant’s efficiency depends on the
heliostats’ ability to reflect the sunbeams on the target [11].
Such reflection over a year requires an accurate drive system
to move the heliostat over a wide range of azimuth and eleva-
tion angles for precisely reflecting the sunbeams. The precise
and reliable drive system needs an expensive power modu-
lator, control system, gearbox, and electric motor. Besides,
several thousands of heliostat units are required in one SPT
field, which makes the drive system contributing 30-40% of
the overall SPT cost [3], [12], [13]. Therefore, the need for
an advanced and economic heliostat drive system is essential
for SPT technology.

According to the recent work, as far as the authors know,
there are gaps related to the SPT heliostat drive systems in
the component level considering the electrical motors and the
power electronic converters. Therefore, this work introduces
a comprehensive survey for the SPT system considering the
component level. Hence, this paper presents a review of
the most recent CSP technologies and the SPT technology’s
superiority in terms of system efficiency. The different helio-
stat drive systems and their constructions will be reviewed.
The drive system mechanisms and the electric motors, along
with their power electronic conditioners, are described and
discussed. A comparison among different drive systems in
terms of their cost and performance is presented.

The remainder of this paper is arranged as follows.
An extensive survey of the different electric drive systems
implemented globally in different SPT plants is introduced in
Section I to reflect the current solar energy markets’ current
situation. A distinct review of CSP systems’ topologies and
the contemporary world CSP projects are summarized and
provided in Section II. The SPT definition and its compo-
nents are presented in Section III. The drive mechanisms and
the power source for the SPT heliostat unit are discussed
in Section IV. Section V describes the dual-axis tracking
models for the SPT heliostat unit. The electric drive systems,
including the different electric motors and their power elec-
tronic converters, are discussed in Section VI. Furthermore,
in Section VII, a case study of a roof-top small-size helio-
stat is discussed. Based on the discussions in this review,
the authors highlighted the future works in Section VIII.
Finally, the conclusion is derived in Section IX.

Il. CONCENTRATED SOLAR POWER (CSP)
Scientists classify the sunbeams arriving at earth into three
different categories, as shown in Figure 1. These are direct,
reflected, and diffuse radiations. The most well-known
and efficient solar systems technologies utilize direct and
reflected solar radiations such as Photovoltaic (PV) and the
CSP systems.

CSP technologies can be classified according to
the method of sunbeams concentration to point- and
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TABLE 1. CSP projects topologies around the world with the total generation.

Technology Power Generation capacity (MW) Under
Country No. of Operation  Development and Total
Projects SPT PDC PTC LFR SPT PDC PTC LFR MW) Construction MW)
MW)
Spain 50 3 45 2 50 2223.6 30.4 2304 0 2304
USA 24 3 2 18 1 492 1257.8 5 1743.8 14 1757.8
China 23 12 7 4 956 464 200 220 1400 1620
India 10 1 7 2 2.5 379 139 228.5 292 520.5
Morocco 7 1 4 2 150 383 2 535 0 535
South Africa 7 2 5 150 450 500 100 600
Australia 5 4 1 155.6 3 2.6 156 158.6
Chile 4 4 1210 0 1210 1210
Italy 3 1 5.35 1 6.35 0 6.35
UAE 3 1 2 100 700 100 700 800
France 2 2 21 9 12 21
Israel 2 1 1 121 121 242 0 242
Saudi Arabia 2 2 93 0 93 93
Algeria 1 1 20 20 0 20
Canada 1 1 1.1 1.1 0 1.1
Denmark 1 1 16.6 16.6 0 16.6
Egypt 1 1 20 20 0 20
Germany 1 1 1.5 1.5 0 1.5
Greece 1 1 52 0 52 52
Kuwait 1 1 50 50 0 50
Mexico 1 1 14 0 14 14
Thailand 1 1 5 5 0 5
Turkey 1 1 1.4 1.4 0 1.4
Total 152 35 2 100 15 3442 6203.45 4014 6006.85 4043 10049.85
Y.
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l|7 Q %, . Point-Concentration Linear-Concentration
q—“* Direct '&’.;, \j\ /\
93{' ; Radiation o
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' FIGURE 2. Solar energy system classification according to the sunbeam
Diffuse Radiation concentration technique.
Reflected Radiatun

FIGURE 1. Different types of solar radiation.

line-concentrations, as depicted in Figure 2. Two well-known
topologies are based on the online concentration: Parabolic
Trough Collector (PTC) and Linear Fresnel Reflector (LFC).
Conversely, two different topologies are based on point con-
centration, which is Solar-Power Tower (SPT) and Parabolic
Dish Collector (PDC) [14], [15]. The line concentration
technique is based on collecting direct solar radiation to
collectors, which carry moving fluids that transfer the stored
thermal energy to a storage tank. In contrast, the point con-
centration is based on reflecting the sunbeams to a central
target, which can transfer thermal energy to a fluid that can
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be used as a source of energy. Generally, the point focusing
technique is more efficient since it can produce a higher
temperature than the line focusing one [16], [17]. The CSP
projects worldwide started to appear in the last few years
due to advancements in manufacturing. Table 1 provides
information for the current CSP plants around the world [18].
The countries are arranged according to the number of
projects. This table describes the number of the different CSP
projects, the amount of power generated from each type, and
the overall generated power. Figure 3 shows the pie-chart
representation for the total projects implemented for each
CSP technology around the world. Besides, Figure 4 shows a
pie-chart representation of each CSP technology contribution
to power generation in the world. The different topologies of
CSP are briefly described in the following sections.

Firstly, SPT, shown in Figure 5(a), is also known as central
receiver systems (CRS). A heliostat field collector (HFC)
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FIGURE 3. Projects of the different CSP technologies.
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FIGURE 4. Percent generated power for the different CSP technologies.

reflects and concentrates the sunbeams onto a central collec-
tor placed on a tower. A heliostat unit is a flat mirror or multi
flat mirrors supported by a mechanical structure that follows
the sun movement using a dual-axis tracking system. The heat
is absorbed by a heat transfer fluid, which then transports
thermal energy by heating exchangers that empower a steam
Rankine power cycle [19]-[21]. The SPT system produces
relatively high temperatures, i.e., 540-840 °C, capable of
generating high-pressure steam to move the turbines. There-
fore, the cost of thermal storage is reduced substantially [22].
The SPT can be joined with steam cycles with a thermal
system efficiency of 40% and can be increased, by the com-
bined cycle, to reach 55% [11]. It could be observed that
overall, the share of SPT projects has increased during the
last decade compared to other CSP projects in 15 countries,
with 53 plants generating around 3442 MW [18].

A simple block diagram for PDC technology is shown
in Figure 5(b). PDC system concentrates the sunbeams at a
point held above the center of the PDC frame. The whole
system continuously tracks the sun movement by moving
the collector dish and focal receiver point in all daytime.
PDCs systems provide high transformation efficiency com-
pared with other CSP systems. However, they are costly and
possess low compatibility concerning storage systems and
the hybridization processes [23]-[25]. So, only two PDC
projects were established in the USA, and they are out of
service. In fact, PDC constitutes only 1.32% of the total CSP
projects [18].

Producers claim that PDCs systems can supply mass pro-
duction, which will allow them to compete with larger CSP
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FIGURE 5. Different CSP topologies.

systems. Each PDC system produces electricity indepen-
dently and offers a low power capacity and usually reaches
tens of kW or smaller [26]. Therefore, hundreds of thousands
of these dishes are needed to establish a large-scale power
station like other CSP topologies with operating temperatures
achieved are in the range of 100-1500 °C.

A block diagram for the PTC is shown in Figure 5(c). The
PTC reflectors are designed in a curve shape in one dimension
to concentrate sunbeams onto the collector tube positioned in
the PTC unit’s focal line. The movement for both reflector
and absorber tube is compatible with the sun for all day-
time. That was a group of parallel-connected mirrors called
the solar field. The temperature of the PTC varies between
150-400 °C. The PTC can be joined to steam cycles to gener-
ate electricity up to 500 MW with a thermal-cycle efficiency
of 30-40% [27], [28]. Besides, PTC projects are located
in 17 countries, constituting around 23.03% of the overall
CSP plants and producing 61.73% of electricity generated by
CSP plants [18].

The LFR design approximates the parabolic curve using
flat mirrors in long rows to reflect the sunbeams onto a facing
direct linear receiver. A receiver is fixed over a mechanical
structure, as shown in Figure 5(d), along with the linear
reflectors. LFR systems have low installment costs compared
to other CSP technologies [29]. However, LFR stations are
less efficient than PTC and SPT, and they possess more
complexities to connect their storage capacity into the whole
design. Recent LFR plants are known as compact LFRs,
where two parallel receivers are used with each row of reflec-
tor mirrors [30], [31]. Therefore, they require less land than
PTC plants with the same output generation, with possession
of a high operating temperature range to 150-270 °C. The
LFR technology comes in third place, where it has been estab-
lished in eight countries with 15 projects and a full capacity of
about 3.99% of the CSP projects electricity generation [18].

The overall comparison for the different topologies is listed
in Table 2. It can be observed that the SPT has higher overall
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TABLE 2. Comparison of CSP topologies [21]-[25].

Collector

Annual solar to Practical operation

Technology Collectors Concentrations Heat Transfer Fluid sty STFEE Focuses type TS
300-565 °C (W
SPT Heliostat 3D Wate(rl%; I\A{iiﬁ? Salt 20-35 % Point 110-700 °C (1(\/15))
300-1200 °C (A)
PDC Parabolic Mirror 3D Hydrogen or Helium 20-30% Point > 750 °C
PTC Parabolic cylinder 2D Thermal Oil 12-15% Line 150-400 °C
LFR Flat Mirror 2D Water 9-11% Line 150-270 °C

TABLE 3. Basic approaches for heliostat cost reduction.

Components Cost  Cost reduction by decreasing Cost reduction by increasing
Mirrors 25% e Loads, material cost. e Beam quality, stability.
Structural support 25% e Loads thermal, the lever arm of loads, material cost. e Beam quality, the lever arm of material.
Pedestal and foundation 15% e Loads, the lever arm of loads, material cost. e Weight, the lever arm of material, form closure.
L]

Drive system, position sensors &
Control system

35% e Position sensors, loads, controls, cabling, actuator cost.

Reflected area, the lever arm of bearings,
intercept.

efficiency and higher temperature levels [32]. However,
a central receiver solar thermal power plant’s effectiveness
depends on the heliostats’ ability to reflect the sunbeams onto
the receiver. Reflecting the sunbeams for a full year requires
a drive system to move the heliostat over a wide range of
azimuth and elevation angles, representing a challenge in
developing novel, efficient and low-cost drive systems.

IlIl. SOLAR POWER TOWER SYSTEM
Comparing the different CSP topologies gives an advantage
to the SPT system in terms of overall efficiency and tem-
perature levels. However, a central receiver solar thermal
power plant’s effectiveness depends on the heliostats’ ability
to reflect the sunbeams onto the receiver. Generally, reflecting
the sunbeams for a year requires a drive system to move the
heliostat over a wide range of azimuth and elevation angles,
representing a challenge in developing new efficient and
low-cost drive system designs. Heliostats are considered the
bulk cost of SPT plants as they contribute about 40% of the
power plants’ overall cost [33]-[36]. Therefore, reducing
the heliostat cost will lead to a substantial reduction in the
SPT overall cost. An impressive amount of unconventional
heliostat concepts was found so far as surveyed in [1]. The
basic idea for the heliostat cost reduction is given in Table 3.
The following sections describe different drive systems
with their motors and the power electronic converters due to
the drive system’s high share of heliostat unit cost. Besides,
various drive system mechanisms, operation, and control
techniques are discussed along with their pros and cons.

IV. DRIVE MECHANISMS FOR HELIOSTAT UNIT

The drive system mechanism is accountable for managing
the position of the heliostat frame. Meanwhile, they are
responsible for applying the required torque to rotate the
heliostat structure to reflect the fixed target’s sunbeam. For
improving the accuracy and efficiency of the heliostat move-
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ments, a rotation on two axes, azimuth, and elevation is
required [37]-[39]. The movement of the heliostat unit and
the meaning of the aforementioned angles will be discussed
in Section V.

According to the power source characteristics, the trans-
mission solutions differ considerably to fulfill the heliostat’s
velocity and torque requirements [39]. The following subsec-
tions describe the different power sources and transmission
systems used in the industry.

A. POWER SOURCES

Concerning power sources, two well-known technologies
are being used in heliostat systems: hydraulic and electrical
actuators.

1) HYDRAULIC ACTUATORS

Hydraulic actuators are usually associated with high-power
applications [40]. The hydraulic system consists of a
hydraulic pump connected with a servo-valve related to elec-
tronic control and rotary hydraulic motor [41], [42]. Pumps
of incompressible oil power the hydraulic actuators. The
pressure that the fluid creates moves the cylinders and, in turn,
helps to move the connected load. These actuators are sat-
isfied with high-force applications and are customizable to
practically any weight. Besides, they are the most powerful
actuators on the market and are suitable to work under heavy
loads and pressures.

Due to the pressure-producing system’s cost and com-
plexity, hydraulic actuation regularly needs many actuators
to move the load. Thus, hydraulic actuators are not com-
petitive when the system requires one or a low number of
actuators, as in CSP applications. Furthermore, hydraulic sys-
tems require costly plumbing, maintenance, and continuous
checks. Due to the nature of the product, the possibility of
oil leakages is high. Besides, high-temperature environments
can cause damage to the overall system if not monitored
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diligently [43]. Hydraulic linear actuators are not contained
and require numerous external components. For a small appli-
cation, these may not be the best option. These actuators are
hard to control accurately and may suffer from *stick-slip.”

2) ELECTRICAL ACTUATORS

Electric motors are used in rotary or linear actuators, as shown
in Figure 6 [44], [45]. Among the advantages, the possibility
to provide a minimal to large power capability with per-
fect motions and vast controlling performance can be stated.
Different kinds of electrical actuators were being used in
heliostat systems with various types of motors, DC, and AC,
which were utilized to minimize the driving system cost and
increase the system efficiency and controllability. Moreover,
lifetime and maintenance characteristics are advantageous as
well. These Electrical actuators have much more advantages
over hydraulic actuator solutions [46], [47] like:

« Faster response time with higher stability at a wide range
of speed control,
o Smoother acceleration and deceleration,
o They are easily programmed for controlling speed and
braking.
Hence, the electrical actuator is preferred instead of
the hydraulic one, particularly with small-sized heliostat
units [48], [49].

mw

M‘Hl \

FIGURE 6. Rotary and linear actuators based on electrical actuators.

B. TRANSMISSION SYSTEMS

Several solutions were utilized to achieve the requisite trans-
mission in heliostats [53] depending on the power source,
speed, and desired accuracy. Figure 7 shows several gearbox
solutions used in various industrial applications. There are
some well-known transmission solutions used in heliostats.
Besides, the advantages, drawbacks, and applications for
each transmission system are listed in Table 4.

1) WORM CONFIGURATION GEARS

Worm gear transmission is shown in Figure 7(a). This
gear provides a high transmission ratio in each stage [51].
However, worm gears are not efficient compared to other
gearboxes.

VOLUME 11, 2023

(a) Worm gears (b) Rack and Pinion  (c) Bevel Gear

~ Ny, Drive ' Tension

\t‘ ' Capstone Spring
Multiple Output
Cables Shaft

(e) Capstan drive

(f) Chain and pinion (g) Harmonic drive

(h) Planocentric drive

FIGURE 7. Transmission configuration solutions [39].

2) RACK AND PINION GEARS

Figure 7(b) shows the Rack and Pinion gear type. This config-
uration provides high efficiency with a drawback in transmis-
sion ratio, and back driving the stage is always possible [52].

3) BEVEL GEARS

Bevel gears are useful when the direction of a shaft rotation
needs to be changed. They are usually mounted on shafts
that are 90 degrees apart but can be designed to work at
other angles as well, as seen in Figure 7(c). If ball screws
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TABLE 4. Advantages and drawbacks for the different mechanism solutions.

Solution

Advantages

Disadvantages

Applications

Worm Gear, [59],
[60]

e operate silently and smoothly,

o self-locking, occupy less space,

e good meshing effectiveness,

o used for reducing speed and increasing
torque,

o the high-velocity ratio of 100:1 can be
obtained in a single step

e worm gear materials are expensive

e worm drives have high power losses
and low transmission efficiency

o Produce a lot of heat

e gate control mechanisms

e hoisting machines

¢ automobile steering mechanisms
o lifts, conveyors, presses

Rack and Pinion,
[591, [61]

o cheap, compact, robust,

o the easiest way to convert rotary motion into
linear motion, more comfortable and more
compact control over the vehicle

o less efficiency,
e too high a friction,
o need replacement frequently

e railway and steering system of cars
e in some scales to turn the dial that
displays the weight

Bevel Gear, [62]

e able to change the operating angle

o differing of the number of teeth (effectively
diameter) on each wheel allows mechanical
advantage to be changed,

 possible to increasing or decreasing the ratio
of teeth between the drive and driven wheels,

o the rotational drive and torque of the second
wheel can be changed concerning the first,

e able to increase speed and decrease torque or
decrease speed and increase torque

o one wheel of such gear is designed to
work with its complementary wheel
and no other

e must be precisely mounted

o the shafts' bearings must be capable
of supporting significant forces

o light and heavy truck,

o railroad engines,

e construction equipment,
e aviation,

e industrial gearbox,

e submarine transmission

Spur Gear, [63],
[64]

e constant velocity ratio,

o highly reliable, simplest

e most comfortable to design and manufacture,

o more efficient, and the teeth are parallel to
its axis. Hence, a spur gear train does not
produce axial thrust. So, the gear shafts can
be mounted easily using ball bearings.

o used to transmit a large amount of power (of
the order of 50,000 kW)

o slow-speed gears,

e gear teeth experience a large amount
of stress,

e cannot transfer power between non-
parallel shafts,

e cannot be used for long-distance
power transmission,

 noisy when operating at high speeds

¢ metal cutting machines

e power plants, and marine engines

o fuel pumps and washing machines,
gear motors, and gear pumps

e rack and pinion mechanisms,
material handling equipment

e automobile gearboxes

o steel mills, and rolling mills

Capstan Drive,
[65]-[68]

e sample gears designed

e light: the combined mass of the input and
output gears is 1.0 kg

o low friction gearing

o has theoretically zero backlash

® susceptible to impacts on the environment

o cycle life extremely brief (hundreds
to a few thousand cycles)

¢ a material breakdown caused by the
abrasion between rope fibers

¢ need Maintaining tension to achieve
high stiffness

o limit performance if not carefully
designed and protected

o tendon drives

¢ Bowden cable systems in robotic
manipulators,

e automated testbeds, and efficient
quadruped robots

Chain and Pinion,
[69]

o simpler and less costly, and easier to install

o do not slip or creep, and used on reversing
drives

* no power loss due to slippage; so more
efficient

e compact, and more practical for slow speed
drives

o operate effectively at high temperatures and
wet conditions

o do not deteriorate due to oil, grease, sunlight,
or age, and withstand chemicals

e stretch due to normal wear is a slow process

e cannot be used where the drive must
slip

o cannot accept much misalignment

o usually require frequent lubrication

® noisy and can cause vibration within
the machine

® do not have load capacities or service
life characteristics equal to those of
gear drives

e overhead hoists

o hydraulic-lift trucks

¢ counterweights that require tension
linkages

Harmonic Drives,
[70][71]

o offer high efficiency, high torque capacity,

e compact size, and zero backlashes,

o excellent positioning accuracy and
repeatability,

 high single-stage reduction ratios and high
torsion stiffness

o generally suitable for large reductions
(30:1 to 320:1)

e high elasticity and nonlinear stiffness
and damping, Complex design

o they are currently used in the
automotive and space industries, in
aviation, medicine, automatics, and
robotics

Planocentric Drive
[72]

 high efficiency, extremely high torque output

o low backlash, high power density

e compact design, high permissible input
speed

o high cost
e generate velocity and torque ripples
e complex design

e used in low-speed applications,
e constructed with a sun gear,
e industrial speed reducers
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are employed, the smooth movement and efficiency are sig-
nificant to move in three axes [53].

4) SPUR GEARS

Spur gears transmission technology provides a smooth move-
ment, as shown in Figure 7(d) [54]. The available trans-
mission ratio in each stage is between 2:5 ranges, so many
steps are necessary. The gears have high efficiency with the
drawback of having irreversible transmission.

5) CAPSTAN DRIVE

Capstan drive uses a cable to couple the movement of dual
elements called capstan drive. Figure 7(e) shows this drive
that relies on two pulleys. This drive deals with a rope to the
lifters at its end. In this technique, the backlash is canceled,
where the gear relies on contact forces and is composed of
discrete elements [55].

6) CHAIN AND PINION

Chain and pinion actuation provide the possibility to deal
with low-cost transmission [39]. Figure 7(f) offers a clear
image of the solution. Chain and pinion solutions require
different parts for their assembly, which may impact the
overall system’s accuracy and efficiency.

7) HARMONIC DRIVE

A harmonic drive configuration solution is called strain wave
gear [56]. It relies on contact and deformation to offer a
high transmission ratio, usually reaches 100:1, with high
accuracy, as shown in Figure 7(g). The configuration has
high efficiency with a backlash-free rotational motion trans-
mission. However, the high cost prevents its use in CSP
applications [57], [58].

8) PLANOCENTRIC CONFIGURATION

Planocentric configuration solution drives implement
extraordinary gear reduction reaching over 30000:1 in a very
compact package Figure 7(h). The heliostats units are con-
sidered the only application for this concept, and they cannot
profit from these systems produced for other applications.
The solution suggested being the lowest-cost option for large
heliostats azimuth heliostats [39].

V. A HELIOSTAT'S DUAL-AXIS TRACKING

To understand the drive system’s rule, the tracking sys-
tem requirements have to be defined in terms of sun
and heliostat angles. The solar tracking systems must be
adjusted continuously and accurately to reflect the sunbeams.
A single-axis tracking system is less costly, and its control
system is simple to be achieved. However, system efficiency
is less compared with the dual-axis solar tracking system.
To track the sunbeams, three sets of angles must be defined,
i.e., sun, tower, and heliostat angles. The following subsec-
tion describes the mathematical model used to identify these
angles.
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A. SOLAR MODEL

Two principal angles are needed to define the sun position.
These are solar elevation angle (o) and solar azimuth angle
(vs) (See Figure 8). The o angle is expressed by:

ay =90 —6,;
0, = cos™ ! [cos (¢) cos (8) cos (w) + sin (¢) sin (§)];
) 284 +n
§ = 23.45sin | 360 x (D
365

where § is the declination angle, 6, is the zenith angle, ¢ is
latitude angle, w is the time angle, and n is the day number;
n = 1 on Jan. 1% every year.

Target Point

T(0,0,h)

H(x,0,0)
E

FIGURE 8. Elevation and azimuth sun angles.

The angle § is the sun’s angular position at solar noon
concerning the equator’s plane, north positive; —23.45° <
§ < 23.45°. The angle 6, is the angle between the vertical
and the line to the sun, that is, the angle of incidence of beam
radiation on a horizontal surface. Additionally, the angle ¢ is
the angular location north or south of the equator; i.e.—90° <
@ < 90° where north is positive. The angle w is the angular
displacement of the sun east or west of the local meridian due
to rotation of the earth on its axis at 15° per hour considering
morning in negative and afternoon in positive [73], [74].
Depending on time and date values (year, month, day, hour,
minute, and second) and location (longitude (¢) and latitude
angles), the solar elevation and azimuth angles are described
in Figure 8. The angle y; can be calculated as:

1 (cos (8,) sin (¢) — sin (8))‘
cos :
sin (6;) cos (¢)
+180; 6, #£0  (2)

ys = sign ()

It is worth mentioning that this angle’s zero value is not
achievable, as been proved practically in Section VII.

B. TOWER AND HELIOSTAT MODEL

The tower elevation angle (wt) which is a function of the
tower height (H), the heliostat height (h), and the distance
of the heliostat from the tower (R), which is illustrated in
Figure 9. In addition to the elevation angle, the target position
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Target Point

(0,0, H)

FIGURE 9. Elevation and azimuth target angles.

Target Point

Target Vector

FIGURE 10. Elevation and azimuth heliostat angles.

of the tower is defined by the azimuth target angle (y1) which
is referenced by the North direction of the heliostat and tower.
The sun tracking is identified by two angles, called helio-
stat angles, as described in Figure 10. These angles are helio-
stat elevation angle («7;) and heliostat azimuth angle (y;).
The following method is used to obtain the heliostat tracking
angles. Firstly, the sun and tower angles are converted to
Cartesian coordinates as described by (3), (4). Then, the nor-
mal mirror vector based on three-dimensional Cartesian form
(%, y, and z) can be calculated using (5). Finally, the heliostat
tracking angles o}, and y;; can be calculated using (6) [75].

z1 = sin (c)

x1 = cos (g) * cos (—Ys)

Y1 = cos (ag) * sin (—ys) A3)
7 = sin (o)
X = cos (ar) * cos (—yr)
Y2 = cos (ar) * sin (—yT) “4)
X1 — X2
YT te
y = Vi . Y2 v
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1 —22

7= T + 22 (5)
o = sin~! -t
VX2 +yr 422
tan~' (—y/x) if x>0

tan~' (—y/x) +90 if x <0, and y > 0
* tan~' (—y/x) =90 if x <0, and y < 0

Yn = 90 if x=0,andy >0 ®)
—-90 if x=0,andy <0
undefined ifx=0,and y=0

VI. ELECTRICAL DRIVES FOR DUAL-AXIS TRACKING
SYSTEMS

A block diagram for a generic electrical drive system is shown
in Figure 11. It mainly consists of an electric motor, power
electronic converter, sensors or transducers, and a digital
controller. The power electronic converter is used to modulate
the input supply to a suitable energy source for the electric
motor. The sensors are used to transfer the measured signals
to the digital controller. The control technique is implemented
within the digital controller to steer the power electronic con-
verter with a suitable train of pulses suitable for the control
command.

Drive System

. : Power . ;
Eé?g:fcal —> Electronic = {f —3» Mechanical
Conveter : Load

Digital <
Controller Bensgr

FIGURE 11. Generic block diagram for the electrical drive system.

For a heliostat dual-axis solar tracking system, the mechan-
ical load represents the mirror, the movable structure, and the
gearbox coupled with the motor shaft to transfer the mechan-
ical energy to a suitable form; for instance, from rotational
motion to translational motion for linear actuators. The sensor
needed for such a system is a position sensor that is used to
feedback the mirror position measurement. Based on the elec-
trical source nature, AC or DC, and the motor type, the power
electronic converter can be selected. On the other hand, motor
selection depends on the mechanical characteristics of the
connected load. Two-directional movements are needed to
control both azimuth and the elevation axes to maximize the
reflected solar energy. In the next subsections, the different
electrical drive systems will be elaborated.

A. DC DRIVES

DC motors are mostly used in many applications because of
their control simplicity at a wide range of speeds, in addition
to the ability to operate at high torque values. Moreover,
DC motors have the advantages of fast starting, acceleration,
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deceleration, forward, and reverse responses. Different DC
motors can be used in SPT applications, i.e., shunt, com-
pound, and permanent magnet DC motors [76].

In early 1985, DC drives have been utilized for an old SPT
heliostat design, as described in [77], [78]. A switched-mode
DC/DC Buck regulator, shown in

Figure 12 is used to drive a Permanent Magnet
DC (PMDC) motor [78]. This converter allows a unidirec-
tional power flow that helps only the motoring operation
of DC motors. However, the abovementioned circuit cannot
control the DC motor in the four quadrants, essential in
DC drives. Furthermore, Buck converter is a switched-mode
regulator that includes a passive filter, which is unnecessary
for drive applications, where the machine inductance fulfills
the current filtering.

|
|
-
=
!
0
S

FIGURE 12. Buck DC/DC switched-mode regulator.

In [79], a bidirectional DC/DC converter, Class-E DC
chopper shown in Figure 13, is used to supply the arma-
ture winding of a separately excited DC motor. This con-
verter topology is preferred in DC drive applications to fulfill
the four-quadrant operation, including motoring and reverse
motoring. However, the field winding of this DC motor
requires an additional DC source to energize the machine.

+ \ Q_J,I Q;|
= Vin TVU
oE

FIGURE 13. Class-E DC chopper.

Regarding the control techniques, neural networks, PI, and
PID controllers are commonly used to control heliostat drive
systems’ movement. The PI and PID gains are tuned using
two different fuzzy logic (FL) techniques in [79]—-[81]. The
two methods are based on considering the error signal and/or
derivative of the error signal. The results reflected the FL
technique’s superiority that felt both the error signal and its
derivative. However, these studies have not been experimen-
tally validated. In [82], computer vision is used to control the
dual-axis heliostat drive system. An educational prototype is
made based on a thermal camera interface to a Raspberry Pi
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microcomputer system. This system is considered the most
advanced in SPT control techniques. However, applying such
a method to practical SPT with thousands of heliostat units is
not feasible due to the high cost. Although DC drive control
is preferred due to its simplicity, the DC drives have the draw-
backs of relatively high capital cost and regular maintenance
costs due to commutators and brushes’ incidence. These are
considered a severe issue for CSP plants that have thousands
of heliostat units, likewise the Noor III CSP plant in Morocco,
which has around 50,000 computer-controlled heliostats or
mirrors spread over a 30 km? area [83].

For the interested readers, the well-known applications,
the advantages, and drawbacks of the different DC motor
types are listed in Table 5. Furthermore, brushed DC motors
are mainly used in CSP applications requiring high dynamic
performance that used drives up to several hundred kilo-
watts [92], so the different power electronic converters used
for brushed DC drives are depicted in Table 6.

B. STEPPER MOTOR DRIVES

Stepper motors (STMs) are prevalent in the heliostat drives
units considering their relatively high torque at low speeds.
Generally, STMs are classified into three main categories,
i.e., variable reluctance STM, permanent magnet stepper
motor (PM-STM), and hybrid stepper motor (HB-STM) [96].
A stepper motor’s general features are the ability to work
at open-loop control and the high precision movement with
non-accumulated movement error. Moreover, the absence of
a commutator leads to less maintenance and a long lifetime.
Therefore, no shaft encoder is needed to acquire the motor
position [97].

Currently, STMs are used in the dual-axis tracking system
for heliostat drives [98]-[102]. Modeling and simulation of
closed-loop control for STMs are presented in [98], where
two sets of HB-STM drives are used to control an SPT located
in the Sonora desert in Mexico. Although STM operation
does not require shaft encoders to define the motor position,
it has been used in a closed-loop control to move the heliostat
structure, which leads to an increase in the drive system
cost. The power electronic circuit used to drive an STM
depends on the number of stator phases, i.e., two, three, and
four phases of stepper motors [99]. Therefore, the two-phase
bipolar stepper motor used in [98] requires two Class-E DC
chopper modules, as shown in Figure 14.

Another study in [100] provided an HB-STM for SPT
based on using a thermal camera. The image processing along
with FL is used to analyze the image in order to track the
sunbeams. Accurate experimental results have been obtained.
However, the drive system cost and complexity are high due
to the thermal camera and the digital controller used for
image processing. Furthermore, having thousands of heliostat
units, complex interfacing circuits, and multiples of digital
controllers can be difficult to deal with.

It is worth mentioning that the unipolar PM-STM, shown in
Figure 15, is another configuration for PM-STMs configura-
tion, in which the phase mid-points are commonly connected
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TABLE 5. Comparison of the different motors used for heliostat units.

Type of Motors Advantages

Disadvantages

o smaller size, and available in wide ranges of

Permanent
magnet [84], [85]

horsepower,

e no rotor copper losses

o low cost, and no need for field windings,

o the generating capacity of working flux within the air
gap is limited,

® noise,

e its operation affected by high ambient temperature

o wider torque and speed,
e able to run at a predetermined speed,
o low-cost power supply

Shunt [86]

e cannot work at low speed,
e expensive, and unreliable at low speeds operations,
o the size is large compared with AC motors, and noise

o high starting torque,

DC
® has more power,

Motor Series [87]-[89]

for AC or DC supply

o series-wound motors known as universal motors can use

e speed control and regulation are not good,
® noise,
¢ needs a load before starting

Compound
wound [90], [91]

e quick start and stop,
o fast reversing and acceleration

¢ Operation and maintenance are costly.

o the stable condition with any field excitation and gives a

Separately
excited [79]

wide range of output speed,

o the field can be connected to a constant voltage source
to ensure full torque is available at all speeds

® expensive,
e more terminals in the terminal box,
o dual supply

o run a wide range of speeds, including very slow speeds

without reduction gearing,

Stepper Motor [98]-[102] o high start, stop, and reverse response,

o highly reliable since no brushes or commutator is used,
o the control circuit is the simple and low cost

e resonances can occur if not properly controlled,
e not easy to operate at extremely high speeds,

e it is mainly used for low power applications,

e noise and vibration

o working is effortless and very cheap,

e operate in a harsh environmental condition,

o the construction is robust,

o highly efficient motor, from 85 to 95%,

Induction Motor [110], ® no brushes, and so no sparks,

[111] o significantly less maintenance compared to the DC

motor and synchronous motor,

o three-phase induction motor is self-starting,

o low starting torque,

o efficiency drops at low loads,

e at low loads, the power factor drops to very low
values,

o single-phase needs self-starting torque, and it uses
some auxiliaries to rotate the motor

o does not require DC excitation like synchronous motors
e speed variation from no-load to rated load is

significantly less

o runs at a wide range of speeds,

e casy to change its speed by varying the supply

Synchronous Motor [111], frequency,

[123] o less costly in specific kW and speed ranges
o higher efficiencies, especially in low speed
e has a wide range of power factors, both lagging and
leading. So, it can be used for power factor correction,

e not self-starting. Special methods are adopted to make
itself starting,

e required frequent maintenance,

e need an external DC source for providing excitation,

e additional damper winding is necessary,

¢ hunting takes place if the load is changed suddenly

Stepper Motor Permanent Magnetic
A Bipolar type

%

ey
T

L+

s 3
Q Q6

%L G 43

Dual- Full Bridge Converter

FIGURE 14. Power Circuit of Bipolar PM Stepper Motor Model.

to the ground to allow a unidirectional current flow in each
half-coil. This configuration reduces the controlled switches
used. However, it reduces the machine torque compared to
the bipolar PM-STM working at the same step operation,
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i.e., full-, half-or micro-step control. Although this circuit is
relatively cheaper and easier to control, it has not been used in
the heliostat drive system yet as far as the best of the authors’
knowledge.

Hence, it is an exciting point to be investigated. A summary
of different stepper motors and their power electronic con-
verter circuits are listed in Table 5. and Table 6, respectively.

C. INDUCTION MOTORS DRIVES
Induction motors (IMs) are widely employed in heliostat
drive systems and industrial applications. They can produce
relatively high torque at low speed, great accuracy, long
lifetime, with the availability of several manufacturers in both
small and large sizes.

In addition, IMs have higher efficiency than DC motors
for the same size and rating, particularly for high ratings,
which makes them very suitable for big-size solar tracking
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TABLE 6. Typical motors, converter, and application guides.

Type of power

Type of Drive electronic Type of control Applications
converters
e automobiles for operating windshield wipers,
o washers, blowers for air conditioners as well as heaters,
e food mixers, electric toothbrushes, and moveable vacuum
o thyristor, AC/DC e phase control with cleaners,
converter inner control loop e handy electric tools like hedge trimmers, drilling machines, etc.
DC Drive e traction applications, like locomotives, trolley cars, and starter
[93]-[95] motors in vehicles,
o cranes and conveyor belt where higher starting torque is required
* DC/D.C converter (full e PWM control with e transportation, machine tools, and office equipment.
H-bridge) GTO, internal control .
IGBT, or MOSFET loop o four quadrants DC drives
o 3D printing equipment, and printing presses,
e automotive gauges and machine tooling automated Production
Stepper Drive * DC/DC converter e phase current eqqument, . .
[103]-[104] GTO, IGBT, or control with PWM ~ © medlca'l scanners, samplers, fluid pumps, respirators, and blood
MOSFET analysis machinery,

e gaming machines, and small robotics,
o CNC milling machines and welding equipment

® back-back thyristor

o phase control

e high torque, and low starting current, such as conveyors,
compressors, crushers, agitators, reciprocating pumps

e IGBT, GTO inverter,

o PWM with V-f

e normal torque and norm starting current, such as fans, blowers,

Induction Cage or Cycloconverter. control centrifugal pumps, line shafting
Drive [111]-
[115] ¢ IGBT, or GTO e vector control  high performance, such as sheers, punch presses, die stamping
Slip ring o thyristor AC/DC 'é’gﬁﬁli(’:&;ﬁn‘fnh e high torque, medium, ar}d high _slip, such as large pumps, fans,
converter control shears, punch presses, die stamping
o « IGBT or MOSFET « PWM current . ptlli:n Ipfa;c;grz (::)i((i; zg;ilrlo?nd medium rolling steel equipment, fan,
Synchronous converter control o light industrial machinery, metallurgy, and mining machinery
Drive [124]- . . . . .
[127] ) o thyristor AC/DC  DC-link current e large fans, washing machines, refrigerators, air-conditioners, and
Excited converter control other household appliances, also use as generators for wind farms
and small hydroelectric plants
V- 2 T Y Y PO

'Stepper Motor Permanent Magnetic

k|

| A Unipolar Type

. ——===t 7 B

(]

Full Bridge Converter

FIGURE 15. Power Circuit of unipolar PM Stepper Motor Model.

systems [36], [105], [106]. Figure 16 shows the typical back-
to-back converter used for three-phase IM drives. Variable
frequency drive (VFD) and IMs are used together to provide
smooth and accurate elevation and azimuthal movements.
This method shows a feasible product [107]. A practical solu-
tion for double-axis solar tracking applications based on IMs
was provided by Siemens [110]. Although the IM and VFD
are preferred in industrial applications, the main drawback
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FIGURE 16. Back-to-back converter for three-phase Induction Motor.

of this drive system is the difficulty of implementing and
justifying the control system compared to DC drives.

Furthermore, for small rating heliostat units using PV as
a main supply, it is not easy to get a sufficient DC volt-
age to supply the IM VFD to drive the IM. Otherwise,
an additional boost converter stage has to be added, which
is considered an extra cost. The main advantages and draw-
backs of the IM drives are listed in Table 5. Furthermore,
Table 6 provides a rough guide of combinations of suitable
motors and power electronic converters for a few typical
applications.
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D. SYNCHRONOUS MOTOR DRIVES

For Synchronous motors (SMs), the rotor speed is synchro-
nized with the applied supply speed/frequency, irrespective
of the connected load [116], [117]. The stator construction
is similar to that of an IM. The difference is in the rotor,
which can be a permanent magnet-based rotor or conven-
tional based-field winding rotor [118].

PMSM has many advantages compared to IMs, such as
high-power density, high efficiency, high reliability, simple
structure, and decreasing the price of permanent magnet
materials in recent years. It has become more widely used
in various industrial applications [111]. The motor model
can be designed with broader air gaps than IMs, which
provides more stability. So, the efficiency can exceed 90%
[119], [120]. One of the SMs drawbacks is the double exci-
tation for the field-circuit-based type, where a DC source
supplies the rotor circuit.

Furthermore, SMs are not self-starting ones, requiring a
closed-loop control for starting motor operation at a defi-
nite rotor position, which needs shaft encoders that increase
the drive system cost [121]. Furthermore, PMSM is a typ-
ical nonlinear system with strong coupling and multiple
variates. The main challenging factors include current cou-
pling, system saturation, parameter perturbation, and external
disturbance [122].

The VFD used for IM can be used for SM drives, which
facilitates the speed control of SMs. Although the SMs have
better efficiency than IM drives, SMs are considered unsuit-
able for applications requiring frequent starting or high start-
ing torques needed [122]. Thus, SMs are rarely used in CSP
applications. This gap needs to be investigated to improve
SM’s performance, starting to get the benefits of SM drives
in CSP applications.

Further information about the advantages and disadvan-
tages is mentioned in Table 5. Moreover, the different
power electronic converters used for SMs are summarized in
Table 6.

E. SUMMARY FOR THE ELECTRICAL MOTORS USED IN
SPT SYSTEMS

Based on the previous subsections’ discussions, the different
motors used in SPT systems, the IM is considered the superior
motor according to the outstanding advantages compared
to others. Additionally, the IM is regarded as the cheapest
type according to the markets offering and the mass produc-
tion [107], [111]-[115]. PM synchronous motors are rarely
used in CSP applications as depicted in the different studies
and the worldwide implemented plants. This point needs to
be investigated to improve the PM synchronous performance
and start to get SM drives’ benefits in CSP applications.
However, the PM motors have the drawback of relatively fast
demagnetization of their magnets in particular for such out-
door applications and at high ambient temperature levels, i.e.,
in Gulf Cooperation Council (GCC) countries [123]-[125].
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Therefore, investigating the thermal stress on the PM-based
motors is essential.

Regarding the power electronic converters, there are some
common advantages and drawbacks for the different power
electronic converter according to the basic components, i.e.,
thyristor, MOSFET, IGBT, and GTO. For instance, the MOS-
FET and IGBT-based converters, compared to the GTO
and Thyristors ones, have faster response and lower losses,
particularly at relatively high switching frequencies (sev-
eral kHz to several hundreds of kHz). Besides, the most
recent semiconductor technologies, i.e., the wide-band-gab
(WBG) technologies, have lower turn-on and -off transi-
tions. These semiconductor technologies reduce the converter
switching losses and allow the converter’s operation at high
switching frequencies, which greatly impacts the perfor-
mance of the electrical drives [?], [?], [134]-[138]. Therefore,
the WBG-based electrical drives utilized for SPT need more
investigation.

VII. A CASE STUDY FOR DUAL AXES HELIOSTAT
TRACKING IN KINGDOM OF SAUDIA ARABIA

A Case study for SPT heliostat CSP topology in Dhahran,
Kingdom of Saudi Arabia (KSA), was demonstrated in [138].
A MATLAB code is implemented for the solar position algo-
rithm to calculate the incident angles to track the sunbeams
during the year. A drive system composed of two linear actu-
ators, a DC motor-based drive, was developed. A heliostat
prototype of an adequate scale is implemented in Dhahran,
Saudi Arabia, to validate the theoretical study.

A block diagram for the dual-axis heliostat is shown in
Figure 17. It consists of two DC drive systems, i.e., elevation
and azimuth drives. Each drive system consists of a linear
actuator based on a PMDC motor, and they are supplied from
a class-E DC chopper. The model has been validated experi-
mentally using a roof-top heliostat prototype. The experimen-
tal platform was tested for several days in different seasons to
confirm the prototype capabilities for sun tracking during the
year.

GPS
Sensor

Position
Sensor

Azimuth| [Elevation|
Actuator | | Actuator|
Drive Drive
Arduino Microcontroller Switching

Pulses

Sun Heliostat [ o,y _ error
Angles = Angles 0:‘ D Modulator
(Calculator (Calculator
a meas
Y meas

FIGURE 17. Block diagram of dual-axis solar tracking system [138].

To track the sunbeams, three sets of angles, defined in
Figure 8-Figure 10, have to be calculated using relations
(1)—(6) as a function of time, date, and location. The model
converts the sun and tower angles to points and then finds the
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normal mirror vector based on three-dimensional Cartesian
form. Solar angles for four typical mid-day of the months,
July, October, January, and April, represent different seasons.
They were simulated based on the longitude of Dhahran,
Saudi Arabia. The solar field longitude and latitude are 50.01°
and 26.5°, respectively. The solar elevation angle, and the
solar azimuth angle, were calculated and plotted for four typi-
cal days as explained in Figure 18 and Figure 19, respectively.
Considering the heliostat and tower positions, with ar =
38.71° and yr = 170.77°, the resultant tracking angles are
represented in Figure 20 and Figure 21. These figures reflect
the long sunny day in this location, which is a good location
for CSP applications.
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FIGURE 18. Solar elevation angle curves for Dhahran, Saudi Arabia time.
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FIGURE 19. Solar azimuth angle curves for Dhahran, Saudi Arabia time.

Experiments have been conducted for several days to eval-
uate the drive system performance under several conditions.
The integrated heliostat prototype is shown in Figure 22-a.
The location is the roof-top of an academic building at King
Fahd University (KFUPM) in Dhahran, Saudi Arabia. The
drive system could reflect the sunbeams accurately, similar
to the presented one-day results.
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FIGURE 20. Heliostat elevation angle curves for Dhahran, Saudi Arabia
time.
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FIGURE 21. Heliostat azimuth angle curves for Dhahran, Saudi Arabia
time.

FIGURE 22. The proposed prototype of the automatic dual-axis solar
tracking unit.

For instance, one day’s experimental results (Jul. 15th,
201) from sunrise to sunset are presented in Figure 23 and
Figure 24. These figures represent a comparison between the
reference calculated angles and the measured angles. There-
fore, the drive system starts moving from the stow-position to
the calculated heliostat angles for both azimuth and elevation
angles. The tracking system could then follow the reference
heliostat angles along the day, as shown in the same figures.
By the end of the day, the heliostat drive is returned to
the mirror to the stow-position at sunset at 6:30 P.M. The
figure reflects that the drive system could follow the reference

83977



IEEE Access

W. M. Hamanah et al.: SPT Drives: A Comprehensive Survey

250

& Reference Angle
E‘ - = —Heliostat Mirror Angl
o

> 200

<

<

<

S 150

=

S

2

w

|

-
(=]

06:00 09:00 12:00 15:00 18:00
t[h]

FIGURE 23. Reference and tracking angle for azimuth angle with
heliostats mirror angles on Jun. 15t", 2020.
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FIGURE 24. Reference and tracking angle for elevation angle with
heliostats mirror angles on Jun. 15t", 2020.

angles properly. Figure 22 b & c illustrate the heliostat oper-
ation instantly while the mirror reflects the sunbeams to the
desired target. The experimental and simulation results were
well agreed.

VIIl. FUTURE WORK

According to the discussions in this paper, the following
topics are considered promising and need more investigation.
These are:

o The electrical motor performance is affected by the
operating temperatures and weather conditions. There-
fore, studying the effect of different weather conditions,
particularly the high ambient temperature, should be
investigated on the other electrical motors, especially the
permanent magnet ones.

« Recently, advanced semiconductors have been invented,
such as WBG technologies. These technologies are pre-
ferred due to their superior performance in terms of
efficiency and fast responses. Therefore, the outdoor
CSP WBG-based power electronic converters need to
be investigated at the different operating conditions,
i.e., normal and abnormal operating conditions.

o The electrical drive needs more investigations for dif-
ferent motor types such as switched reluctance, PMSM,
and BLDC motors. Developing resilient drive systems is
crucial under harsh weather conditions, similar to that in
Saudi Arabia.
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« Cheap sensors used for solar tracking control need to be
developed to reduce the SPT drive system cost, along
with achieving accurate reflection for the heliostat units.

« A communication protocol for an STP plant needs to be
developed to reduce communication losses and improve
control performance.

« A huge power cabling network is used to supply the
SPT heliostat drive systems. Therefore, a sustainable
self-supplied heliostat is an excellent solution and needs
proper design and investigation.

IX. CONCLUSION

This paper introduced a comprehensive review of the differ-
ent SPT drive system topologies, performance, and applica-
tions. A comparison between the different CSP topologies
and corresponding standing projects worldwide has been
presented. The advantages of the SPT system in terms of
overall efficiency and temperature levels have been demon-
strated. The different drive mechanisms, considering the
power source and the industrial transmission solutions, have
been summarized. It has been concluded that the electrical
actuator is preferred compared with hydraulic ones, particu-
larly with small size heliostat units. The different electrical
motors and their corresponding power electronic converters
used for SPT heliostat have been discussed. The advan-
tages and drawbacks of each electrical drive have been pre-
sented. A summary of the electrical motors and the recent
advancements of power electronic converter components are
discussed. The elevation-azimuth tracking model has been
discussed in detail and developed for a dual-axis tracking
system based on two linear actuators’ drive system. Dhahran
KSA is selected, as a promising location for CSP technolo-
gies, to test the proposed prototype. The results showed the
accuracy of the proposed drive system and validated the use
of the azimuth-elevation model for the dual-axis SPT tracking
system.
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