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Abstract. The solar power tower (SPT) is an effective thermal
renewable energy source aiming to absorb direct sunbeams on a
central collector using thousands of electrical drive-based moved
reflectors. The reflector tracking system's accuracy depends on the
utilized drive system effectiveness and the used control technique
robustness. In this paper, the different electric drives system used in
SPT trackers, including motors and power electronic converters, are
presented and discussed. Besides, this paper highlighted the
advantages and drawbacks of each drive system. Additionally, a dual-
axis tracking technique employing the azimuth-elevation tracking
approach is discussed and derived for a dual linear actuator heliostat.
Moreover, an SPT heliostat prototype using a DC drive system,
designed and implemented locally, is discussed and analyzed. The
experimental results show the effectiveness of the proposed platform.

Keywords: Concentrated Solar Power; Heliostat Control
System; Electric Drives; Power Electronic Converters.

1. Introduction

Renewable energy sources are the most cost-effective,
dependable, and safe solution for expanding access to
advanced energy resources. Thermal-based solar energy, called
concentrated solar power (CSP), is an exciting green energy
technology that depends on gathering sunbeams on a receiver
by using a movable collector. Then, the collected thermal
energy may be used for thermal feed systems such as chillers,
or other uses, such as electricity generation and water
desalination [1]. The Solar Power Tower (SPT) technology is
the most effective among the various CSP technologies, where
if the commercial production costs are minimized, SPT
topology can be flourish. As a result, long-term electricity costs
are less than other topologies [2], [3]. The SPT principle uses
a mirror called heliostats, reflecting sunbeams at a particular
point on a collector, called target. A heliostat is usually a flat
mirror assisted by a rotating mechanical structure that controls
the sunbeams by a dual-axis tracking device.

Recently, heliostat's work focuses on monitoring and
precision tracking devices and systems tuning. SPT heliostat
fields typically face the challenges of cost-effectiveness and
poor energy efficiency due to the high number of sensors used.
A cluster management strategy is used to reduce the number of
sensors used, reduce field costs, and achieve fair precision [4].
Extensive analysis of existing larger-scale SPT systems has
been introduced in [5], [6] with a view to the tracking of error
causes and critical calibration systems specifications.
Moreover, strategies were proposed for enhancing energy
efficiency.
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In general, an SPT plant's performance depends on the
heliostats' capacity to reflect the sunbeam to the target point.
[7]. Along the year, reflection needs an active drive
mechanism to pass the heliostat across a broad range of
azimuth and elevation angles to represent the sunbeams
accurately. A costly power-modulator, control system,
gearbox, and motor are required for the exact and reliable
driving system. Moreover, several thousands of heliostat
units are needed in one SPT field, making the drive system
contribute 30-40% of the overall SPT cost [8], [9]. Therefore,
it is essential to provide an advanced and economic heliostat
drive device.

The latest works show part-level differences in SPT-
related heliostat drive systems concerning electrical motors
and power-electronic converters, as far as the authors are
aware. Thus, this paper offers a study of the SPT technology
supremacy about device performance. The various heliostat
drive systems are reviewed. The drive system, including the
electric motors and their power-electronic converters, are
described and discussed. Comparing the different drive
systems in terms of their cost and performance is presented.
The azimuth-elevation approach controls a two linear
actuators heliostat based on the dual-axis tracking technique.

The remainder of this paper is structured as follows.
Firstly, the SPT's superiority over the different CSP
technologies is highlighted. In Section 3, the dual-axis tracing
based on the azimuth-elevation approach is derived and
discussed for a two linear actuator heliostat. In Section 4, the
different drive systems used in heliostat SPT systems are
discussed and analyzed. The advantages, the drawbacks, and
the application for each drive system are emphasized. A
prototype for the dual-axis tracker based on a DC drive
system, implemented in KSA, is discussed and analyzed in
Section 5. Finally, the paper's conclusion is derived.

2. Solar Power Tower System

Scientists divide the sunbeams coming to the ground
into three distinct groups. Some radiations are direct,
reflected, and diffuse. According to the sunbeam
concentration process, CSP technologies can be divided into
point and line concentrations. 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
concentration: Solar-Power Tower (SPT) and Parabolic Dish
Collector (PDC), as shown in Figure 1, [10] and [11].
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Figure 1. Different CSP topologies

As shown in Figure 1(a), SPT is also known as central
receiver systems. A heliostat field collector reflects and
concentrates the sunbeams onto a prominent collector 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 SPT system
produces relatively high temperatures, i.e., 540 — 840° C,
capable of generating high-pressure steam to move the
turbines. Therefore, the cost of thermal storage is reduced
substantially [12]. The SPT can be joined with steam cycles
with a thermal system efficiency of 40% and can be increased,
by the combined cycle, to reach 55% [7]. 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 [13].

The overall comparison for the different topologies can
be summarized as that the SPT has higher overall efficiency
and higher temperature levels [14]. However, an SPT power
plant's effectiveness depends on the heliostats' ability to reflect
the receiver's sunbeams. Reflecting the sunbeams for a whole
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.
Heliostats are considered the bulk cost of SPT plants as they
contribute about 40% of the power plants' overall cost [15]-
[17]. 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.

3. Dual-Axis Tracking Approach

The solar tracking systems must be adjusted continuously
and accurately to collect the traveling sunbeams' energy. Two
well-known tracking techniques are used in CSP systems:
single-axis and dual-axis tracking techniques. The single-axis
tracking system is less costly and is easily controlled.
However, its efficiency is lower compared with the dual-axis
solar tracking approach. Three sets of angles must be defined
to achieve accurate tracking. These are the sun, tower, and
heliostat angles.

A.  Sun Angles
Firstly, elevation angle (as) and solar azimuth angle (ys)

(See Figure 2-a) are needed to define the sun position. The
elevation angle is expressed by [18]:
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as = 90 — cos™ ! [cos(¢)cos(8) cos(w)
+ sin(¢) sin(6) ]

.6 = 23.45sin (360 x 283:")

The angle & is the declination angle, ¢ is the latitude angle, w
is the time angle, and n is the day number; n = 1 on Jan. 1%
every year. The zenith angle (6, = 90 — ay) is the angle of
incidence of beam radiation on a horizontal surface. The
angle y, can be calculated as:

. _1 (cos(8;) sin(p)—sin(5)
¥s = Slgn(w) |COS ( sin(6,)cos(¢)

(M

)| +180; 6,20 (3

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 2-a.

B. Tower and heliostat model

Like the heliostat positioning angles, two angles are
needed to identify the tower position: elevation and azimuth
angles. The tower elevation angle (ay) is a function of the
tower height (H), the heliostat height (%), and the distance of
the heliostat from the tower (R) (See Figure 2-b). In addition
to the elevation angle, the target position of the tower is
defined by the azimuth target angle (y) which is referenced
by the North direction of the heliostat and tower. The
sunbeam tracking is identified by two angles, called heliostat
angles, as described in Figure 2-c. These angles are heliostat
elevation angle (a* ) and heliostat azimuth angle (y* ;). The
following approach can be used to calculate the heliostat
tracking angles. Firstly, the sun and tower angles are
converted to Cartesian coordinates as described by (3), (4).
The normal mirror vector based on three-dimensional
Cartesian form (X, y, and z) can be calculated using (5).
Finally, the heliostat tracking angles a*y and y*, can be

calculated using (6).
z; = sin(ay)

x, = cos(ay) * cos(—vg) 3)
y1 = cos(ay) * sin(—ys)
z, = sin(ar)
x; = cos(ar) * cos(— yr) )
y2 = cos(ag) * sin(—yr)
X1 — Xy
x = 2 + x;
Y=Y
== > 2+, 5)
Z1 — Z
z= 1 2 2 +z,
VA
a*y =sin™t <7)
VxZ+y? + z?
tan~'(—y/x) if x>0
tan " (-=y/x) +90 if x <0,and y >0 ©

. _|tan'(=y/x) =90 ifx<0,and y <0

Vu 90 if x=0,and y >0
-90 ifx=0,and y <0
undefined ifx=0,and y=0

4. Electrical Drives for Dual-Axis Tracking
Systems

According to the mathematical model described in the
abovementioned section, an accurate electrical drive system
is needed to track the sunbeams continuously. A generic
block diagram for an electrical drive system is shown in
Figure 3. The system is composed of a power electronic
converter that modulates the supply according to the used
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motor. The sensors are used to transfer the measured signals to
the digital controller to achieve the control command
accurately. The control technique is implemented within the
digital controller to steer the power electronic converter with a
suitable train of pulses ideal for the control command [19]. For
a heliostat dual-axis solar tracking system, the mechanical load
represents the mirror, the movable structure, and the gearbox
coupled with the motor shaft to transfer the mechanical 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 used to feedback the mirror
position measurement. Based on the electrical 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 connected load's mechanical characteristics. The following
subsections illustrate the most well-known electrical drive
systems used for SPT dual-axis trackers.
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Figure 2. The dimensions for (a) sun elevation and azimuth angles, (b) tower
elevation and azimuth angles, and (c) heliostat elevation and azimuth angles.

Feedback

Figure 3. General block diagram describing the electrical drive system components

A. DC Drive

DC motors have the advantages of fast starting,
acceleration, deceleration, forward, and reverse responses.
Besides, DC motors are preferred due to their simple control
for a wide range of speed. Different DC motors can be used in
SPT applications, i.e., shunt, compound, and permanent
magnet DC motors [20]. Firstly, DC drives have been utilized
for an old SPT heliostat design, as described in [21], [22].

A switched-mode DC/DC Buck regulator was used to
drive a Permanent Magnet DC (PMDC) motor [22]. This
converter allows a unidirectional power flow that helps only
DC motors' motoring operation. However, the abovementioned
circuit cannot control the DC motor in the four quadrants,
essential in DC drives. In [23], a four-quadrant DC chopper
shown in Figure 4 was used to supply a separately excited DC
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motor's armature winding. This converter topology is
preferred in DC drive applications to fulfill the four-quadrant
operation, including motoring and reverse motoring.
However, this DC motor's field winding requires an
additional DC source to energize the machine. The well-
known applications of the different DC motor types and their
power electronic converters are listed in Table I.

¥ Vin

Figure 4. Class-E DC chopper

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) [27]. A stepper motor's available features 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 [28]. Currently, STMs are used in the dual-axis
tracking system for heliostat drives. Modeling and simulation
of closed-loop control for STMs are presented in [29], where
two sets of HB-STM drives are used to control an SPT located
in Mexico. 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 [30]. Therefore, the two-phase
bipolar stepper motor requires two Class-E DC chopper
modules were used in [29].

It is worth mentioning that the unipolar PM-STM,
shown in Figure 5, is another configuration for PM-STMs, in
which the phase mid-points are commonly connected 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, 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 to the best of the authors'
knowledge. Hence, it is an exciting point to be investigated.
A summary of power electronic converter circuits of the
stepper motor is listed in Table 1.

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. Besides, IMs have higher
efficiency than DC motors for the same size and rating,
mainly for increased ratings, making them very suitable for
big-size solar tracking systems [17], [33], [34].
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Figure 6 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 [35]. A practical solution for double-axis solar tracking
applications based on IMs was provided by Siemens [36].
Although the IM and VFD are preferred in industrial
applications, this drive system's main drawback is
implementing and justifying the control system compared to
DC drives. Furthermore, for small rating heliostat units using
PV as a supply, it is not easy to get a sufficient DC voltage to
supply the IM VFD to drive the IM. Otherwise, an additional
boost converter stage must be added, which is considered an
extra cost. Moreover, Table I provides a rough guide of
combinations of suitable motors and power electronic
converters for a few typical applications.

U 0 (] s W

349 AC Supply| Vlr)gﬂ'
rC

o

3-¢b Induction Mator

b2}

0 %

. Back-Back Converter .
Figure 6. Back-to-back converter for three-phase Induction Motor

D. Electrical Motor Drives Summary

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.
Additionally, the IM is regarded as the cheapest type according
to the markets offering and the mass production [36], [42] -
[43]. 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, particularly for such outdoor
applications and at high ambient temperature levels, i.e., in
Gulf Cooperation Council (GCC) countries [44]. 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 essential
components, i.e., thyristor, MOSFET, IGBT, and GTO. For
instance, the MOSFET and IGBT-based converters, compared
to the GTO and Thyristors ones, have faster response and lower
losses, particularly at relatively high switching frequencies
(several 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 transitions.
These semiconductor technologies reduce the converter
switching losses and allow the converter’s operation at high
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switching frequencies, impacting the electrical drives'
performance [45]-[51]. Therefore, the WBG-based electrical
drives utilized for SPT need more investigation.

5. Implemented SPT Prototype in KFUPM, KSA

An SPT prototype heliostat is designed and
implemented in King Fahd University for Petroleum and
Minerals (KFUPM), Dhahran, Kingdom of Saudi Arabia
(KSA). A dual-axis drive system composed of two linear
actuators was developed. A heliostat prototype of an adequate
scale is employed to validate the theoretical study.

A block diagram for the dual-axis heliostat is shown in
Figure 7. It consists of 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 experimentally using a heliostat
prototype. The experimental platform was tested for several
days in different seasons to confirm the prototype capabilities
for sun tracking during the whole year. Several days,
experiments have been conducted to evaluate the drive
system performance under several conditions. The integrated
heliostat prototype is shown in Figure 8 - a. The location is
the rooftop of an academic building at KFUPM in Dhahran,
KSA. The drive system could reflect the sunbeams
accurately, similar to the presented one-day results.

The drive system starts moving from the stow-position,
as shown in Figure 8 — b, to the calculated heliostat angles for
both azimuth and elevation angles. The tracking system could
then follow the reference heliostat angles along the day.
Figure 8. - c illustrates the heliostat operation instantly while
the mirror reflects the sunbeams to the desired target. The
experimental results of (Jul. 15%, 2020) from sunrise to sunset
are presented in Figure 9 and Figure 10. These figures
represent a comparison between the reference calculated
angles and the measured angles. Therefore, 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. 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 angles properly.

Mirror
Heliostat elevation angle (ay)

Heliostat azimuth
angle yy

Sensing
heliostat
angles

Time and
Location

Figure 7. Block diagram of dual-axis solar tracking system

(a)
Figure 8. The proposed prototype of the automatic dual-axis solar tracking
unit.

(b ©
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Table I: Typical motors, converter, and application guides

Type of power

Type of Drive electronic converters Type of control Applications
e automobiles for operating windshield wipers,
e washers, blowers for air conditioners as well as heaters,
. e phase control e food mixers, electric toothbrushes, and moveable vacuum cleaners,
o thyristor, AC/DC o . . . o .
converter with inner e handy electric tools like hedge trimmers, drilling machines, etc.
DC Drive control loop e traction applications, like locomotives, trolley cars, and starter
[24]-[27] motors in vehicles,

e cranes and conveyor belt where higher starting torque is required

e DC/DC converter (full
H-bridge) GTO,
IGBT, or MOSFET

e PWM control
with internal
control loop

e transportation, machine tools, and office equipment.
o four quadrants DC drives

Stepper Drive [31],
[32]

e DC/DC converter
GTO, IGBT, or

e phase current
control with

¢ 3D printing equipment, and printing presses,

e automotive gauges and machine tooling automated Production
equipment,

e medical scanners, samplers, fluid pumps, respirators, and blood

MOSFET PWM analysis machinery,
e gaming machines, and small robotics,
e CNC milling machines and welding equipment
« back-back thyristor « phase control e high torque, and low starting - current, such as conveyors,
compressors, crushers, agitators, reciprocating pumps
Cage ¢ IGBT, GTO inverter, e PWM with V-f | e standard torque and norm starting current, such as fans, blowers,
Induction or Cycloconverter. control centrifugal pumps, line shafting
Drive
[33] - [37] ¢ IGBT, or GTO e vector control | e high performance, such as sheers, punch presses, die stamping
Slip o thyristor AC/DC ° vs ilzﬁsgg_)ﬁgl?l e high torque, medium, and high slip, such as large pumps, fans,
ring converter shears, punch presses, die stamping
current control
systems. A complete DC-drive-based heliostat prototype is
2501 designed and implemented in KFUPM laboratories. As a
& ——Reference Angle . . .
o - - Heliostat Mirror A,,g.‘l good SPT technology location, the eastern province, KSA, is
2 200 nominated to test the proposed prototype. The results showed
< the proposed drive system's accuracy and validated using the
S 150 azimuth-elevation model for the dual-axis tracking system.
S
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6. Conclusion

This paper introduced a review of the different SPT drive
systems, performance, and applications. The various electrical
motors and their utilized power electronic converters used for
SPT heliostat have been discussed. A summary of the electrical
motors and the recent advancements of power electronic
converters are discussed. The elevation-azimuth tracking
model has been discussed in detail and developed for a dual-
axis tracking system based on two linear-actuator drive
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