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Abstract: A solar dish concentrator system has a large windward area and heavy structural mass,
and under the action of wind loads and self-weight loads, foundation settlement can easily occur and
cause the column (the azimuth axis) to tilt. Upon tilting, the azimuth axis is no longer perpendicular
to the horizontal plane, causing a tracking error in the service of the solar dish concentrator system.
In this paper, a tracking error model of a solar dish concentrator system is established based on the
rigid body motion theory, which considers the azimuth axis tilt error. In this model, a radial angle
and tangential angle parameters are used to describe the azimuth axis’s tilt angle and tilt direction.
Under the tilt error of the azimuth axis, we analyze, in detail, the initial tracking position of a solar
dish concentrator system, the system operation area, and the variation rule of tracking performance
in long-term operation. The results show that under the azimuth axis tilt error of the solar dish
concentrator system, the deviation of the initial tracking position of the solar dish concentrator system
in the horizontal or vertical plane will reduce its tracking performance and the stability of tracking
performance compared with the initial tracking position being due east. The tracking performance of
a solar dish concentrator system and its stability are better in areas with a relatively low latitude. In
different areas with close latitude, the tracking performance of the solar dish concentrator system and
its stability are better, particularly with lower longitudes. During a whole year operation period, the
tracking performance of an solar dish concentrator system in the first quarter and the fourth quarter
is relatively better, and its stability in June and July is relatively better. This work can provide a
theoretical basis for the installation, debugging, and error control of solar dish concentrator systems.

Keywords: solar dish concentrator system; double-axis tracking; tilt error; tracking error; rigid
body motion

1. Introduction

Solar energy has the advantages of large total volume, safety and economy, cleanness,
and being pollution-free [1,2]. A solar dish concentrator (SDC) system is one of the ways
to realize the utilization of solar energy [3,4], which has been widely used for its high
concentration ratio and high light—electricity conversion efficiency (32%) [5,6]. As shown
in Figure 1a, a 38 kW solar dish Stirling thermal power (SDSP) generation system was
developed by the authors [7]. The aperture radius R; of the concentrator is 8.85 m, the focal
length is 9.49 m, the unfilled angle 0 is 30°, and the unfilled radius R; is 0.9 m. The SDC
system is aimed at the sun in real time through the double-axis tracking device (DATD),
gathers the solar radiation energy to the inner surface of the cavity receiver, heats the fluid
working medium (usually hydrogen or helium) in the cavity receiver to drive the Stirling
heat engine to do work, and, finally, drives the generator set to generate electricity [8].
When the SDC system cannot track the sun accurately, it will lead to the shift of the focus
spot and the formation of high-temperature hot spots on the inner wall of the cavity receiver.
This will lead to thermal deformation and burning damage to the cavity receiver, which
will affect the safe operation of the SDC system [7]. The orthogonal relationship between
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elevation axis, azimuth axis, and concentrator focal axis of the SDC system is the key
factor to ensure its tracking accuracy. Among these, the vertical relationship between the
elevation axis and the azimuth axis can be ensured by controlling the machining accuracy
of the DATD. The vertical relationship between the focal axis and the elevation axis can be
ensured by adjusting the posture of the concentrator. However, due to its large windward
area and heavy structural mass, the column (azimuth axis) may tilt under the action of
wind loads and self-weight during the long-term service of the SDC system. Then, the
azimuth axis becomes non-orthogonal with the horizontal ground, which will lead to the
tracking error of the SDC system. Therefore, it is necessary to study the influence of the
azimuth axis tilt error on the tracking performance of the SDC system.

Figure 1. The 38 kW solar dish Stirling thermal power (SDSP) generation system developed by
the authors [7]. (a) The physical diagram of the SDC system. (b) The geometric parameters of
the concentrator [9].

At present, many scholars have studied the influences of optical errors on the optical
and photo-thermal performance of SDC systems, but fewer scholars have focused on the
causes and influence laws of the generation of double-axis tracking errors. For example, in
terms of optical and photo-thermal performance, Castellanos et al. [10] developed a mathe-
matical model of the dish/Stirling system and investigated the influence of the geometry
of the concentrator and the receiver on the maximum and overall thermal efficiency of the
system. Yan et al. [9] investigated the influence of the geometric parameters of the dish
concentrator on the optical performance of the solar dish/Stirling system. Li et al. [11] pro-
posed a double-window pressurized volume receiver and studied, in detail, the influence
of receiver parameters (cavity size, inner window thickness, distance between windows,
and emissivity of inner surfaces) on its optical and thermal performance. Yang et al. [12]
established a PTC optical-thermal coupling model based on the Monte Carlo ray tracing
method and finite volume method and studied the influence of the concentrator installation
error on its optical-thermal performance. Yan et al. [13] studied the influence of a tracking
error caused by the DATD on the optical performance of the SDC system. In the aspect of
tracking errors, Badescu [14] studied different tracking error distributions and their effects
on the long-term operation performance of the dish concentrator system. He used four
different tracking error distributions, three of which are bounded distributions and one of
which is the widely used classical Gaussian distribution, to evaluate the interception factor,
thermal efficiency, and engine efficiency. Furthermore, he also derived the theoretical model
of a tracking error distribution of a heliostat based on integral geometry and a geometric
probability method [15]. Guo et al. [16] established an elevation-azimuth double-axis
tracking model in which the azimuth axis tilt, the non-orthogonal of the elevation-azimuth
axis, and the non-parallel degree of the mirror surface plane to the elevation axis were
considered. Furthermore, the elevation-azimuth double-axis tracking model is improved
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and a tracking model of six angular parameters (inclination angle, inclination direction
of azimuth axis, the bias angle between elevation axis and azimuth axis, the zero angle
position errors of the elevation axis and azimuth axis, and the canting angle of the mirror
surface plane to the elevation axis) is established, and the effectiveness of the model is veri-
fied by experimental data [17]. The research on shafting tilt error mainly focuses on the field
of large telescopes and precision instruments (such as laser trackers). Nobuharu et al. [18]
investigated the tilt of the ASTE 10 m antenna azimuth axis under the influence of thermal
and wind loads. Huang et al. [19] established the mathematical model of pointing errors
and assembly errors of mechanical parts of optical imagers, and established the simulation
model of pointing errors based on the Monte Carlo methods and obtained the distribution
of pointing errors before and after assembly error correction. Mei et al. [20] derived a quan-
titative relationship between antenna elevation angle, azimuth angle, and antenna pointing
error to correct the pointing error caused by reflector deformation. Some of the researchers’
work is not described in detail, and their main contributions are listed in Table 1.

Table 1. Previous researchers’ related work (in part).

Researchers Research Objects Main Contribution
Wang et al. [21] Fresnel lens solar concentrator Uses polar-axis tracking
Solar parabolic dish and Proposes a low-cost solar

Pavlovic et al. [22] cavity receiver collector

The non-ideal optical factors

An optimized solar dish considered are relatively

Yan et al. [23]

collector :
comprehensive
Proposes a tracking error
Sun et al. [24] Heliostat correction model to improve

the tracking accuracy
Proposes a novel
Flores-Hernandez et al. [25] Dual-axis tracking systems methodology for optimizing
the overall performance
Establishes a new model of a

Huang et al. [26] Large telescopes telescope pointing error

In summary, some scholars have conducted tracking error-related studies in different
fields. However, there are few studies related to the variation law of the tracking perfor-
mance of the SDC system in terms of initial tracking position, operation area, and long-term
operation under the influence of azimuth tilt errors. Therefore, this paper focuses on the
tracking performance of the SDC system under the influence of an azimuth axis tilt error.
The influence of radial angle and tangential angle of the azimuth axis on the tracking
performance of the SDC system is studied in detail. Under the influence of an azimuth axis
tilt error, the variation law of tracking performance of the SDC system in initial tracking
position, operation area, and the whole year operation period are analyzed. The results
of this paper can provide theoretical guidance for the future installation and layout of
SDC systems.

2. Tracking Error Model of Azimuth Axis Tilt Influence
2.1. Azimuth Axis Tilt Error

An SDC system mainly consists of a column, DATD, parabolic concentrator, and
Stirling heat engine. The column is the front-end mechanism in the SDC system which is
fixed on the horizontal ground by bolts. The DATD is installed at the top of the column, and
the parabolic concentrator is fixed with the truss through the u-shaped body and installed
on the DATD. Ideally, the azimuth axis (that is, the center of the column) is perpendicular
to the horizontal plane, the elevation axis is perpendicular to the azimuth axis, and the
concentrator focal axis is perpendicular to the elevation axis. The angle between the focal
axis and the azimuth axis varies with the position of the sun. However, after long-term
operation, the foundation is prone to settlement and the column inclines, leading to the
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non-orthogonal relationship between the azimuth axis and the horizontal plane, which
leads to the tracking error of the SDC system.

To represent the tilt of the azimuth axis of an SDC system and the position of the sun,
the coordinate system O-xyz, as shown in Figure 2, is established. Its center O is located
at the intersection of the horizontal ground and the central axis of the column, with the
y-axis pointing to due south, x-axis pointing to due east, and z-axis pointing to zenith. In
this study, the sun azimuth angle « is positive to the west and negative to the east, the
sun elevation angle {3 is positive to the water intake plane upward, and 3 = 90° when
pointing to the zenith. Ideally, the initial unit vector of azimuth axis is N,= [0,0,—1], the
initial unit vector of elevation axis is Ne = [0,1,0], and the initial unit vector of focal axis is
N¢ =[—1,0,0]. After settlement of the foundation, the azimuth axis vector tilts. In order to
describe the deviation error between the azimuth axis and its ideal position, the parameters
of the radial angle 8; and tangential angle ¢ are introduced to represent the inclination
angle and direction of the azimuth axis, respectively.

W

Figure 2. Schematic diagram of the azimuth axis tilt error.

Based on the rigid body motion theory [27], the column tilt is equivalent to the azimuth
axis vector rotating by a certain radial angle and tangential angle, in turn. The azimuth
axis produces the tilt error, which can be considered as the ideal azimuth axis vector Na
rotating by an angle 01 around the x-axis and then rotating by an angle ¢; around the
z-axis. The azimuth axis vector N,1, after introducing the tilt error, is shown in Equation (1),
where Rot(x, 61) and Rot(z, ¢1), respectively, represent the rotation matrix around the x-
and z-axes, which are shown in Equations (2) and (3), respectively:

Na1 = Na, - Rot(x, 01) - Rot(z, ¢q) = [sin61sind,, sinb1cosdy, —cosb1] (1)
1 0 0
Rot(x,01) = | 0 cosf; sinq )

0 —sinB; cosO;
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cosdp; sind; O
Rot(z,$q) = | —sind; cosd; 0 (3)
0 0 1

In the normal operation of an SDC system, the azimuth axis radial angle 61 can be
controlled within a certain range. Then, 01 is a tiny quantity. Therefore, one can make
the following approximation: sin0; ~ 01, cos6; ~ 1. The azimuth axis vector N,1 can be
equivalent to N',1, which can be calculated by Equation (4). In this paper, the azimuth
axis radial angle 61 = [0°, 0.25°], then the angle between azimuth axis vector N,; and its
equivalent vector, N';1, is [0°, 1.71 X 107°°]. It can be seen that the deviation between the
azimuth axis vector N; and its equivalent vector N';; is small, and within the range of
the azimuth axis radial angle studied in this paper. Therefore, it is reasonable to adopt the
above approximate method.

N'a1 = [01sindy, 01cosdy, —1] 4)

2.2. Tracking Error Model of the SDC System

An SDC system controls the output angle of a DATD by a solar position algorithm
(SPA) and tracks the sun in real time from the initial tracking position. However, after
the azimuth axis inclines, the SDC system will produce a tracking error. In this paper, an
SPA [28] is used to derive the information of the sun’s position (the azimuth angle and
elevation angle) at any time and any place. At any time, the sun’s ray vector is expressed
by Ns, which can be calculated by Equation (5), where « and 3 are the sun’s azimuth and
elevation angles, respectively. In the process where an SDC system tracks the sun, the focal
axis needs to rotate at a certain angle around the azimuth axis, and then rotate at a certain
angle around the elevation axis so that the focal axis vector of the concentrator aiming at
the sun’s center can be obtained. The main steps are as follows:

N;s = (—cosasinf, sinacosf, sinf) (5)

(1) The elevation axis vector N rotates the azimuth axis vector N,; around « angle
and the elevation axis vector Ng; after tracking the sun is obtained, which can be calculated
by Equation (6). In this study, it is assumed that the elevation axis and the concentrator
focal axis have no initial axis system error, i.e., No; = Ne and Ngg = Ny.

Ne2 = Nej - Rot(Nay, o) (6)
c0s0 + n2(1 — cos6) nxny(1 — cos@) 4+ n -sin  nyn, (1 — cosB) — ny - sin®
Rot(n,8) = | nxny(1 —cosd) —n; - sind cosO + n?,(l — cos0) nynz(1 — cos®) + ny - sin® (7)
nxng (1 —cos®) +ny -sin®  nyn, (1 — cosd) — ny - sind cos0 +nZ(1 — cosh)
where Rot(n, 8) [16] is the function to ensure that the vector P € R'*? is rotated by angle 6

around the unit vector n = [ny, ny, n].
Simplifying the substitution of Equation (4) into Equation (6), we get Equation (8):

02(1 — cosa) - sindcosdy + sine
Nep = 0%(1 — cosa) - cos’y + cosa 8)
01 - [sin(¢dy + &) — sindy]

(2) The concentrator focal axis vector Ny rotates « angle around the azimuth axis
vector N,1, which can be calculated by Equation (9). It then rotates 3 angle around the
elevation axis to obtain the focal axis vector Ny, after tracking the sun, and can be calculated
by Equation (11).

N,fz = Np; - Rot(Na1, @) 9)
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Simplifying the substitution of Equation (4) into Equation (9), we get Equation (10):

01 - [singy — sin(Pq + )]

N'py = | 61 [cosdy — cos(Pg + )] (10)
-1
Np = N'p - Rot(Neo, B) (11)

To facilitate the derivation, let Nep = [d1,dp, d3] and N'g, = [eq, ey, €3], substitute them
into Equation (11), and then simplify to obtain Equation (12):

(e1 —c1) - cosP — (exd3 — e3dz) - sinf +¢;
Np = | (e2—c2)-cosp + (ejds +e3dy) - sinf +c2 (12)
(e3 — c3) - cosPp — (e1dy — epdq) - sinf + 3

In Equation (12), ¢1, ¢cp, and c3, respectively, are:

= eld% + epdqdy + ezdids
C) = ezd% + e1didy + ezdods (13)
3 = egdg + e1dids + exdads

(3) The angle between the sun ray vector Ng and the focal axis vector Np,, i.e., the SDC
system tracking error, can be calculated by Equation (14):

ean = arccos(Ng, Np) (14)

3. Evaluation Index

The measurement of tracking performance of an SDC system can be divided into a
certain moment, day, month or year from the perspective of time dimension. Generally,
we use the tracking error to measure the tracking performance of an SDC system at a
certain time. An effective tracking factor (ETF) was previously proposed to measure the
tracking performance of an SDC system in a one-day operation cycle [29]. However, the ETF
measured the tracking performance of the SDC system under a set of operating conditions
(one radial angle and one tangential angle). It cannot measure the tracking performance
of the SDC system in a certain area, nor can it measure the tracking performance of the
SDC system over a long running period. Therefore, the average effective tracking factor ¢
and standard deviation (SD) are introduced to represent the average value of the effective
tracking factor and the dispersion degree (stability) of the average effective tracking factor
of an SDC system under multiple working conditions, respectively. For example, when
the azimuth axis radial angle is constant, o; is used to represent the tracking performance
of the SDC system at different tangential angles. When i = 1, 07 represents the tracking
performance of the SDC system when the azimuth axis tangential angle ¢1 = 0° (due south).
the tangential angle is divided into n equal parts (n = 24), the corresponding effective
tracking factors are o1, 0y, ... , 0j, ..., and oy, respectively, and then the average effective
tracking factor is obtained, which is calculated by Equation (17). The larger the average
effective tracking factor, the better the tracking performance of the SDC system. The smaller
the SD, the better the stability of the tracking performance of the SDC system Figure 3. G4,
Om, and Oy represent the average effective tracking factors of one day, one month, and one
year, respectively. SDy, SDm, and SDy, respectively, represent the standard deviations of
the average effective tracking factor of one day, one month, and one year (i.e., tracking
performance stability).

t
8251+52+S3+54=/1efdt (15)

to
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17)
(18)

.
1) t; t

Figure 3. Geometric diagram of the effective tracking factor of an SDC system [29].

4. Results and Discussion

In this section, the influence of the azimuth axis tilt error on the tracking performance
of an SDC system is studied in detail. The SPA [28] algorithm is used to calculate the
solar position changes in different regions (Dunhuang, Naqu, Delingha, Kunming, Baotou,
and Haerbin) during the summer solstice, as shown in Figure 4. Firstly, the influence of
the radial and tangential angles of azimuth axis on the tracking performance of the SDC
system is studied. Secondly, under the influence of azimuth axis error, the influence of
the initial tracking position of SDC system on its tracking performance is studied. Then,
the tracking performance variation law of an SDC system operating in different regions is
studied. Finally, the tracking performance variation law of an SDC system running in a
typical region (Dunhuang) for a long time (one whole year) is studied.

—+— Dunhuang —*— Naqu —+— Delingha —+— Dunhuang —*— Naqu —+— Delingha

Kunming —— Baotou —e— Haerbin Kunming —*— Baotou —e— Haerbin

[~
173
=1
—
=3
o

200 - U
3 k)
.— = I~
150 g 60
f=
g g
- » —— -
£100 S 40
E 5
S50t M 20
o
0 fpwon™ s L L L L 0 o L L 1 I 1
8700 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 700 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17
=50 K -20
Local Time Local Time
(@ (b)

Figure 4. Variation of solar position on the summer solstice in different regions: (a) azimuth angle;
and (b) elevation angle.
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4.1. Influence of Azimuth Radial Angle and Tangential Angle on Tracking Performance of an
SDC System

In this section, taking a typical day (the summer solstice) in a typical area (Dunhuang)
as an example, the influence of the radial and tangential angles of the azimuth axis on
the tracking performance of an SDC system is studied. Figure 5 shows the variation of
effective tracking factor of an SDC system with the azimuth axis radial angle 6; = 0.05°,
0.1°,0.15°, 0.2°, and 0.25° and the tangential angle ¢; = [0°, 360°]. When the tangential
angle of azimuth axis is constant, with the increase of the radial angle of azimuth axis, the
effective tracking factor decreases, that is, the tracking performance of the SDC system
decreases. When the radial angle of azimuth axis is constant, with the tangential angle
of azimuth axis changing from ¢ = 0° (due south) to ¢1 = 180° (due north), the effective
tracking factor first decreases and then increases. When the azimuth tangential angle of
azimuth axis is ¢1 = 0° and ¢ = 90°, the effective tracking factor reaches the maximum
and minimum, respectively. That is, when the azimuth axis’s tangential angle is ¢1 = 0° or
180°, the tilt error of the azimuth axis has the least influence on the tracking performance
of the SDC system. At the same time, we find that the change of the azimuth axis radial
angle has the same trend for the tracking performance of the SDC system. Two azimuth
axis tangential angles symmetrical about the origin have the same tracking performance.
For example, when the azimuth axis tangential angles are ¢; = 0° and ¢; = 180°, the
tracking performance is the same. In the subsequent study, in order to reduce the amount
of calculation, we used the radial angle 61 = 0.1° and the tangential angle ¢, = [0°,360°] of
azimuth axis.

300° 60°
285° pe /././ 750
270°E: L e & Wo0°
2550 - Nf’\\"“ 105°
240° 120°
2250 /oo Tk 1350
210° e 150°
o N (o]
195° 1900 165
—m— §,=0.05°—8— 6,=0.10° 6,0.15°—¥— 6,=0.20°—— 6,=0.25°

Figure 5. Variation of the effective tracking factor o of an SDC system with the radial and tangential
angles of azimuth axis.

4.2. Influence of Initial Tracking Position of an SDC System under Azimuth Axis Tilt Error

In practical engineering applications, the initial tracking position of an SDC system is
generally due east (i.e., the focal axis points to due east). Currently, total stations, ranging
sensors, and laser scanners are mainly used to ensure the initial tracking position of an SDC
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system. These measuring instruments have certain errors, which leads to the initial tracking
position of the SDC system not being due east. Therefore, this section takes a typical day
(the summer solstice) in a typical area (Dunhuang) as an example to study the influence
of the initial tracking position of an SDC system on its tracking performance under the
azimuth axis tilt error. Figure 6 shows the schematic diagram of the initial tracking position
of an SDC system. In order to describe the initial tracking position of an SDC system,
two offset angles, y1 and v», are introduced. Then, any initial tracking position can be
considered as the focal axis vector rotated by 1 around the z-axis and then rotated by y»
around the y-axis. The focal axis vector N’; of the initial tracking position can be calculated
by Equation (19), where Rot(y, v») and Rot(z, 1), respectively, represent the rotation matrix
around the y- and z-axes, which are shown by Equations (3) and (20), respectively. When
Y1 # 0 and v, = 0, the initial tracking position varies in the horizontal plane. When y; =0
and vy, # 0, the initial tracking position varies in the vertical plane. When y; =y, =0, it
means that the initial tracking position of the SDC system is due east. The value range of
v1 and vy, is [—0.5°, 0.5°].

Nt = N¢ - Rot(z,v1) - Rot(y,v,) (19)
cosy, 0 —siny,

Rot(y,vp) = 0 1 0 (20)
siny, 0 cosy;

Y

Figure 6. Schematic diagram of initial tracking position of an SDC system.

Simplify Equation (19) to get N'¢ = [—cosyjcosyy, —siny;, cosy;siny;].

According to the results, different initial tracking position offsets have the same trend
on the effective tracking factor of an SDC system, only with a numerical value difference.
In order to display the data more clearly, this section only lists the variation rules of the
initial tracking position offset of 0.2° and 0.4°. Figure 7 shows the variation of the effective
tracking factor of an SDC system with different initial tracking positions under the azimuth
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axis tilt error. It can be clearly seen that whether the initial tracking position varies in the
horizontal plane or the vertical plane, the larger the deviation angle of the initial tracking
position (i.e., the larger y; or y,), the worse the tracking performance of the SDC system.
Regarding the symmetric initial tracking position offset angle in the due east direction
(i.e.,, vy1 =0.2° and y; = —0.2°), the tracking performance change trends are exactly opposite.
From Figure 7a, it can be seen that when y; > 0°, the azimuth axis tilt error has the least
influence on the tracking performance at the azimuth axis tangential angle ¢ = 345°
(i.e., 15° south by east) or ¢1 = 165° (i.e., 15° north by west). In the azimuth axis tangential
angle ¢ = 0° (due south) or ¢ = 180° (due north), the azimuth axis tilt error has the most
influence on tracking performance. Similarly, it can be seen in Figure 7b that when y; >
0°, the azimuth axis tilt error affects the tracking performance the least at the azimuth axis
tangential angle ¢1 = 75° (i.e., 75° south by west) or ¢ = 225° (i.e., 75° north by east). In
the azimuth axis tangential angle ¢ = 345° (i.e., 15° south by east) or ¢ = 165° (i.e., 15°
north by west), the azimuth axis tilt error affects the tracking performance the most.

S
330° 1.0 30°
315 \ \0'9 / / 45
0.8
300° \ . 107 / 60°
SN NV N -
. / X4 TN .
285 T~ // :/ 0. \. 4 o~ 75
270°E — -‘::\ —W90°
. \ = / ~— .
255 K VO 105
e NS F % RN
240° J/ . o \ 120°
225° / / \ \ 135°
210° 150°
195° 1815]0 165° 195° 18130 165°
—o— A, =04—v—1%,=02 A=02—*—,=04 —o—A,=—0.4—v—2, =02 2,=0.2 —*—2,=0.4
(@) (b)

Figure 7. Variation of the effective tracking factor o of an SDC system with different initial tracking
positions under the azimuth axis tilt error. (a) The initial tracking position varies in the horizontal
plane (y2 = 0°). (b) The initial tracking position varies in the vertical plane (y; = 0°).

Figure 8 shows the variation of the daily average effective tracking factor 54 and
SDg4 with the initial tracking position offset for an SDC system. When the initial tracking
position offset is less than 0°, the average tracking performance of the initial position of
the SDC system in the horizontal plane is better than that in the vertical plane. When the
initial tracking position offset is greater than 0, the average tracking performance of the
initial position of the SDC system in the vertical plane is better than that in the horizontal
plane. At the same initial position offset, the tracking performance stability of the SDC
system initial position in the horizontal plane is better than that in vertical plane. However,
compared with the initial tracking position due east, the deviation of the initial tracking
position of the SDC system in the horizontal or vertical plane will reduce its tracking
performance and tracking performance stability.
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Figure 8. Variation of the daily average effective tracking factor 64 and SDy of an SDC system with
initial tracking position offset.

4.3. Tracking Performance of an SDC System Running in Different Regions under Azimuth Axis
Tilt Error

With the maturity of solar photo-thermal power generation technology, its application
in various parts of the world is also increasing rapidly. An SDC system needs to track
the sun’s position with high precision in order to ensure its power generation efficiency.
However, the sun’s position (the azimuth and elevation angles) is different in different
regions, and the tracking performance of SDC systems is also different. Therefore, it is
necessary to study the influence law of the SDC system running in different regions on
its performance. This section mainly analyzes the influence of an SDC system running
in different regions (Dunhuang, Naqu, Delingha, Kunming, Baotou, and Haerbin) on its
tracking performance on a typical day (the summer solstice). The latitudes and longitudes
of different regions are shown in Table 2.

Table 2. Latitude and longitude and the daily average effective tracking factor 64 and SDg of SDC
systems in different regions.

Regions
Dunhuang Naqu Delingha Kunming Baotou Haerbin
Latitude 40.13° N 31.29° N 37.22° N 25° N 40.32° N 45.42° N
Longitude 94.67° E 92.04° E 97.23° E 102.39° E 109.53° E 125.15° E
04 0.57234 0.5868 0.56715 0.58612 0.53792 0.49776
SD4 0.04874 0.04935 0.05539 0.06537 0.07072 0.08238

Figure 9 shows the variation of the effective tracking factor of an SDC system in
different regions under the azimuth axis tilt error. Obviously, at different azimuth axis tan-
gential angles, the effective tracking factors of the SDC systems in Baotou and Haerbin are
relatively small, i.e., the tracking performance is relatively poor. The tracking performance
is the worst when the azimuth axis tangential angle ¢1 = 90° (due west) or ¢ = 270° (due
east). The tracking performance is best when the azimuth axis tangential angle ¢; = 15°
(i.e., 15° south by west). Figure 10 shows the daily average effective tracking factors 64 and
SDyq variations for different regions, and the specific data are shown in Table 2. It is obvious
to see that the daily average effective tracking factors of Baotou and Haerbin are smaller
and the SDy is larger, i.e., the tracking performance is relatively poor and the tracking
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performance stability is relatively low compared with other regions. From Table 2, we
can find that the longitude of the Kunming region is not the lowest compared with other
regions, but it has the lowest latitude. The tracking performance and tracking performance
stability of an SDC system in Kunming’s operations are better than that of Baotou and
Haerbin. Compared with Baotou, although the latitude of Dunhuang is closer, the longitude
of Dunhuang is lower, and so the tracking performance and tracking performance stability
of the SDC system in Dunhuang are better.

330°
315°

300°

285°
270° E -
255°

240°

225° Y/ o

210° 150°
195° 1513\(1)0 165°

—am— Dunhuang —¢— Naqu —4— Delingha

—v— Kunming Baotou —«— Haerbin

Figure 9. Variation of the effective tracking factor o of an SDC system in different areas under an
azimuth axis tilt error.

< 0.085

i < 0.080

1 0.075

//'/ 10.070
O /-/ { 0.06s°Da

- 0.060

/// - 0.055

N g 40.050

0.045

Dunhuang Naqu Delingha Kunming Baotou Haerbin

Figure 10. Variation of the daily average effective tracking factor 64 and SDy4 of an SDC system in
different regions.

In summary, latitude is the main factor that determines the tracking performance and
stability of an SDC system in different areas and longitude is the secondary factor. If a
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certain area can guarantee a low longitude and latitude, then the tracking performance and
tracking performance stability of an SDC system in this area will be guaranteed. This has
guiding significance for the site selection of large-scale dish power stations.

4.4. Tracking Performance of an SDC System in a Whole Year Operation Cycle under Azimuth
Axis Tilt Error

This section focuses on the tracking performance variation law of an SDC system in a
typical region (Dunhuang) during a whole year operation cycle under the azimuth axis tilt
error. Figure 11 shows the annual average effective tracking factor 6y and SDy variation
of an SDC system with different azimuth axis tilt errors. From Figure 11a, it can be seen
that the annual average effective tracking factor of the SDC system achieves the maximum
value when the azimuth axis tangential angle ¢ = 0° (due south) or ¢ = 180° (due north),
i.e., the tracking performance is optimal. When the azimuth axis tangential angle ¢ = 75°
(i.e., 75° south by west), the annual average effective tracking factor achieves the minimum
value, i.e., the worst tracking performance. It can be seen from Figure 11b that when the
azimuth axis tangential angle ¢1 = 0° (due south), 90° (due west), 180° (due north), or
270° (due east), the SDy value is relatively small, i.e., the tracking performance stability is
relatively better.

a5 150 3450 & 15
330° 0.75 30° 330° 0.07 30°
315° 450 315° 450
300° ' \ 60° 300° 60°
285° 1 750 285° : S 75°
8 {3 ! ' /
270° E ‘ —W90° 270°E: oy = Wo0°
I ‘ : : ‘ ‘ ] g
255° | \ 105° 2550 105°
240° ~ / 120° 240° 120°
2250 o Ny 1350 225° _ ot 135°
210° N 150° 210° N 150°
195° 1800 165° 195° jgge 165°
(a) (b)

Figure 11. Variation of the annual average effective tracking factor oy and SDy of an SDC system
under different azimuth axis tilt errors: (a) annual average effective tracking factor oy; and (b) SDy.

Since the tangential angle of azimuth axis is symmetrical about the origin, its tracking
error is the same. Therefore, only some of the data are listed. Figure 12 shows the variation
of the monthly average effective tracking factor G, of an SDC system for different azimuth
axis tilt errors. It can be seen that when the azimuth axis tangential angle ¢; = (0°, 90°),
the monthly average effective tracking factor first increases and then decreases, i.e., the
tracking performance first increases and then decreases. When the azimuth axis tangential
angle ¢ = (90°, 180°), the monthly average effective tracking factor first decreases and
then increases, i.e., the tracking performance first decreases and then increases. When the
azimuth axis tangential angle ¢ = 0° (due south) or 90°, this is the turning point of the
effective tracking factor variation rule of an SDC system. In particular, when the azimuth
axis tangential angle ¢; = 0°, the monthly average effective tracking factor varies in a
“wavy” pattern.



Energies 2022, 15, 3261

14 of 17

units:°®
0.75 F & . - 2 o ¢1:O
e ° 7 e |—e—p=15
L 8
0.70 ./': . \\ /‘!———a\\' - A ¢1=30
- NN .// -—
. \l P A x| v =45
0.65 % g v-:—w—:t_,_,.,i;, ——§ U o p=60
(?m ks S~ 3 / < =75
X o W U, S N e (
0.60 F © ™~ Y b A o
AR e A T e
P N A * \ / _
| A e _/*,,f" —o—¥ X% )¢ —o— ¢,=105
0.55 :/ LS o 9 _* sy N
s W d R
A T -y Sy _
0.50 ¥ ¢ ¥ - . o =135
¢ X—=F |- g-150
L 2
0.45 1 1 1 1 1 1 1 1 1 1 1 1 (01=165
1 2 3 4 5 6 7 8 9 10 11 12

Month

Figure 12. Variation of the monthly average effective tracking factor G, of an SDC system under
different azimuth axis tilt errors.

Figure 13 shows the variation of the monthly average effective tracking factor o,
and SDp, of an SDC system. It can be seen that the monthly average effective tracking
factor and SDy, of the SDC system gradually decrease from January to June, and gradually
increase from July to December, i.e., in June and July, the tracking performance of the SDC
system is worse, but the tracking performance is more stable. We have counted the extreme
values of effective tracking factors and corresponding dates of the SDC system at different
azimuth axis tangential angles when the azimuth axis radial angle is 0.1° in the whole year
operation cycle, as shown in Table 3. Obviously, when the azimuth axis tangential angle is
¢1 = 0° (due south), the minimum effective tracking factor of SDC system is larger than
the maximum effective tracking factors with its tangential angles of 30°, 45°, 60°, 75°, 90°,
and 105°.
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Figure 13. Variation of the monthly average effective tracking factor G, and SDyy, of an SDC system.
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Table 3. Extreme values of effective tracking factors and corresponding dates for different tangential

angles in a whole year operation cycle when the radial angle of azimuth axis is 0.1°.

Azimuth Axis Tangential Angle ¢1/°

1} 15 30 45 60 75 90 105 120 135 150 165
Date
(month/day) 06/21 12/12 12/10 12/05 11/27 11/01 05/01 06/01 06/01 06/19 06/16 06/19
Omin 0.646 0.592 0.524 0.480 0.467 0.481 0.507 0.513 0.529 0.555 0.588 0.621
Date
(month/day) 02/05 08/01 07/01 07/01 07/01 07/01 02/01 01/01 01/01 01/01 01/01 01/01
Omax 0.705 0.654 0.613 0.577 0.545 0.528 0.553 0.616 0.678 0.728 0.761 0.757

Based on the above analysis, the tracking performance and tracking performance
stability of an SDC system are better when ¢ = 0° (due south) compared with other azimuth
axis tangential angles in a whole year operation cycle. If the tilt error of azimuth axis can
be determined in a practical engineering application, then we can get a more specific
situation of the tracking performance of the SDC system. For example, during a whole
year’s operation cycle, on which day is the tracking performance of SDC system the worst?
Therefore, we only need to ensure that the day with the worst tracking performance meets
the set requirements, and then the SDC system can maintain a good tracking performance
in the whole year’s operation cycle. Moreover, we only need to calculate the tracking error
of a certain day (the worst performance) to predict whether the SDC system will meet the
performance requirements in the whole year. This can reduce the calculation amount of the
tracking performance evaluation of the SDC system in the whole year operation cycle. A
higher tracking accuracy of a tracking system inevitably leads to a higher cost [30]. We only
need to perform error correction on the day of the worst tracking performance to ensure
the tracking performance of the SDC system. This has significance in reducing the cost of
dish solar thermal power generation.

5. Conclusions

In this paper, based on the theory of rigid body motion, the tracking error model of
an SDC system considering the tilt error of azimuth axis is established. The influence of
radial angle and tangential angle of azimuth axis on the tracking performance of an SDC
system is studied in detail. Under the influence of azimuth axis tilt error, the variation law
of tracking performance of an SDC system in initial tracking position, operation area, and
the whole year operation period are analyzed. The main conclusions are as follows:

(1) Under the influence of azimuth axis tilt error, the deviation of the initial tracking
position of an SDC system in the horizontal or vertical plane will reduce its tracking
performance and tracking performance stability compared with the initial tracking position
being due east. Therefore, controlling the initial tracking position of an SDC system is one
of the factors to ensure its tracking performance.

(2) Latitude is the main factor that determines the tracking performance and tracking
performance stability of an SDC system in different regions, and longitude is a secondary
factor. Under the influence of azimuth axis tilt error, an SDC system’s tracking performance
and its tracking performance stability are better in areas with a relatively lower latitude.
The SDC system’s tracking performance and its stability are better in different regions close
to latitude and with a lower longitude. This has guiding significance for the site selection
of large-scale dish power stations.

(3) During a whole year operation period, when the azimuth axis tangential angle ¢
= 0° (due south), the tracking performance and tracking performance stability of an SDC
system can be guaranteed at the same time. The tracking performance of an SDC system in
the first quarter and the fourth quarter is relatively better, and the tracking performance
stability in June and July is relatively better.
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Nomenclature

Na Azimuth axis initial unit vector

Ne Elevation axis initial unit vector

N¢ Focal axis initial unit vector

Ns Sun’s ray direction vector

e Tracking error of an SDC system (mrad)
Greek symbols

01 Radial angle of azimuth axis (degree)

b1 Tangential angle of azimuth axis (degree)
Y1, Y2 Offset angles of initial tracking position (degree)
o sun’s azimuth angle (degree)

B sun’s elevation angle (degree)

o Effective tracking factor of SDC system
Abbreviations

DATD Double-axis tracking device

ETF Effective tracking factor

SDC Solar dish concentrator

SD Standard deviation

SDSP Solar dish Stirling thermal power

SPA Solar position algorithm
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