Renewable Energy 36 (2011) 2687—-2693

journal homepage: www.elsevier.com/locate/renene

Contents lists available at ScienceDirect

Renewable Energy

Renewable Energy

Tracking and ray tracing equations for the target-aligned heliostat for solar tower

power plants

Xiudong Wei®*, Zhenwu Lu?, Weixing Yu?, Hongxin Zhang?, Zhifeng Wang"

@ Changchun Institute of Optics, Fine Mechanics and Physics of Chinese Academy of Sciences, Changchun 130033, China
> The Key Laboratory of Solar Thermal Energy and Photovoltaic System, Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing 100190, China

ARTICLE INFO ABSTRACT

Article history:

Received 13 November 2009
Accepted 28 February 2011
Available online 1 April 2011

Keywords:

Target-aligned heliostat
Solar tower power plants
Asymmetric surface

Ray tracing

The tracking and ray tracing equations for the target-aligned heliostat for solar tower power plants have
been derived in this paper. Based on the equations, a new module for analysis of the target-aligned
heliostat with an asymmetric surface has been developed and incorporated in the code HFLD. To validate
the tracking and ray tracing equations, a target-aligned heliostat with a toroidal surface is designed and
modeled. The image of the target-aligned heliostat is calculated by the modified code HFLD and
compared with that calculated by the commercial software Zemax. It is shown that the calculated results
coincide with each other very well. Therefore, the correctness of the tracking and ray tracing equations
for the target-aligned heliostat is proved.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

For solar tower power plants, the heliostats track the sun and
reflect the solar radiation onto the receiver atop a tower. The
heliostat field plays a pivotal role in contribution of the total cost
and efficiency of solar tower power plants [1]. Traditionally,
heliostats utilize spherical reflector with azimuth-elevation mount.
During the sun tracking, the incident angle relative to the heliostat
changes and the reflection is off-axis, which is most of the time in
practical situations. For the spherical reflector, the meridian focus
moves along a circle with a diameter equal to the paraxial focal
length. However, the sagittal focus moves along a straight line with
the increase of incident angle. The sagittal and meridian focuses
never overlap so that the image spreads in the focal plane. In order
to correct the astigmatism and reduce the solar image size, an
asymmetric reflector was suggested to be used which means that
the heliostat should have different curvature radii along the
meridian and sagittal direction in heliostat plane [2,3]. However,
the asymmetric reflector requires that the incident direction of
sunlight remains stationary relative to the heliostat plane and the
incident plane of sunlight coincides with the meridian plane of the
heliostat during the sun tracking. RIES H presented a new tracking
method called target-aligned mount which can be used for the
asymmetrical heliostat [4].
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In this work, the tracking and ray tracing equations for the
target-aligned heliostat are firstly derived and given explicitly.
Then based on the equations, a new module for analysis of the
target-aligned heliostat with asymmetric surface is incorporated in
the code HFLD [5—7]. The image of a single target-aligned heliostat
with toroidal surface is calculated by using the modified code HFLD
and the software Zemax respectively. Zemax is well known
commercial software which is widely used for the optical design
and analysis [8,9]. The correctness of the tracking and ray tracing
equations is proved by comparing the calculated results.

2. Tracking equations for the target-aligned heliostat

The target-aligned heliostat has two rotation axes as shown in
Fig. 1. The first axis is fixed relative to the ground and points toward
the target and the second axis is perpendicular to the first axis and
is located in the heliostat plane. As the sun moves, the heliostat
rotates about the first axis firstly so that the incident plane of
sunlight coincides with the meridian plane of the heliostat, and
then the heliostat rotates about the second axis to reflect the
sunlight to the target. The rotation angles of heliostat can be
calculated according to the solar time, the heliostat and the target
locations on earth.

For deriving the rotation angle formulas for the target-aligned
heliostat, Cartesian right-handed coordinate systems are estab-
lished and illustrated in Fig. 2. Ground-coordinates are defined as
Xg Yg, Zg, where the tower base center G is the origin, X, is directed
toward south, Y, points toward north, and Z; points toward the
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Fig. 1. The heliostat with target-aligned mount.

zenith. Reflection-normal coordinates are defined as X;, Yy, Z,, where
the heliostat plane center M is origin, Z; is along reflection toward
the target, X; is horizontal and perpendicular to Z, and Y; is
perpendicular to X; toward up. T denotes the target center which
corresponds to the intersection point between the Zg axis and the Z;
axis. Zero position for the target-aligned heliostat is selected as the
meridian plane of the heliostat is vertical. Y;Z, plane corresponds to
the heliostat meridian plane in zero position. Auxiliary coordinates
X1Y1Z; correspond to the real position of the heliostat after rota-
tions about the first axis.

The incidence vector pointing toward the sun from the heliostat
location in ground-coordinates is illustrated in Fig. 3.

COSK; CcosAcosa
cosf; | = | sinAcosa (1)
COSY; sino

where cosa;, cosf;, cosy; are the direction cosine components of the
incidence vector, « is the solar altitude angle and A is the solar
azimuth angle which is measured clockwise on the horizontal
plane from the projection of the sun’s central ray to the south-
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Fig. 2. Coordinate systems for deriving the rotation angle formulas for the target-
aligned heliostat.
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Fig. 3. Incidence vector in ground-coordinates.

pointing coordinate axis. The angles « and A can be calculated

according to the solar time and the heliostat location on earth [10].
Similarly, the reflection vector pointing toward the target from

the heliostat center in ground-coordinates is illustrated in Fig. 4.

COS o —cosflysinA
cosf, | = | —sinfysinA (2)
COS Yy cosA

where cosa;, cosfr, cosy,are the direction cosine components of the
reflection vector, A is the heliostat’s target angle and @y is
the heliostat’s facing angle which is measured anticlockwise on the
horizontal plane from the south-pointing coordinate axis to the
heliostat’s position. The angles 1 and fy depend on the heliostat and
the target locations on earth.

The incident angle # equals to the half of the angle between the
incidence and reflection vectors. According to the law of vector
angular cosine and using Egs. (1) and (2), we have,

cos2f = sinacos A — cos asin Acos(fy — A) 3)

The incident angle # can be solved from Eq. (3) as follows,
§ = cos! {\f[sinacosk — cos(fy — A)cosasinA + 1]1/2} (4)

For obtaining the direction cosine of the incidence vector in
auxiliary coordinates X;YqZ;, the coordinates need to transform
from ground-coordinates to auxiliary coordinates. Firstly, ground-
coordinates rotate fy—m/2 about Z; axis and then rotate A about X,
axis so that the three axial directions of the coordinates coincide
with that of reflection-normal coordinates (see Fig. 2). Then, the
coordinates rotate —wp about Z, axis so that the three axial direc-
tions of the coordinates coincide with that of the auxiliary coordi-
nates. The transformation matrices are given as follows,

Z (zenith) Sun
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- =7
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— >
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Fig. 4. Reflection vector in ground-coordinates.
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sinfy —cosfy O 1 0 0
My = |cosfy sinfy O, My = |0 cosA sind |,
0 0 1 0 -—sind cosA
coswy —sinwy O
M3 = |sinwg coswy O
0 0 1

where wy is the rotation angle about the first axis (see Fig. 2). The
direction cosine of the incidence vector also can be written as (0,
sin26, cos2#). Therefore, we have,

0 COSA cosa
sin2f | = M3M,M; - | sinA cosa (5)
cos20 sina

From Eq. (5), we have,

coswycosasin(fy — A) — sinwy[cosAcosacos(fy — A)
+ sinAsing] = 0 (6)

Solving Eq. (6), we have,

cosasin(fy — A)
cosAcosacos(fy — A) + sinAsina

wy = tan~!

(7)

The tilt angle Ey of the heliostat equals to the incident angle 6,
we have,

Ey =0 (8)
3. Ray tracing equations for the target-aligned heliostat
For modeling and analyzing the target-aligned heliostat with an

asymmetric surface, it is necessary to derive the ray tracing equa-
tions. Cartesian right-handed coordinate systems are established

1 0 0 —sinA —cosA O

M; = |0 sina —cosa|, My = | cosA —sinA 0|, M3
0 cosa sina 0 0 1
1 0 0 coswy —sinwy 0

Mgy = |0 cosA sind|, Ms = |sinwy coswy 0], Mg
0 -—sind cosk 0 0 1

to X, toward up, X, and Yy, are located in the heliostat plane.
Target-coordinates are defined as Xr, Y1, Zr, where the receiver
aperture center T is origin, Zt is along the normal direction of the
receiver aperture toward up, X is horizontal and perpendicular to
Z7, Yt is perpendicular to Xt toward up, Xt and Yt are located in the
receiver aperture plane.

Considering the sun shape, the incident beam relative to a point
of mirror can be regarded as a cone with a vertex angle of
¢ = 9.3mrad. The symmetric axis of the cone coincides with the Z;
axial direction. The polar coordinate system is established on the
solar disc plane. The center of the solar disc is the origin. psun, fsun
are the polar coordinate components (0<psun<¢/2, 0<f5n<27). In
terms of incident-normal coordinates X;YiZ;, the components d;y, dy,
0j, of the unit vector of incident ray can be expressed as follows,

Biy Psun€OSbsun
Oy | = Psunsmzesun T 9)
3iz (1-0% - 53)

For obtaining the direction cosine components cosqj, cos(),
cosy; of the incident ray in heliostat-coordinates Xp;,YnZn, the
coordinates need to transform from incident-normal coordinates
to heliostat-coordinates. Firstly, incident-normal coordinates
rotate a—m/2 about X; axis and then rotate A—m/2 about Z; axis so
that the three axial directions of the coordinates coincide with
that of ground-coordinates (see Fig. 2 and Fig. 5). Secondly, the
coordinates rotate §;—/2 about Zg axis and then rotate A about X,
axis so that the three axial directions of the coordinates coincide
with that of reflection-normal coordinates. Finally, the coordi-
nates rotate —wpy about Z, axis and then rotate — about X; axis so
that the axial directions of the coordinates coincide with that of
heliostat-coordinates. The transformation matrices are given as
follows,

sinfy —cosfly O
cosfy sinfy 0],
0 0 1

1 0 0
0 cosf —sind

0 sind cosf

and shown in Fig. 5. Incident-normal coordinates are defined as X;, So we have,

.Y,-, Z, whe.re thg heliostat plane cenFe-r M i§ origin, Z; is along the cosey . S SiA11 + OiyA1y + 0iA1s

incident direction toward the sun, X; is horizontal and perpendic- cosf, | = 751 M- | 6 — | 6:. A1 + 6140 + 6 A

ular to Z; and Y; is perpendicular to X; toward up. Heliostat-coor- ! i=0(i=5)F*1 v l.x 21 v 2 N >

o . cosy; iz 0ixA31 + 0jyA3p + 0j,A33
inates are defined as Xy, Y, Zm, where the heliostat plane center

M is origin, Z, is along the normal direction of the heliostat toward (10)

up, X, is along the second axis of the heliostat, Y, is perpendicular where,

A1 = —coswycos(fy — A) — sinwycosisin(fy — A)

A1y = [sinwycosicos(fy — A) — coswysin(fy — A)]sina — sinwysinicosa

A1z = [coswysin(fy — A) — sinwycosicos(fy — A)jcosa — sinwysinAsina

Ay1 = (cosfcoswycosA + sinfsind)sin(fy — A) — cosfsinwycos(fy — A)

Ayy = (cosfcoswysind — sinfcosA)cosa — [cosfsinwysin(fy — A) + (cosficoswycosA + sinfsinA)cos(fy — A)]sina

Ayz = [cosfsinwysin(fy — A) + (cosfcoswycosi + sinfsind)cos(fy — A)]cosa + (cosficoswysind — sinfcosA)sina

A3; = (sinfcoswycosi — cosfsinA)sin(fy — A) — sinfsinwycos(fy — A)

A3y = (sinfcoswysini + cosfcosA)cosa — [sinfsinwysin(fy — A) + (sinfcoswycosA — cosfsind)cos(fy — A)]sina

A3z = [sinfsinwysin(fy — A) + (sinfcoswycosA — cosfsind)cos(fy — A)]cosa + (sinfcoswysind + cosflcosA)sina
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Fig. 5. Coordinate systems for deriving the ray tracing equations for the target-aligned
heliostat.

The coordinates of a point of mirror are denoted by X;;,, Y, Zm. In
terms of heliostat-coordinates, the components dpnx, 0ny, On; Of the
unit normal vector of a point on the mirror surface can be expressed
as follows,

Onx _6X,,, + Onwx
(3ny = 76Y’" +2 6nwy2 05 (11)
Onz (1 — Oy — 6ny)

where, dx, and dy, are angular components along X, and Y;; axes
respectively due to the mirror surface shape, dpwx and Opwy are
angular components along X, and Yy, axes respectively due to the
shape errors. The direction cosine components cosay, cos@y, COSYN
of the normal vector of a point can be written as follows,

cosay g""
cosfy | = |V , NY (12)
cosyy (1- 0% —2)

According to the law of vector angular cosine, the incident angle
0 of all traced rays relative to the mirror surface can be written as
follows,

costym = cosqcosay + cosB;cosfy -+ COSy;CosyYy (13)

According to the Snell law, the direction cosine components
COSQmy, COSCmr, COSYmr Of reflection rays in terms of heliostat-coor-
dinates are written as follows,

COSQpr 2cosfmcosay — cosa;
oSy | = | 2cosfmcosBy — cosp; (14)
COSYmr 2cosfmcosiy — cosy;

For obtaining the direction cosine components cosa;, cosf, Cosyr
of the reflection ray and the coordinate components Xy, Yimr, Zmr of
a point of mirror in reflection-normal coordinates X.Y;Z;, the
coordinates need to transform from heliostat-coordinates to
reflection-normal coordinates. Therefore, heliostat-coordinates
rotate # about X, axis and then rotate wy about Z, axis so that the
axial directions of the coordinates coincide with that of reflection-
normal coordinates (see Fig. 6). The transformation matrices are
given as follows,

1 0 0 coswy sinwy O
M; = |0 cosf sinf |, My = | —sinwy coswy O
0 —sinf cosf 0 0 1

Heliostat

Z,=So plane

Fig. 6. Coordinate transformation from heliostat coordinates to reflection-normal
coordinates.

So we have,
cosoy CoSmyr
cosf; | = MyMy | cosBmy
CosY; COSYmr (15)

COSAmrCOSWy + COSPBmrSiNwyCos + CoSY y,, Sinwysing
= | —cosamrSinwy + coSf - COSWHCOSH + COSY 1y COSWySING
—c0Sfm,sing + cosy y,cost

Xmr Xm
Ymr = MZMI Ym
Zmr Zm

Xmcoswy + Ymsinwycosd + Zysinwysing
= | —Xmsinwy + Ymcoswycost + Zycoswysing (16)
—Ymsing + Zpycosf
The equation of the reflection ray is written as follows,

Zr — Zmr
cosy;

Xr—Xmr _ Yr—Ymr
CcoSay cosf,

(17)

The coordinates of intersection point between the reflection ray
and the plane Z; = Sy (see Fig. 6) are solved as follows,

Xr (So — Zmr) - cOSr/COSY, + Xmr
Yy | = | (So — Zmr)-cosB,/cosy, + Yimr (18)
Zr SO

where Sy is the distance between the heliostat center and the
receiver aperture center (see Fig. 6).

A new reflection auxiliary coordinates X;1Y;1Z;1 are obtained by
translating the reflection-normal coordinate Sy along Z, axis (see
Fig. 7). In terms of the new coordinates, the coordinates of inter-
section point between the reflection ray and the plane Z, = So can
be written as X, Yy, O.

For obtaining the direction cosine components cosay, €oSf,
cosyr of the reflection ray and the coordinate components Xy, Yo,
Zy of the intersection point in target-coordinates XtY1Zy, the
coordinates need to transform from reflection auxiliary coordinates
to target-coordinates. Firstly, the coordinates rotate —A about X
axis and then rotate 7/2—fy about Zq axis so that the axial direc-
tions of the coordinates coincide with that of ground-coordinates
(see Fig. 7). Then, the coordinates rotate g about Y axial direction
and then rotate /2 about Z; axial direction so that the axial
directions of the coordinates coincide with that of the target-
coordinates. The transformation matrices are given as follows,
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Fig. 7. Coordinate transformation from reflection auxiliary coordinates to target- =
coordinates. ﬁ
1 0 0 sinfy cosfy O
M; = |0 CQSA —sind |, My = | —cosfy sinfy O], Fig. 8. Optical model of the target-aligned mirror with the toroidal surface in Zemax
0 sinA cosi 0 0 1 software.
cosdg 0 —sindg 0 10
M; = 0 1 0 ., My=1]-1 00 aligned heliostat with a toroidal surface [11] is designed. The
sindg 0 cosdg 0 0 1 parameters of the target-aligned heliostat are given in Table 1.
According to the locations of the heliostat and the target on the
So we have, earth, the range of incident angle 6 relative to the heliostat center in
X0 X, cosfy + Yysinfycosi a year can be calculatgd. As.suming the worlfing hours of the
. . . heliostat are from solar time 8:00 a.m. through 4:00 p.m. every day,
Yio | = | —Xrsinfycosog — Yr(cosfycosdgcosA — sindgsini) o o . .
" : ; f the range of incident angle # is 0°~35°. The toroidal surface
Zo Xrsinfysindg + Yr(cosfysindgcosA + cosdgsind) Lo .
(19) equation in the form z = flx,y) is given as follows,
COSQ = —C0SarCcosfy + cosP,sinfycosi — cosy,sinfysini
cosfy = —cosarsinfycosog — cosP(cosfycosogcosA — sindgsinAd) + cosy, (cosfyCcosogsina + SindgCcosA) (20)

COSYq = COSarsinfysindg + cosB,(cosfysindgcosA + cosdgsind) — cosy, (cosfysindgsinA — cosogcosA)

where 0 is the tilt angle of the receiver aperture (see Fig. 5).
The coordinates of intersection point between the reflection ray
and the receiver aperture plane zr = 0 are derived as follows,

XT —Z10COSatr /€COSY ¢ + Xio
1| = | —ZwcosBy/cosyey + Yio (21)
ZTr 0

According to the equation (21), the coordinates of intersection
points between all traced rays and the receiver aperture can be
calculated.

4. Validation of the tracking and ray tracing equations
Based on the tracking and ray tracing equations, a new module

for the analysis of the target-aligned heliostats with an asymmetric
surface is developed and incorporated in the code HFLD. A target-

Table 1

Parameters of the single heliostat.
Latitude 40.4°
Heliostat size 5m x 5m
Height of the pedestal 25m
Location (Xg,yg) (-31.058 m, 0)
Facing angle 180°

Tracking method Target-aligned tracking
Target distance 36.94m
Tilt angle of target plane 30°

2
_ _ 212
R VIO, (22)

z= k- 1 +K)C -

where C = 1/R;, Rs and R; are curvature radii along the meridian and
sagittal direction, K is the cone factor.

The size and tilt angles of a mirror and the surface shape
parameters including R, Ry and K can be input into Zemax so that
the optical model of the target-aligned mirror with a toroidal
surface can be easily created (see Fig. 8).

The field of view along the Y direction of the mirror equals to the
incident angle ¢ and the field of view along the X direction equals to
0. The distance between the mirror center and the image plane
equals to the product of the target distance and the cosine of the
incident angle. As the incident angle changes, the corresponding tilt
angles of the toroidal mirror about X, Y and Z axes are inputted in
order to reflect light into a defined direction. An optimal toroidal
surface for the target-aligned heliostat is designed by using Zemax.
The parameters of the toroidal surface are given in Table 2.

Table 2

Parameters of the toroidal surface.
Range of incident angle 0°~35°
Target distance 36.94 m
Curvature radius along meridian direction (R;) 81.40 m
Cone factor (K) -19.32
Curvature radius along sagittal direction (R;) 68.00 m
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Fig. 9. The comparison of image for the target-aligned heliostat 15 with toroidal surface at different times on the vernal equinox, the dimensions shown are in micrometers, where

left image is calculated by the HFLD and right image is calculated by Zemax.

According to the parameters of the heliostat as listed in Table 1
and Table 2, the target-aligned heliostat with the toroidal surface
is modeled and the image of the heliostat is calculated by using
the code HFLD and the software Zemax respectively. The solar
shape is not considered in the calculation. The comparisons of the
results are shown in Fig. 9. It can be seen that the results coincide
with each other very well. Therefore, the correctness of the
tracking and ray tracing equations for the target-aligned heliostat
is proved.

5. Conclusions

In this work, the tracking and ray tracing equations for the
target-aligned heliostat for solar tower power plants are derived
and given explicitly. With the equations, a new module for the
analysis of the target-aligned heliostat with asymmetric surface is
incorporated in the code HFLD. To validate the correctness of the
tracking and ray tracing equations, a target-aligned heliostat with
a toroidal surface is designed and modeled. The image of the target-
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aligned heliostat is calculated by the code HFLD and the software
Zemax respectively. The calculated results coincide with each other
and thus the correctness of the equations is proved.
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