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Abstract. Transportation is responsible at global level for one third of the total energy
consumption. Solutions to reduce conventional fuel consumption are under research, to
improve the systems’ efficiency and to replace the current fossil fuels. There already are
several applications, usually onsmall maritime vehicles, using photovoltaic systems to cover
the electric energy demand on-board andto support the owners’ commitment towards
sustainability. In most cases, these systems are fixed, parallely aligned with the deck; thus, the
amount of solar energy received is heavily reduced (down to 50%) as compared to the
available irradiance. Large scale, feasible applications require to maximize the energy output
of the solar convertors implemented on ships; using solar tracking systems is an obvious path,
allowing a gain up to 35...40% in the output energy, as compared to fixed systems. Spatial
limitations, continuous movement of the ship and harsh navigation condition are the main
barriers in implementation. This paper proposes a solar tracking system with two degrees of
freedom, for a solar thermal platform, based on a parallel linkage with sphericaljoints,
considered as Multibody System. The analytical model for mobile platform position, pressure
angles and a numerical example are given in the paper.

1. Introduction

Solar tracking systems functionality consists of changing the platform’sposition (supporting solar
thermal collectors or photovoltaic modules) to follow the apparent path of the Sun on the sky and thus
to increase the amount of input solar radiation and, consequently, the output energy up to 35%
comparing to fixed, optimally tilted, systems [1, 2]. The Sun-Earth geometry is described through a
pair of angles: solar elevation angle (o) and solar azimuth angle () as in figure 1.
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Figure 1. Solar elevation angle (o) and solar azimuth angle (y) describing Sun-Earth geometry.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



7th International Conference on Advanced Concepts in Mechanical Engineering IOP Publishing
IOP Conf. Series: Materials Science and Engineering 147 (2016) 012071 doi:10.1088/1757-899X/147/1/012071

For ground mounted solar tracking systems, these values range between 0° and 90° for the
elevation angle and usually between 0° and 240° for the azimuth angle depending on the day and
implementation location [3]. Usually, these motions can be done using serial and parallel mechanisms
[1,4].

According to figure 1, these angles are described in the OXYZ system corresponding to the local

horizontal plane, where the OX axis has the East-West direction and positive sense toward to the East,
the OY axis has the South-North direction and positive sense toward North, and OZ axis perpendicular
to the local horizontal plane with upward positive sense for right orthogonal OXYZ system.
The tracking mechanisms for the platforms installed in a concrete and fixed location have the mobility
M=2, usually by two successive rotations around two well defined axes, from which one is a fixed axis
and the second one is a mobile axis. The diversity of these tracking mechanisms and the required
rotation angles of theplatform were previously described [1] for all types of tracking mechanisms:
azimuthal, pseudo-azimuthal, pseudo-equatorial and equatorial. For all these systems, the rotation
angle around the fixed axis is an absolute angle and the rotation angle around the mobile axis is a
relative angle. In this case, for each independent rotation a specific mechanism is used (linkage type,
gears type, cam type etc.), using as independent driving motions translation (linear actuator) or
rotation (rotary actuator).  Very often linear actuators are used. A complex solution of this type,
based on a four bar mechanism is described in [5] and is sketched in figure 2a.

The tracking mechanisms based only on absolute angles (directly related to the basis) are of
parallel linkage type. In this case, both drivers are connected between the basis and the tracked
platform. Literature mentions these types of tracking parallel linkages having mobility M=2, as in
figures 2b [6], 2¢ [7] and 2d [8].
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Figure 2. Tracking mechanisms of parallel linkages type with M=2.

For a fixed location, all the previously described mechanisms allow the necessary motions by an
optimal design. Solar tracking systems installed on the ships, i.e. with a changing location, must meet
additionally requirements defined by the ship motion on different directions and latitudes, and by roll
and pitch motions. In this case, the tilt angle and diurnal tracking motion cover a much broader range,
and as a result new tracking mechanisms must be considered.

This paper investigates a new type of parallel linkage, with mobility M=2, based on spherical joints
and driving linear actuators, to be used as tracking mechanism feasible for solar tracking systems on
the ships.

(a) (b)

Figure 3. Proposed parallel tracking mechanism with M=2: CAD model (a) and structural scheme (b).
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2. MBS structure of the parallel tracking linkage

The general form of the mechanism (in figure 3) consists of: the basis (1), the mobile platform (2),
four sphere-sphere (SS) connections between the two bodies, and two linear actuators connected
between the bodies, according to structural synthesis described in [6] by using Multibody System
Method (MBS) [9]. The characteristics of the kinematical constraints are presented in table 1.

Table 1. The characteristics of the kinematic constraints
between bodies.

Location  Type Bodies Kinematic constraints c;

AA, SS 1-2 1
BB, SS 1-2 1
CC, SS 1-2 1
DD, SS 1-2 1

Sum of kinematic constraintsXc; = 4

The mechanism mobility (M) is calculated using equation (1), for a number of two bodies (n, = 2)
in the general space (S = 6), having the sum of kinematic constraints X¢;; = 4:

M=S -(n—-1)-Z¢cij=6-(2-1)4=2 €))
The mechanism mobility is equal with the number of the driving constraints represented by the

two linear actuators PP,and QQ,, in figure 3b.

3. The parallel tracking linkage geometry
To define the geometrical model, two reference systems are used: the system OXYZ of the local
horizontal plane of the body 1 and the system O,X,Y,Z, of the mobile platform 2.

Table 2. Geometrical model of the bodies.

Body Scheme Cartesian coordinates
Body 1 X4 Xp Xc
[A]_ YA ] [B]_ YB ) [C]_ YC
Z, Zy Ze
XD _XP XQ
[D] - YD y [P] = YP ) Q = YQ
Zp Zp Zy
Body 2 X(Z) [ (@7 bed
By C2
(2 @) ) ©) @ | y@
[42)] = ly [52] =¥ | [c2] =|v¢
@ 7@ @
d L B2 _ _Zcz d
(2) (1 b
XDz XPz XQz
@] _|y® @] _yv@® @] _1y®
(o] = 72| [2] = v [e2”] = | ve,
) (2) 2)
|z |z 23|

The indirect connections AA,, BB,, CC, and DD,are geometrically defined through the constant
lengths between the respective joints Laaz, Lego, Lecr and Lppy.
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4. The position and orientation of the mobile platform

The position and orientation of the platform 2 is described by 6 generalized coordinates: the
coordinates of the origin O, of the mobile system O0,X,Y,Z,(of the mobile platform 2) relative to the
fixed system OXYZ and the Bryant angles ¢, ¢,, and ¢; described in figure 4.
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Figure 4. Bryant angles ¢;, ¢», and ¢; describing the orientation of the mobile system 0,X,Y»Z, of the
mobile platform 2 relative to the fixed system OXYZ.

The corresponding rotation matrix are:

1 0 0
[M¢ ] =0 cosdp, —sind,
! 0 sind, cos

and the general rotation matrix is:

cosp, —singd, 0
|Mq,] = Isin b, cosd, 0] (2)
0

0 1

0 1 0
—sing, 0 cos,

cosp, 0 singd,
[Mo,| =

[Ma] = [My, |[My,][My,] =

cos ¢, cos ¢3 — cos ¢, sin ¢p; sin ¢,
[cos ¢ sin 3 + sin ¢4 sin P, cos P;  cos b cos P; — sin P4 sin P, sind;  — sin P4 cos d)zl 3)

sin ¢, sin ¢3 — cos ¢, sin P, cos p;  sin dq cos 3 + cos P, sinP, sind;  cos b, cos b,
The elevation o, and azimuthal v, angles (eigure 5) are calculated with equation(4).

@y =90°— 60, = 90 —cos™'(n,); P = tan™' == @

y

wheren,, ny, n, are the direction cosines of O,Z, axis in OXYZ system (the last column in matrix 3).

Zi

Figure 5. Elevation and azimuthal angles of the mobile platform.
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5. The position functions
The system of the position functions (equation 5) consists of fourequations describing the geometrical
constraints (equationF1 to F4) and two driving constraints equations (equationF5 and F6). Thus, the
system has 6 equations and 6 unknowns: Xo;, Yoz, Zo2, @1, 62 @3

The general form of the equations is:

Frr(Xa—Xu) + (Yo=Y’ + (Zs— ZAZ)Z'LElAz =0
Fo(Xg— Xg2)* + (Ya— Y52)* + (Zp— ZBZ)Z'LZBBZ =0
Fu(Xe—Xeo) + (Ye—Ye)! + (Ze— Zeo) L, = 0 (5)
FilXp—Xp2)* + (Yo — Yo) + (Zp— Zpp)*-Lp, = 0
Fs:(Xp—Xp2)* + (Yp— Yp))* + (Zp— Zp2)*-Lp, = 0
Fe(Xo X)) + (Yo—Yo) + (Zg— Z2)*-Lyq,= 0

The system described by (5) is nonlinear and can be solved by numerical methods, usually by
Newton-Raphson algorithm. The mechanism configuration for which the mobile platform 2 is parallel
with the fixed platform 1 is considered as initial solution.

In this case,

(on)o =0, (Yoz)o =0, (Zoz)o = 00,, (4’1)0 =0, (¢2)0 =0, (¢3)0 =0, (6)
(Lon)y = (K = X0,)" + (= ¥p,) + (2 — 23, @
(Lag.)y = \/(XQ ~Xg,) + (Yo —Yo,) +(Zo—2,) (®)

2 2 2 2 2 2
Xp, = X2, Yo, =YD, 25, = 00,420, Xq, = X, Yo, =YD, 2o, = 00,4252 (9)

The coordinates of the points A,, B,, C, and D,in the system (5) are given by:

@ @
X4l [Xo, X, Xs,]  [Xo, X,
Vi | = Yo, |+ M1 2],  |Ye, | = Yo, |+ [Ma]| YD (10)
Zy, Zo, Z/(é) Zg, Zy, ZI(S’?
@ @
Xl [Xo, Xc, Xo,]  [Xo, Xp,
Ve, | = Yo, |+ M| Y| | Yo, | = |Yo, [+ [M,]| ¥
Z A ) Z Z )
Cz 02 ZC2 Dz 02 ZDZ

Thus, the system (5) has the general form
[Fi(on’Y02'ZOZI ¢1, ¢2; ¢3;t)] =0 (11)

where:time ¢ is under explicit form in the equations corresponding to the driving constraints:
Lpp, = Lppymin + @1 " t1, Lgg, = Logymin T a2 5 (12)
and a, are the linear actuators velocities in mm/s.

For the initial configuration:

(Lppy) —Lppymin (LQQ) —Lgg,min
(t)o = —2——, (t)g = —2—2=

ap az

(13)
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For the next configurations:

ty = (t1)o £ Aty, t; = (t3)o £ Aty (14)

considering“+” for increasing Lpp,, Ly, and “-* for decreasing Lpp,, Lqq, -

The incident angle defined as the angle between the sunray direction (figure 1) and the normal to
the mobile platform (direction O,Z,) is required to assess the tracking efficiency. This angle is given
by:

v =cos 1 (cosa cosa, cos(Yp —P,) + sina - sinay) (15)

where a, and v, are the elevation and diurnal angles of the mobile platform 2.

6. The velocity functions
To evaluate the pressure angle, the velocities of the points P, and Q, are required. These are given by:

. . @) . . 2
Xp, Xo, [XPZ 1 Xo, Xo, [XQZ 1
Vo, | = [Vo, |+ [M]| %], Yo,| = Yo, |+ [M] |xg) (16)
Zp, Zo, lX}(,f)J Zy, Zo, lXé:)J
where the generalized velocities:
[Q]:[X02Y02202¢1¢2¢3] (17)

can be obtained from the first derivative of the equations in system (4) relative to time, which leads to
the general form:

. OF
Ullgl = - 5] (18)
where [J] is the Jacobian of the system (4), and [Z—i] has the form as given by (19):
oF T
|55] =[0 000 —2a1Lp, —2a;L4)] (19)
In (16), [M,]is given by:
[MZ] — d[M,] d)l + 0[M,] (1)2 + a[M,] ¢3 (20)

29, 29, 29,
7. The pressure angles
The pressure angles (Bp and Bg) can be obtained from the scalar product of the actuators direction and

absolute velocity vectors of the points of interest P, and Q,

Bp = cos™t (%) (21)
where:
PP, = (Xp —Xp)i+ (Yo — V)i + (Zp — Zp, )k (22)
Up, = Xp,i+Ypj+Zpk (23)
|PP,| = \/(Xp —xp,)" + (Yo = Yp)" + (2o — Zp,)° (24)



7th International Conference on Advanced Concepts in Mechanical Engineering IOP Publishing
IOP Conf. Series: Materials Science and Engineering 147 (2016) 012071 doi:10.1088/1757-899X/147/1/012071

.2 .2 . 2
|vp2|=JXP2 +Yp2 +ZP2 (25)

8. Numerical example

This parallel tracking mechanism was virtually prototyped in SolidWorks, and two motion studies are
further presented, for the mechanism positioning the mobile platform from the initial configuration
(figure 6a — horizontal position) towards East (figure 6b) and, respectively towardsWest (figure 6c¢).

n=z7 2

(a) (b) (c)

Figure 6. Parallel tracking mechanism positions: initial (a), East (b) and West (c).

The geometrical model of the proposed parallel tracking mechanism is presented in table 3.

Table 3. Geometrical model of the bodies.

Body Cartesian coordinates
Body 1 X4l [-800 Xz] [—-800 Xc] 800
[A] = |Y4| =|-800], [B] =Ygz | =] 800 |, [C1=|Y:|=800
Zy 150 Zg 150 Zc 150
Xp 800 1 Xp 0 Xo] 800
[D]1=|Yp[=|-800[, [Pl=|Y|=[-800, Q=|Y[=|0
Zp 150 | Zp 150 Zy| l150
Body 2 @) (@)1 @)1
XAZ [—550] XBZ [—550] XCZ [ 550 ]
[42] = |¥@ | = |-s50|, [BZ] = |rP| = 550 |, [c?] = |v@ | = 550
0 | —1504 ©) |—1501 ©) | —1501
lZAz e —ZBz E —ZCZ E
OF (27 P
) X?;) 501 e X522> 33 1 ) | _[550]
D] =[S = |-ss0,[P?] = ¥?| = [-s50].[05”] = ¥ | = | 335
@) | —150. ) | —150. @) | —150.
lZDZ B —ZP2 - _ZQZ B

The positionsof the mobile platform 2 during the motion fromhorizontal towards theEast and West
positionsare defined through the coordinates of its reference system origin O, and Bryant angles
presented in table 4 and 5, respectively along with its elevation and azimuth. As driving motions are
considered the linear actuator velocities a;=75mm/s and a,=15mm/s.
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Table 4. Positions of the mobile platform during its motion from horizontal to East position.

Time Platform origin coordinates Bryant angles Elevation = Azimuth
t[s]  Xox[mm] Yo [mm]  Zo, [mm] ¢ [°] G:2[°1 d3[°] o [°] W [°]
0 0.00 0.00 1375.74 0.00 0.00 0.00 90.00 90.00
1 54.48 20.72 1357.25 0.69 11.77 1.80 88.22 83.92
2 28.14 28.82 1293.97 0.98 25.76 2.12 88.05 78.38
3 -4.11 -20.49 1195.79 0.25 37.96 -0.72  89.40 71.81
4 -26.11 -113.35 1060.28 -4.47  48.03 -11.13 81.87 65.95
5 -31.26 -235.13 869.58 -18.17 5232 -37.01 65.37 62.00

Table 5. Positions of the mobile platform during its motion from horizontal to West position.

Time Platform origin coordinates Bryant angles Elevation  Azimuth
tis]  Xoz[mm] Yo, [mm]  Zo, [mm] ¢ [°] ¢2[°1 ¢3[°] oa[°] Wa [°]
0 0.00 0.00 1375.74 0.00 0.00 0.00 90.00 -90.00
1 200.28 49.94 1347.77 0.79 6.14 549 84.53 -86.54
2 171.33 164.81 1295.53 2.04 1929 9.06 81.33 -80.49
3 135.05 226.77 1214.55 439 29.64 14.62 76.87 -75.08
4 102.42 25743 1119.34 794 3775 21.54 72.07 -70.60
5 73.90 269.93 1013.83 12.81 44.00 29.90 67.05 -66.85

Based on the coordinates of the linear actuators joints (P, and Q;)the lengths of the linear actuators

during the motion from horizontal to East position are presented in table 6.

Table 6. Linear actuators joints coordinateson the mobile platform, and linear actuators
lengths variation during the motion from horizontal to the East position.

Time Linear actuators joints coordinates [mm]

Linear actuators lengths [mm]

t[s] Xp, Yp, Zp, Xo, Yo, Zo, Ler Loz
0 -313.6 -512.2 1185.8 521.8 345.1 1180.9 10194 1056.8
1 -158.5 -596.8 11557 496.0 403.3 11779 9444 1081.8
2 -52.2  -639.8 1093.1 356.5 477.6 11195 8694 1106.8
3 30.1 -601.2 1005.3 208.0 568.9 1012.6 794.4 1131.8
4 95.5 -508.3 888.4 69.1 6688 8514 7194 1156.8
5 137.5 -391.6 728.7 -56.0 7615 618.1 6444 1181.8

Based on the position and velocity vectors of the points of interest P, and Q,, the pressure angles in
these joints are evaluated and the values are presented in table 7



7th International Conference on Advanced Concepts in Mechanical Engineering IOP Publishing
IOP Conf. Series: Materials Science and Engineering 147 (2016) 012071 doi:10.1088/1757-899X/147/1/012071

Table 7. Velocity and pressure angles of the joints P,and Q,during the motion from horizontal to the
East position.

Time Velocities of the joints P, and Q, [mm/s] Pressure angles [°]
t [s] Xp, Yp, Zp, Up, X, Yo, Zy, Vg, Bp, Bo,
0 185.0 -41.7 -21.7 190.8 80.4 80.4 26.2 116.7 66.9 74.1
1 1254 -88.1 -45.7 159.9 -112.7 -112.7 -323 162.6 62.1 74.7
2 919 2.2 -76.2 1194 -150.2 -150.2 -82.8 228.0 51.1 70.0
3 73.7  70.1 -100.3 1429 -144.7 -1447 -132.0 2435 583 66.5
4 56.1 111.2 -136.4 1847 -132.6 -132.6 -193.7 269.5 66.0 66.1
5 22.9 1124 -180.7 2141 -117.1 -117.1 -2753 321.3 69.5 72.0

The results for the elevation angle (a,), azimuthal angle (y,) and pressure angle (Bp., fg2) depend
on the mechanism geometry, driving actuators position and velocity. Numerical results validate the
linkage analytical model. An optimum design based on these parameters is required in the next step to
allow the necessary positions of the mobile platform with acceptable pressure angles.

9. Conclusions

A new mechanism, of parallel linkage type, is proposed to track solar thermal platforms installed on
ships. The mechanism has four connections SS type between the mobile platform and the basis and
two driving linear actuators connected to the basis and mobile platform (two absolute motions). This
mechanism allows to get the necessary position of the mobile platform according to the specific
motions of the ships on different latitudes. The paper describes the analytical model and validates it
through a numerical example. As a next step, the mechanism synthesis is necessary to get the optimal
collection efficiency of the available solar radiation (defined by the incident angle between the Sunray
and the normal to the mobile platform) and the optimum mechanism functionality (pressure angles and
actuator strokes, relative motions in the spherical joints, loads).
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