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ABSTRACT 

A closed-loop sun-trackin control used in B conjunction with an open- oop system can 
utilize the unique features of both methods 
to obtain an improved sun-tracking capa- 
bility. The open-loop part of the system 
uses a computer with clock and ephemeris 
input to acquire the sun at startup, to 
provide alignment during cloud passa e, f and to give an approximate sun-track ng 
capability throughout the day. The closed- 
loop portion of the system refines this 
alignment in order to maximize the collect- 
ed solar power. For a parabolic trou h 
that utilizes a tube along its focal fine 
to collect energy in a fluid, a resistance 
wire attached to the tube can provide the 
sensor for the closed-loop part of the con- 
trol. This kind of tracking refinement 
helps to compensate for such time-dependent 
effects as sag of the absorber tube and de- 
formation of the concentrator surface from 
gravity or wind loadin k; tqerature gra- 
dients, and manufactur g to erances . A 
model is developed to explain the behavior 
of a resistance wire which is wrap ed E around the absorber tube of a para olic- 
trough cbtrcencrator a1d used cia a oenoor 
in a tracking-refinement control, 

INTRODUCTION 

The parabolic trough is becoming a popular 
choice for collectors that concentrate 
sunlight. This line-focusing system re- 
quires sun tracking about one axis only 
and is especially useful Ior heating fluids. 
An absorber tube is placed along the focal 
line,asrd the arabolic trough concentrates R sunli ht on t e tube. This energy is eon- 
ducte8 into the fluid which flows through 
the tube. This kind of solar collector has 
been under development for several years 
and has already undergone several genera- 
tions of design improvement. However, the 
quest to reduce the net cost of the energy 
collected continues. When the cost of 
materials or construction is reduuerl 
there is often a consequent decrease in 

the efficiency of the collector. In order 
to maximize the net cost effectiveness, 
the whole system must be carefully designed. 
The sun-tracking mechanism is an important 
part of the system. 

The low cost of microprocessors together 
with the ability of an open-loop system 
to acquire the proper alignment at start- 
up and after cloud passage has made this 
kind of tracking a popular option. How- 
ever, there are many effects that are not 
optimally handled by an open-loop tracking 
system. The weight of the fluid-filled 
absorber tube may cause it to sag away 
from the focal line. The shape of the 
concentrator surface may become distorted 
from gravity loading, wind loading, temp- 
erature gradients, and construction toler- 
ances. These influences are usually time 
dependent, and it is not feasible to obtain 
an adequate continuous description of 
each one to use for correcting the calcu- 
lated aligrmient in an open-loop system. 
Rather, it is easier to use the analog 
nature of a "closed-loo tracking system P" to provide the continua tracking refine- 
ment needed to compensate for these dis- 
tortfnns. 

Thus an ideal tracking capability would 
combine the advantages of both open-loop 
and closed-loop systems. A closed-loop 
tracking refinement would be superimposed 
on the coarse open-loop tracking to pro- 
vide a final alignment needed to continu- 
ously maximize the collection efficiency. 

The thermal power roduced by the callec- E tor is determined y the product of the 
mass flow rate of the fluid times the 
fluid temperature. However, it is not 
feasible to use a measure of this power 
as a means of refining the tracking be- 
cause the time response for conduction of 
energy into the fluid is too slow. A 
resistance e on or near the absorber 
tube does ha -af an adequate time response 
for tracking refinement, and, if properly 
mounted, it will provide a measure of the 
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radiant power being concentrated on the 
absorber tube. 

Kohler and Wilcoxen (1) have proposed a 
design in which a resistance wire is 
wrapped around the absorber tube in helix 
fashion. This mounting arrangement was 
selected because of convenience in con- 
struction and because it was felt that 
the wrapped sensing wire would sample an 
average of the power incident on the long 
absorber tubes used in a string of para- 
bolic-trough concentrator segments that 
are connected and controlled by a single 
sun-tracking system. A complete descrip- 
tion of the hardware including the micro- 
processor circuits and a discussion of 
some preliminary measurements taken on 
an east-west mounted parabolic-trough 
collector are given in Reference 1. 

Before the measurements, it had been 
assumed that the sensing-wire response 
would exhibit a peak at or near a zero 
tracking error, but the observations did 
not bear this out. Instead, for near noon 
time operation, a valley in the response 
curve was observed near zero tracking 
error with peaks on each side. A micro- 
processor algorithm was designed and used 
to track on the valley between the two 
peaks. Although this provides satisfac- 
tory tracking refinement for near noon- 
time operation, it did not work for early 
morning or for late afternoon operation. 
One of the peaks would disappear in the 
morning and the other one would vanish 
in the afternoon leaving no valley for the 
microprocessor algorithm to track. In 
order to under'stand this behavior, a 
model of the response of the sensing-wire 
to tracking errors was needed. Such a 
model would also be useful for investiga- 
tion of other sensing-wire mounting 
schemes. 

It is the purpose of this report to pre- 
aent o simple model to determtne the res- 
ponse of a helix sensing wire to tracking 
errors. 

THE MODEL 

The dominant behavior of the response of 
the helix-wrap sensin wire to sun-track- f ing errors can be exp ained using a sim- 
plified model. Consider a segment of 
absorber tube centered on the z-axis of 
the coordinate system shown in Figure 1. 
A fine wire is wrapped around thc tube to 
form a helix. In this "rolled-out" model 
a collimated beam of light is assumed to 
be incident on the tube in the direction 
defined by the unit vector. 

h 

J = (-cos y, 0, sin Y) . 

In thfe  norarion, the x, y, z componeritb: 
are identified by their respective posi- 

tions in the ~arenthesis. Note that when 
the "off-axis angle of incidence y vanishes 
the direction of the incoming beam is 
along the negative x-axis and is perpendi- 
cular to the centerline of the absorber 
tube (focal line). It is evident that a 
parabolic trough with east-west orientation . 
will have y = 0 at solar noon. 

The incident light beam is not uniform across 
the absorber tube; the flux density (watts/ 
m2) varies with y as specified bz F(y). 
The flux density is, however, ta en to be 
constant in the z-direction for any given 
value of y. 

At first blush it may seem that this model 
would have little in common with a parabolic 
trough since the light rays concentrated on 
the absorber tube are not collimated but 
converge from a range of directions. How- 
ever, when examined from a given position 
on the reflector, the situation is similar 
to the model used here. As a sun-tracking 
error develops, the locally reflected beam 
will move across the absorber tube. In the 
rolled-out model this behavior is simulated 
by moving the flux-density distribution 
across the.tube in the y-direction of Fig- 
ure 1. This approximates the average be- 
havior of reflected light from the entire 
concentrator surface. 

In the present model we assume that the 
position of a point on the wire is adequately 
specified by a point on the spiral. The 
only effect of the absorber tube on the wire 
absorptance is to shadow the wire on the 
back side of the tube. The tube also con- 
ducts heat away from the wire. These are 
reasonable assumptions for a small sensing 
wire loosely wound on the absorber tube. 
In practice, a single absorber tube is long 
enough to contain many turns of wire. Here 
we need only to consider the irradiated 
half of a single turn and determine an 
average response for the whole sensing wire 
from this by symmetry considerations. 

It is sufficient for the present analysis to 
consider the radiant power P absorbed by 
the wire. We start with the element d!Z of 
wire defined by the increment dy of Figure 
2. The increment of absorbed power dP on 
d!Z is proportional to three quantities: 
(1) the length of wire as projected normal 
to the incident beam which we designate by 
Gdy, (2) the flux-density F at y, and (3) 
the absorptance A of the wire at y. Thus 

dP = AFGdy , (2) 

and the power absorbed by a full turn of wire 
is 

P = / AFGdy , 



where a is the radius of the absorber tube. 

A dominant factor in the integrand of Eq. 
(3) is the projected length of wire per 
unit y given by G(y). In order to examine 
this function more carefully, we use the 
geometry of Figure 1 to write 

x = a cos ( 

y = a sin (b 

where L is defined to be,the distance 
along the z-axis required for the helix 
to complete one turn, a is the radius of 
the absorber tube, ( is the angle shown 
in Figure 1, and 

is the "pitch" of the helix. 

The vector position of a point on the 
spiral is 

and the unit normal tangent to the spiral 
is 

The length of wire projected normal to 
the beam is 

~ d y  = IdRl sin a = ad( sink Jl + q2 

= dy - 
cos 4 

where a is the angle between the beam di- 
rection 7 and the tangent to the direction 
of the wire A. This angle is determined 
from 

A A 

cos a = n-J = 

(cosy sin ( +qsiny) . (9) 

It is convenient to use the dimensionless 
parameter 

o = y/a = sin 4. (10) 

Using ~qs.. (9) and (10) in Eq. (8) , gives 

G(,,,) = 1'1 + cos2~(q2 - w2) - wqsin 2y (11) 

J1-.' 
Note that the denominator of Eq. (11) vani- . 
shes at w = +_ 1 whereas the numerator does 
not vanish. This causes the function G 
to dominate the behavior of the sensing- 
wire response as sun-tracking errors move 
the flux-density distribution F from the 
center of the absorber tube toward the 
edges. To illustrate this, a plot ZLf a 
normalized version of G defined by G(w) = 
G(w) /G(O) is shown in Figure 3 for the two 
off-axis angles y = 0 and y = 45O. The 
pitch tl = 4 is used in this illustration. 

A Gaussian flux-density distribution of 
standard deviation 0.35 in the scaled units 
of Eq. (10) is shown by the bell-shaped 
curve of Figure 3. Assume that the wire 
absorptance A of Eq. (3) is constant. It 
is evident from Figure 3 that if a tracking 
error shifts the center of the distribution 
F away from i3 = 0 to values of w toward 
either edge of the tube that two peaks will 
be obtained in P versus i3 when y = 0. At 
y = 45' it is not clear from Figure 3 if 
there would still be two distinct peaks. 

At off-axis angles y f 0 there is another 
effect to consider. Since the avera e dis- 
tance the reflected light rays travef be- 
tween reflection to the absorber tube in- 
creases approximately in proportion to sec 
y, the distribution effectively widens as 
(yl increases. This also tends to smear 
out the double-peaked nature of the response 
curve. 

Figure 4 shows the response P versus track- 
ing error Ci for y = 0 and y = 45' by the 
two solid curves. Note that one of the 
peaks has disappeared at y = 45O. 

If two wires are wrapped on the absorber 
tube in opposite directions and connected 
in series to detect the total power absorbed 
by both wires, the double-peaked nature of 
the response curve is recovered at y = 45O. 
This result (scaled by 112) is shown by the 
dashed curve in Figure 4. It is, of course. 
possible to do other transformations on the 
resistances from the two wires and implement 
them by a microprocessor algorithm in an 
attempt to further improve the performance 
of the tracking control. The model develop- 
ed here is now being used in this endeavor. 

SUMMARY AND CONCLUSIONS 

A simple model has been developed for calcu- 
lating the response of a sensing wire to . 
sun tracking errors. This uudcl applico 
when the wire is wrapped on the absorber 



tube of a parabolic-trough collector. The 
model exhibits the same behavior as ob- 
served in some preliminary measurements. 
This model will be useful in refining the 
design of this kind of tracking control 
and in analyzing the measurements to be 
obtained in an upcoming experimental pro- 
ject. 
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Figure 1 - Sensing Wire Wrapped on 
the Absorber Tube. 



Figure 2 - A Projection of a Portion 
of the Sensing-Wire Helix onto the 

y-z Plane. 



Figure 3 - Projected Length of Sensing 
Wire Fer Unit Distance in the y-Direc- 
tion, G and Flux-Density Distribution F 
Versus the Dimensionless Position o. 



Figure 4 - Sensing-Wire Response 
Versus Dimensionless Sun-Tracking 
Error o. The Solid Curves Are for 
Single Helix Wires and the Dashed 
Curve Is for a Double Helix Wire. 




