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Previous studies of solar collector fluid control systems

have utilized computer simulations of collector and piping

dynamics to evaluate stability and response characteristics.

To obtain reasonable simulation accuracy requires substantial

computer memory and time, and is well beyond the capability of

small desk-top computers. This paper derives a linearized

steady state frequency response  for par abolic trough collectors

and for connecting piping, which can be used in standard gain-

phase analyses to evaluate system stability and closed loop

frequency response. The frequency response characteristics

of a typical collector string and piping are used in a gain-

phase analysis to get some insight into the effect on system

stability of various system parameters such as controller gain,

sensor and controller time constants, and sensor location.
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Contro.l of the he at transfer fluid in a parabolic trough 

solar col'·l.ector field is necessary to prevent overheating and 

to maintain relatively constant outp~t temperatures for varying 

solar inpu.±_-conditions. Tight fluid temperature control is 

particularly important in applications where_electric power is 

being generated, since it is desirable to operate at as high a 

temperature as possible and with small variability in order to 

maximize heat engine performance. The control approach 

generally consists of measuring collector output temperature and 

then varying the fluid flow rate through the collectors in 

accordance with some control algorithm. 

This fluid control problem has been addressed previously 

(Refs. 1, 2) by ~omputer simulation studi~s which required sub~ 

stantial computer memory and time capability to simulate the 

temperature dynamics of the collectors and interconnecting 

piping. This rather cumbersome approach was necessary due 

to the lack of a more compact representation of the collector 

and piping dynamics. Conventional control analysis techniques 

typically use transfer function, frequency response, or state 

equat~on representations of the. devices being controlled. The 

objective of this study was to derive frequency response 

characteristics of the collectors and piping whic~ could be 

used in standard gain-phase analyses to evaluate system 

stability and closed loop frequency respo~se. 
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.. _. ... ~he:."q'ener al approach was to 1 inear ize the system by con-

sider:i:ng ·onTy small variations from some operating point. 

Gerier al €qu·:ations are derived for .collector and piping fre-

quency r.esponses as a function of the op·erating point and the 

physical:::;char acter is tics of the collectors and piping. 

Finally,'":frequency response characteristics of a typical 

collector system are derived and utilized to analyze fluid 

control system performance. 

II. System Configuration 

A typical collector field and the associated fluid control 

, system is shown in Figure 1. 
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Fig. 1 System Confiquration 
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The collector field has collectors arranged in parallel rows 

which are connected to a thermal ~torage tank through main 

supply and return manifolds. The centrifugal pump provides a 

relatively constant he~ across the collector field, and the 

. flow through each row is modulated by a control valve 

operating off the output temperature of the row. Individual 

row controls are used rather than a single flow control on the 

entire field to accommodate differences in collector performance 

and partlal shading of the field. The use of individual row 

controls also results in a faster responding and more accurate 

system since the temperature sensors can be placed right at. the 

output of the collectors rather than at the .end of the manifold. 

The three-way valve at the output of the field is 

necessary to prevent pumping cold fluid into the storage tank 

during startup or during cloud-cover. transients. This valve 

causes the field output to be recirculated to the field input 

for temperatures below some set point, which is typically about. 
-

50° hP.low the desired operating temperature. The blending tank 

prevents send~ng hot fluid directly to the collector input. 

When the system output temperature approaches the normal oper

ating temperature, the three-way valve connects the field output 

to the storage tank, and temperature control from this point on 

is determined completely by the individual row controls. 

The length of the collector rows is determined by a design 

tradeoff between pumping power required and thermal efficiency 
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(Ref. 3), and is a function of the temperature rise desired. A 

tempe~ature rise of 160°F was considere~ for this study which 

resulted in an optimum row length of about 320 ft. 

When the system is at operating temperature, the fluid 

returned to the collector field from the bottom of the thermal 

storage tank is essentially at a constant temperature. Under 

these conditions, the fluid temperatures in each row are inde-

pendent of each other, ·and the analysis of one row will be 

representative of all the other rows. Figure 2 is a flow 

diagram of the temperature control loop to be studied in the 

remainder of this paper. 
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·Fig. 2 Temperature ·control Loop 

In Figure 2, T0 is the desired fluid temperature, Tc 

is the temperature out of the collector, Ts is ~he fluid 
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ctempe.ra.tuxe .. at the sensor location, and TM is the temperature 

as .measured· by the sensor. The sensor. is normally located at 

some distance downstream from the collector output, and 

th~refore, the response characteristics of the pipe between the 

collector and sensor must be considered. A major portion of 

this pape·r involves the derivation of frequency response 

characteristics of the ~ollector and pipe blocks in Figure 2 

which can then be used to analyze the control loop. 

' The collector and piping responses were derived in general 

terms, b~t a specific collector and pipe configuration was used 

for example$. The collector considered was an advanced design 

trough presently being developed by Sandia National Laboratories 

in conjunction with industry (Ref. 4). These collectors have a 

two-meter apertur·e and a peak efficiency of about 60%. The 

expected ste~dy state performance of these collectors is shown 

in Figure 3 and the receiver tube configuration is shown in 

Figure 4. 
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R
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= 0.5" 

R2 ~ 0. 625" 

Fig. 4 Receiver Cross-Section 

One inch schedule 40 pipe was chosen for the section of pipe 

between the collector and sensor, and the cross-section of 

the pipe and insulation is shown in Figure 5. 
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.. <1\l:i::;;·!insui at1on thickness approximately equal to the pipe 

diameter was chosen which results in a heat loss coefficient 

of abo~t ·.2 BTU/hr-ft-°F. The heat transfet fluid considered 

was Therminol 66 (Ref. 5) which has a maximum bulk tempera-

ture.of ~650°, and, therefore, an Dperating temperature of 

600° was chosen. 

III. Collector Response 

An incremental length of collector receiver tube with the 

·pertinent heat energy inputs and outputs.is shown in Figure 6. 
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F:lg. 6 Incremental Length of Receiver .. Tube 

By applying heat balance relations to the receiver tube and 

fluidJequations (1) and (2) are obtained. 
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(1) 

n D hT (TR- TF) ~X·-(TF - TF ) Q(t) pF CF 
· X + ~X X · 

--

where pR, CR, AR, TR = receiver tube density, specific heat, 

cross-sectional area, and temperature. 

PF' Cp, Ap, Tp = fluid density, specific heat, cross

sectional area and temperature. 

TA = ambient temperature. 

I = solar insolation (component normal to 

aperture plane). 

E0 = optical efficiency. 

W = aperture width 

hL c heat loss coefficient = w x slope of 

efficiency curve (Fig. 3). 

D = receiver tube diameter. 

hT = heat transfer coefficient. 

Q(t} = volume flow rate (time variable}. 

X = distance along the collector 

t = time 

In these equations, the functional dependence of TR and Tp on the 

distance along the collector, X, and time, t, is implied. The 

dynamic effect of the thermal mass of the glass envelope has 
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.~been·.-ne_gle-c ted in these equations since the temperature varia-

. tion·:::;o.f ,th:e glass is quite small. The steady state effect of 

the,~LgJ:·ass ·is included in the thermal loss coefficient, hL. It 

has :\ibe:e.n .shown in Ref. 1 that. this approximation .has negligible 

effect ·::.on the dynamic response obtained. 
·~. 

Allowing the incremental length to approach zero, 

T 
· Fx + ·~:.x 

!:.X 

and the partial differential equations (3) and (4), which 

define the receiver tube and fluid temperature dynamics are 

obtained. 

.( 3) 

To obtain the collector response required, it is necessary to 

solve these equations for the fluid temperature at x = L (L = 

collector length) with a variable flow rate, Q(t). 

In solving these equations, it will be assumed that the 

fluid physical characteristics are constant over the range 

of temperatures considered. If values for the fluid para-

meters are chosen at the middle of the temperature operating 

range, the variations will generally be·q~ite small. Since 
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,:t,ui<baf1-ai:.t-.··.~1ow in the receiver tube is normally a design 
··~·· 

regu1.r-ement (Ref. 3), the heat transfer·coefficient will 

be :.g.fv,en by ( 5). 

(Ref. 6) 

Since the flow rate is a variable, several of the terms in 

equations (3) and (4) have variable coefficients, and as a 

result these equations.are not amenable to general solution. 

Equations (3) and (4) can be converted to constant 

( 5) 

coefficient equations by considering only small variations from 

some nominal operating point. Substituting TR = TR· + ~TR' 
·o 

TF = TF + L\TF, 
0 

Q = 00 + ts..O and hT = hT + 4hT into equations 
0 

(3) and (4), and then subtracting out the steady state solution 

and ignoring second order terms, equat1ons (6) and (7) are 

obtained. These partial differential equations define the 

temperature variations from nominal and have constant 

coefficients. 

where 

(6) 

(7) 
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Equalitie:s (8), (9) and (10) can be used to simplify the 

temper at.UI e' dynamic equations. 

where T2 - T1 = nominal collector temperature rise 

L - collector length 

.8 /:,Q 

~0 

(8) 

(9) 

(10) 

dTF 
that o 

~X 
and TR - Tp 

0 0 
In equations (8) and (10), it was assumed 

ate constant throughout the length of the receiver tube and are 

equal to their average values. Substituting {8), (9) and (10) into 

(6) and (7), the final form of the partial differential equations 

defining temperature dynamics are obtained. 

(11) 

.(12) 
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where K1 L 

Th~ steady state temperature response to a unit sinusoidal 

variation in 6Q was obtained by assuming the general sinusoidal 

.solution given in equations (13) and (14). 

(13) 

(14) 

·These assumed solutions were substituted into equations (11) and 

(12) and then solved for F1 (x) and F 2 (x). The details of the 

solution are presented in the Appendix and the resulting 

collector frequency response is given by equations (15) and (16). 

=~Fl(L)2 + F2(L)2 

~TF(w) 
Phase of ~Q(w) 

where F1 (L) 

F 2 (L) 

= 

= 

a = 

b ....... 

ac + bd 
(1 -

-aL 
cos bL) 2 b2 

e 
a + 

ad - cb ( -aL cos bL) + ') 1-e 2 a + b ... 

AF [K - KF {KL + KR) KR] 
Qo F w2 + (KL + KR)2 

AF [w + 
w KF KR 

KRy] Qo w2 + (KL + 

(15) 

(16) 

ad - cb· -aL sin 2 2 e 
a + b 

ac + bd -aL sin 
a2 b2 

e 
+ 

bL 

bL 
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4 KF (Kl, + KR) 

w 2 + ( KL + KR) 2 

The gain and phase response of a 320 ft. collector 

with the characteristics described in Section II is shown 

in Figure 7. 
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·The/:P_B·ase ·angle plotted is the phase lag above the nominal 

·~ta-o·o,_,stafic phase reversal (flow increase produces t~mperature 

dec.r,e:ase.). It can be seen that both the amplitude and phase 

responses have pronounced resonances, and are quite different 

from more conventional process frequency responses. Frequency 

response·s are given for nominal flow rates of 2 and 10 gpm 

which _correspond to solar inputs of 1~0 and 300 BTU/hr-ft2 

n6rmal to the aperture_plane. These are approximately the 

minimum and maximum expected insolation values, and a fluid 

control loop that operates satisfactorily under these two 

conditions will probably be satisfactory for all.solar inputs. 

IV. Pipe Response 

The partial differential equations describing fluid 

temperature dynamics in a pipe are of the same form as for 

the collector (equations (3) and (4)) except that the solar 

input term is missing. 

(17) 

(18) 

Using the same approximations as for the collector derivation, 

the small variation equations (equivalent to equations (11) and 

( 12)) for the pipe dynamics are obtained •. 
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........ (19) 

(20) 

~-. ... ~.· 

In this ~ase, the solution desired is the response of pipe output 

temperature to a unit ~inu~oidal change in input temperature . 

. Details of the solution are presented in the Appendix and the 

resulting pipe frequency response is given by equations (21) and 

(22). 

6T (w) I out -aL 
6T. (w>·( 

l.n 

Phase of 6Tout(w) 
6T. (w) 

l.n 

= e 

= -bL 

(21) 

( 22) 

The parameters a and b in equations (21) and (22) are as defined 

for the collector response except that the physical characteris-

tics of the pipe ate used in place of thosQ for the re~eiver 

tube. 

The amplitude and phase respofises of a one·inch insulated 

pipe as described in Section II are plotted in Figure 8. 

-·· ·-----~. 
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The amplitudes (in db) and I:Jltases shown are for a one foot 

length of pipe and must be multiplied by the length of pipe 

to obtain the complete response. Responses are shown for 

nominal flow rates of 2 and 10 gpm which are the expected 

extremes of flow rate. 

As expected, the pipe phase response is similar to 

that of a pure transport delay, exhibiting a continuously 

increasing phase lag with increasing frequency. Unlike a 
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pur~e.·•tran~port delay, the pipe response exhibits some attenua

tion ·wh.ich. approaches an asymptotic 1 imi t as frequency in

cre:ases.. 'The rather rapid phase 1 ag increase with frequency 

in conjunction with a relatively small attenuation tends to 

.make the:pipe a destabilizing influence on the fluid control 

system. 

v. Fluid Control Loop Analysis 

Using the collector and piping responses derived in Sections 

III and IV, .the f~uid control loop shown in Figure 2 can be 

analyzed using standard open loop gain-phase analysis techniques. 

In the following example it will be assumed that the temperature 

sensor response characteristic is a simple first order lag with a 

time constant of three seconds, and that t~e sensor is located 

5 feet from the end of the collector (at the end of the flex hose 

connecting the receiver tube to the fixed piping}. A simple 

proportional controller will be considered initially, and it will 

be assumed that a fast-acting valv~ positioner is used which has 

a negligible response time compared to the other system elements .. 

The combined frequency response defining the temperature 

sensor output for a change in flow rate is shown in Figure 9 for 

nominal flow rates of 2 and 10 gpm. 
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. . 
Th.e objectiv.e is to choose a value for the controller pro-

portional band· (gain) which will result in a stable system 

100.0 

for the two extremes of flow rates, and which also results in 

acceptable accuracy and response characteristics. From 

Figure 9 it can be seen that a controller gain of -20 db will 

result in a phase margin of about 45° at gain crossover for a 

flow rate of 10 gpm, and a phase margin of about 40° at a 

flow rate of 2 gpm. A controller gain of -20 db (.1 cu ft/min/ 

°F) requires a temperature change of about 10° to change the 
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for·~-:.both·-·flow rates indicating a closed loop frequency response on 

the order of .5 cycles per minute. This accuracy and frequency 
'~ 

response i~-adequate for most applications, and it appears that 
. '·~ 

a simple proportional controller is adequate for this case. 

· In some cases it might be desirable to put the temperature 

sensor and controller at some central location for ease of 

mon~toring and maintenance purposes. Under .these conditions, 

the pipe length between the collector and temperature sensor will 

be relatively long and the frequency response of the flow tontrol 

system will be quite different. Figure 10 shows the open loop 

frequency response for a sensor location that is 50 feet down-

stream from the collector. 
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-<·:': atZcan.:::_fe" seen that the phase 1 ag in this case i0nsider-

. ·ab~y 1arge-r .. ·due to the additional phase lag in the ,Pipe, and 

the use·of~the same proportional gain would result in an 

unstable sy:S·tem. In order to achieve a phase margin of about 

45°, the · .. proportional gain must be reduced to -36 db (. 016 

cu ft/mlni°F). This gain will result in a static accuracy of 

about ±30°F and a clos~d loop frequency. response in the order 
. 

of .2 cycles per minute. This accuracy and response is inade-

quate for many applications~ and in particular .is inadequate 

for electric power generation. The use of integral or 1 ag-le ad 

compensation in the controller can reduce the static error, but 

the dynamic.response will not be improved si~nificantly. For 

these reasons, it is desirable that the temperature sensor be 

located as close as possible to the collector output if tight 

temperature control is desired. 

It should be noted that a 1 inch pipe was used between the 

sensor and collector in the previous example. If a larger pipe 

had been used, the situation would have been worse since the 

phase lag in the pipe is inversely proportional to the fluid 

flow velocity. For example, if a two-inch pipe had been used, 

a sensor location of only 12.5 feet from the collector would 

have resulted in the same response as for the 50 ft and one-

inch pipe case. 
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. :·.:.-:VT. ::~:~i.ct>nc'lu s ions 

.. , :';0.oc;ener:al freque.ncy response character is tics for parabolic 
. -:·~ :. 

trough':.solar collectors and associated interconnecting piping 

have been·derived. The use of these frequency responses in 

analyzing a fluid control system for a typical string of 

collectors has been dempnstrated. The analysis indicated that a 

simple proportional controller will result in a stable system 

with good accuracy provided that the temperature sensor is located 

near the collector output. These are essentially the same con-

elusions reached in previous studies (Ref. 1) using complex com-

puter simulations of the collectors and piping • 

. The frequency response technique is particularly valuable in 

obtaining a rapid insight into how controller gains and compensa-

tions should be chosen for a specified collector configuration. 

It should be noted, however, that this approach is only vaiid for 

small changes in the system variables, and obtaining the response· 

to 1arge changes or to obtain .detailed transient responses stil1 

requires a computer simulation of the collectors and piping. 

The/configuration studied in this paper was a relatively 

simple one, but the technique can .be extended to more complex 

collector and pipir~ configurations by combining the frequency 

responses of th~ individual elements to obtain an overall response. 

More complex control system responses such as those due to sampling 

in a digit'al collector, various types of compens_ation, and valve 

actuator response can also'be included~ 



-23-. \ 
. ··:-:Appendix 

·A·. ::~coT1.ector ·:~esponse 
. . 

·ay ,.subs:tituting the assumed solutions (13) and (14) and 

6Q = si~ wtdnto equation (12) and equating the sine and cosine 

terms, a ·:pal:r· of algebraic equations relating F1, F2, F3, and 

F 4 are obt-a'.ined. 

Solving (23) and (24) for F3 and F4 

______ .. K K 

wL F + (K + K } K . Fl + -4 (K_. -+ ·K- ):. · .1: · R 
F 

3 

= . - -R . .2. . . L. . . . R. . . R . . . . . - ~- . . . R . ~- AF 

w2 + (KL + K )2 
R. 

(~ + KR) KR F2 wKR 4w 
1\1 KR. 

- -
KF AF 

F4 = 
2 

(KL 
K ) 2-· ~-- ~-' 

w + +. R 

.. 

(23) 

(24) 

(25) 

(26) 

Subitituting the a~sumed solutions (13) and (14), relationships 

· (25) and (26), and 6Q =sin wt into equation (11) and equating 

the sine and cosine terms, a pair of ordinary linear differential 

equations defining F1 and F2 are obtained. 

Kl [l + 
4 KF (KL·+·KR)] 

_Qo 
. 2 - 2 
til (KL + KR) 

....... "V' * 
~ ..... 

c 

(27) 
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.::2 

+ ~: [KF- KF 
(KL + KR) KR . ] 
2 2 

w . + (KL + KR) 

' w KF KR ] 
~2-+--(K--+-K_R_)-=2 F 1 = 
w L 

~ ~ / 
a b 

'-,--=-~~~-~~--~~~~ 
d 

These differential equations can be solved for F1 and F2 using 

standard· Laplace Transform techniques~ 

= [:~ : :~ (1 - e -ax cos bx) 

F 2 (X) = [ad cb (1 e-ax cos bx) + ac + bd 
a2 + b2 - a2 + b2 

e -ax sin bx] 

e-ax sin bx] 

Substituting (29) and (30) into the assumed solution (11) and 

setting X = L the required frequency response is obtained. 

(28) 

( 29) 

(30) 
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-1 F2(L) 
= tan 

F l (L) 

(31) 

(32) 

The initial part of the development for the pipe response. 

is identic·al to that of the collector response except that 

K1 = O. The differential equations to be solved for Fi·and F2 

in this case are as follows: 

( 33) 

0 . ·( 34) 

\ 

To obtain the output temperature response to a sinusoidal change 

in input temperature, these equations must be solved for F1 = 1 and 

F2 = 0 at X = 0. Using standard Laplace Transform techriiques, the 

following solutions are obtained. 

F
1 

(X) = e-ax cos bX ( 35) 

F (X) e -ax sJ..'n bX 2 . "" (36) 
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Substituting (35) and (3~) into the assumed solution (11) 

· and setting X = L, the required frequency response is 

obtained. 

-aL e 

Phase of 6TF(w) = -bL 
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