
. - .- ' 1 -  - 
- - :. 1 : ,:.7 -.. 

, 1, 2' THE 100-kWP PIIOTOVOLTAIC POWER SYSTEM AT NATURAL BRIDGES NATIONAL MONUMENT* **+z ... 
~ 0 ~ / ~ ~ / 2 0 2 7 9 - 9 8  

F. J. Solman, J. H. Helfrich, E. F. Lyon, A. E. Benoit 

Massachusetts I n s t i t u t e  of Technology 
Lincoln Laboratory OBm - SDOBOL - - ab 

Lexington, Massachusetts 02173 

Abstract A s  pa r t  of the jo in t  pro jec t ,  the  National Park 
Service has provided fo r  a l l  site,development work, 

The Natural Bridges National Monument i n  
southeastern Utah is the  location of the world's 
l a rges t  so lar  photovoltaic power system. This 
system, which operates i n  a stand-alone mode without 
u t i l i t y  backup, supplies from 300-400 kWh/day of 
60-Hz AC e l e c t r i c a l  energy to  the d ivers i f ied  loads 
i n  the  monument headquarters area. A diesel-powered 
generator serves a s  backup fo r  the system. 

The solutions t o  a number of problems encounter- 
ed i n  the  design, fabr ica t ion ,  t e s t ing  and ea r ly  
operation of the system a r e  discussed. 

Introduction 

NBNM Power System 

The implementation of the photovoltaic (PV) 
power system a s  shown i n  Figure 1 a t  Natural Bridges 
National Monument is  a jo in t  pro jec t  of the  Depart- 
ments of Energy and I n t e r i o r  (through the  National 
Park Service). A cen t r a l  objective is t o  explore 
applications of PV power systems f o r  sites which, 
because of t h e i r  remoteness, cannot be served 
economically from a u t i l i t y  grid. Natural Bridges 
was selected from approximately 60 candidate sites 1 ,2  

based on the  present and expected e l e c t r i c a l  loads, 
i ts remoteness from a u t i l i t y  gr id ,  an abundance of 
sunshine and s igni f icant  public exposure (approxi- 
mately 80,000 v i s i t o r s  per year). 

including the ar ray  area and a PV building, and 
w i l l  operate and maintain the  system. Acting on 
behalf of the Department of Energy, the  MIT Lincoln 
Laboratory has managed the  design, fabr ica t ion  and 
i n s t a l l a t i o n  of the power system and w i l l  monitor 
its performance over an extended period. 

The PV system was designed t o  power a l l  of the  
exis t ing  site AC loads p lus  the overhead loads of 
the PV system i t s e l f .  Considerable e f f o r t  was 
expended t o  minimize t h i s  overhead AC load f o r  the  
cont ro l  and da ta  subsystems a s  w e l l  a s  for  the  heat- 
ing and cooling of the  PV building. For example, 
i n  t he  winter, waste heat  from the  inve r t e r s  is re- 
dis t r ibuted  through the  building; i n  the  summer 
evaporative a i r  conditioners a r e  used t o  minimize 
the e l e c t r i c a l  energy required f o r  cooling the  
equipment i n  the  building. Although ac t ive  load 
management of the  s i t e  loads is  not presently planned, 
conservation measures a r e  being implemented. These 
measures a r e  required pa r t i cu la r ly  during January 
and December t o  minimize the use of t he  backup die- 
sel during these  cold months. 

I n  addit ion t o  engineering f ac to r s ,  ae s the t i c  
considerations played a l a rge  pa r t  i n  the design 
process. For example, the  des i r e  t o  preserve the 
na tu ra l  s e t t i n g  of the  park led  t o  the  locat ion  of 
t he  ar ray  on the  south slope of a h i l l  across from 
the  Vis i tor ' s  Center. Thus the  ar ray  is out of 
view t o  casual  v i s i t o r s ,  but is s t i l l  e a s i l y  reached 
by a shor t  walk from the  Vis i tor ' s  Center. 

Array Field 

I Figure 2 shows a view i n  the  1.3-acre ar ray  
area  looking t o  the  northeast  towards the  Bear's Ears 
Buttes. AS-can be seen, considerable e f f o r t  was 
expended on l ightning protection measures. A l a r g e  k number of shor t  l iphtn inp rods were used instead of - - 
severa l  t a l l e r  ones IUL aesthetic reannns. These 
rods can be seen behind the  ar ray  frames i n  the 

i *: - & I nFmimLTa 
Fig. 1. Aer ia l  view of the  100-kWp 
pho twol t a i c  power system a t  NBNM. 

*This work was sponsored by the  U. S. Department of 
Energy. 
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+Presented a t  the 15th In tersocie ty  Energy Conver- 
s ion  Engineering Conference, A M ,  Sea t t l e ,  WA, Fig. 2. A row of modules i n  the  ar ray  
18-22 August 1980. f i e l d  ac NENM. 

3 

DISTRIBUTIOH OF THIS DOCUMENT IS UNLIMITED 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



The array f i e ld  is implemented i n  twelve rows 
with a t o t a l  of 48 subfields of about 2-kW output 
each. The modules for  each subfield are  mounted 
on 4' x 4' aluminum subframes which a r e  in  turn 
mounted on two 8' x 24' s t e e l  frames. The use of 
subframes was dictated by the need to accommodate 
the  three types of PV modules (Arco Solar, Motorola 
and Spectrolab) used i n  the array. Eight frames, 
f o r  a t o t a l  of 4 subfields, a re  i n  each of the 
twelve rows. The power from.each subfield is  run 
t o  a junction box a t  the west end of each row through 
buried conduits and then pasaes up the h i l l  i n  an 
underground cable to the W building. 

The glass-covered PV modules were mounted and 
wired on approximately 1100 subframes i n  a "pro- 
duction line" a t  Sal t  Lake City, bolted in to  special  
shipping racks and shipped to  the s i t e  over a two- 
month period. These racks, wh5ch hold ten subframes 
each, eliminated the need to handiE3i36king mkteriala 
st the  site a d  pruvided saie , r ide  fasetbe glass- 
covered modules. A t  the  site, the, shipping racks 
were removed from the open flatbed trucks with a 
fork l i f t  mounted on a laxge farm tractor  and driven 
down in to  the array f ie ld .  The subframes were thea 
unloaded and placed d i rec t ly  onto the 8' x 24' s t e a l  
frame8 already i n  place. The subsrames plug into  
a wiring harness mounted in the s t e e l  frames fo r  
speed of assembly and easy reglotpal of a subframe for  

. inspection and maintenance. The backs of the steel 
frames a r e  cover& with dre-meeh rodent scrMus LU 
protect t h e  wiring and t o  provide high-voltage pro- 
tection fo r  personnel. The array s i t e  is feneed as  
a second protective barrier.  

Since one of the primary object i ies  of t h i s  
project is to gather performance data on system 
components, each frame is provided with test wiring, 
which permits rapid e lec t r i ea l  measuraaents w small 
groups of modules, as well as tb entire frama and 
the tno frames tha t  comprise a subfLeld. The t e s t  
connections are available in the jvnetion box on the 
f ront  of each frame. Although the rodent screens 
prevent general access from the rear,  the open meah 
does purvide easy access for  vo1;trmete.r prabes which, 
when w b i n e d  a . th  t4e mt. ronne~trsrs, p o a t a  
rapid location of defective moduZes. 

A block diagram of the  system is shown i n  
Figure 3. Power from each of the 48 subfields is  
brought t o  the  PV building by underground cables. 
The power l o s s  i n  the cable is  k t  .3Xt Lig.k*ni.ng 
a r res te r s  were used on both ends of the run t o  m i n i -  
mize the adverse effects  of voltage transients 
induced i n  t h e  cable as a resu l t  of near* lightning 
s t r ikes .  

- F*. 3. Block diagram NBElM PV power systep, 
1 %  
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Battery Storage 

The heart  ui Lhe PV wffstem is a large lead-acid 
storage battery (see Figure 4 ) ' a i c b  provides a 
usable capacity of 600 kWh, This is enough to  run 
the s i t e  from 24 to  48 hours, depending on load. 
Although the battery would normally operate over a 
wider Lawe, tha inverter design dictated a 
limited window of 210-280 Vdc. A t  the upper end of 
th* ?zan=;,t&ei>.abte voltage eorresponds t o  
2.5 v/cefi ,  s b a d a t  less than desired fo r  stationary 
batteries.  A high value would increase the gassing 
a t  end-of-charge and'thus provide a beneficial mixing 
of the electrolyte.  As a consequence of the required 
upper voltage, an a i r - l i f t  system, sfmilar t o  that  
used i n  submarine bat ter ies ,  was employed to permit 
@tarring of Ll~e electrolyte  a t  the end of daily 
charge and thus to prevent s t ra t i f i ca t ion  within the 
cel ls .  Mixing the e lectrolyte  reduces the incidence 
of sulfation a t  the bottom of the c e l l s  and therefore 
eqtmds battery l i f e .  i 



. pi.* 

The ba t t e r i e s  are  also provided with cata lyt ic  Data Recording 
hydrogen recombiners t o  return the hydrogen and 
oxygen l iberated during recharging to  the battery The data from weather and insolation measurements, 
c e l l s  as  water. This reduces the danger of explosion a s  well a s  t e s t  points i n  the  system, a r e  recorded 
and minimizes the amount of water that  must be added every ten minutes by a data  logger (Figure 6) .  This 
t o  the cel ls .  subsystem also contains a dedicated logger tha t  . 

gathers the I-V data from dai ly  measurements on each 
The system control equipment and control panel of the 48 subarrays. In addition, standard c e l l s  

a r e  shown i n  Figure 5. Control i s  a complished by a re  available fo r  temporary ins ta l l a t ion  when stan- 
a microprocessor-based c ~ n t r o l l e r . ~ ' ~  The primary dardized array measurements a r e  taken. 
task of the controller is t o  manage the battery and 
protect  i t  from both overcharge o r  overdischarge. (CP281-55041 
This is  implemented by an algorithm which employes 
battery voltage and current. I n  simplified terms, 
arrays a re  shed when the battery voltage r i s e s  above ...,.. 
280 vo l t s  and added when it drops below the shed 
voltage by about 3 volts.  

L 
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Fig. 5. System control equipment 
and control panel. 

Fig. 6. Data logger. 

A measure of battery state-of-charge (SOC) is 
obtained by d i g i t a l l y  integrating the bat tery  current. 
This is then converted to  SOC t o  provide a bas is  f o r  AC and DC power transducers permit monitoring 
,monitoring depth of discharge. The SOC is effec- of the power flow i n  the  system. These a re  supple- 

t ively  r e s e t  every two t o  three weeks when the battery mented by Watthour meters which give integrated 
is equalized to  f u l l  charge. The e r ro r  i n  the values of energy flow. 
estimate of ampere hours over a two-week span is 
expected t o  be less than 10% of the  bat tery  capacity. Off-Site Assembly and Test 
A backup decision on low SOC can a lso  be made by 
o b s e p i n g  bat terx  velbase. . ;rh* i s  94 .to- turm on The control system was tested off -s i te  with an 
the d iese l  generltor and bat tesy  charger t o  recharge array simulator and mockup f o r  the in terfaces  to  
t h e  ba t t e r i e s  during periods of high load o r  low other devices. The power equipment-inverters, 
so la r  insolation. battery charger, and 30 tons of ba t t e r i e s -were  a l so  

s e t  up and tested together. In  s p i t e  of careful 
I n  addition to  managing the battery,  the con- specifications,  design, and factor test, each major 

t r o l l e r  a l so  operates mailtiplexera f o r  monitoring i t e m  i n  the  power-processing subsystem displayed 
system parameters and performs dai ly  I-V p lots  of problems requiring s ignif icant  at tention.  
each of the 48 subfield of the array. ! For example, the  5-kVA Uninterruptible Power 

A small thermal prlnter,  shown on the desk i n  Supply (UPS) inver ter ,  which provides uninterruptible 
Figure 5, i s  also  driven by the microprocesaor t o  power t o  c r i t i c a l  system loads, operated normally 
provide a writ ten record of controller actions u n t i l  the f i r s t  tests employing the  system battery.  
during the  day. This is especially important since A t  t h i s  point, i t  consistently tripped i t s e l f  off- 
some controller actions can completely shut down line on under voltage even though the  input DC 
the system. A writ ten,  on-site record has proven voltage was within limits. The problem was even- 
t o  be valuable fo r  troubleshooting and fo r  assuring tually traced t o  the  input DC f i l t e r  where it was 
the  operators that  a l l  is well. found tha t  the  extremely low r e s i s t i v e  component of 

the l a rge  bat tery  caused a reduction i n  damping. 
Thia p r o b l a  b d  not; occurred i n  p r io r  t e s t s  where 
the  inver ter  had been operated from modestly sized 
tirLLerlca or from a DC power supply. 

mkL 



Inverter Considerations 

The main inverter,  a 50-kVA single-phase unit ,  
has been found t o  produce considerable interference 
t o  AM broadcast reception for  radios powered from 
s i t e  AC power. Most of the interference is conducted 
on the  buried s i t e  power wiring and is produced by 
the power SCR'S of the inverter. The fast-switching 
t ransients  of the SCR's -cite the power wiring of 
the  inver ter  to  produce a se r i es  of damped stnusoidal 
burs ts  with a carr ier  frequency of about 1 MHz. 

Measures being taken t o  minimize th ia  inter-  
ference t o  AM broadcast reception include f i l t e r i n g  
the  inver ter  output, l i n e  f i l t e r s  for  radio receivers, 
and mounting external antennas t o  improve signal 
s t rength r e l a t i v e  to  noise. 

Somewhat more troublesome than the interference 
problem have been two surge current effects .  The 
f i r s t  i s  the result. crf the high-starting current 
drawn by AC motors, typically 5-10 times the fall- 
load value. Tu auypurr 1ht?8e ti$Ineienta, a 50-kVA 
inver ter  was e a l e c l d  so a s  t o  provide on the order 
of 25-35 kVA of excess capacity beyond the normal 
s i t e  demand. 

An even more troublesome problem was discovered 
when i t  was found that inverter input (DC) f wes 
would occasionally blow when the step-up and step- 
down transformers (and Visitors '  Center loads) a t  
the  enda of a modestly long AC paver l i n e  were 
reconnected following a shutdown. This event was 
due t o  transformer saturation effects ,  which ciiuaed 
i n i t i a l  inrush currents a s  high a s  10-12 times the 
full-load kVA rat ing of the transformers, (600 A was 
observed). It is  a consequence of the residual mag- 
net izat ion l e f t  i n  the core from the l a s t  portion of 
the  60-82 excitation. Since the repoval af A@ 
voltage can occur at any point %n the 60-Hz w&~eform, 
and s ince the restoration of voltage cad likewise 
occur a t  any point, there ex i s t s  the  certainty that  
on some occasions the remnant f lux  w i l l  be i n  the 
same direct ion a s  required during the f i r s t  half 
cycle of the  restored voltage. The rewlt is snturo 
t i o n  of, the core, fo r  the f.irst few cycles atith r c  
s u l L I 4  high inrush (magnetization) current. This 
problem was solved through use of a s tar tup c i rcu i t  
which imposes a 3-ohm se r ies  r e s i s t o r  in one s ide  of 
the  240-VAC l i n e  fo r  a p e r i o d  of one second following 
application of l i n e  voltage. 

System Loads 

The actual  obeerved load a d  the messaty  In91 

c€Wi b e  qu;Lte ddif5e);e~t depending on the local  habits 
of energy usage. ' ' With the d iese l  generators a t  
t h i s  s i t e  previously i n  use 24 hours per day, some 
of the  winter heating requirements were lae6 by 
e l e s l r l c  heaterrs since the impact on diesel  f u e l  

d.. . '-a 
storage from the well pump. During the winter season, 
the pump is run infrequently so pumping can be 
scheduled fo r  good days to  fur ther  reduce demands on 
e lec t r i ca l  storage by exploiting storage of another 
product (water). 

We would l i k e  to  acknowledge the assistance of 
our colleagues a t  MIT Lincoln Laboratory: 

usage was re la t ive ly  minor and a base load was 5. 
needed t o  keep the generator adequately loaded fo r  
proper operation. Extra l igh t ing  was also l e f t  on 
year-round to load the generqtor. Lighter laads 
(compared to  d iese l  capacity of 40 RW.) werk con- 
sidered harmful since m e  carbon builds up i f  the  
engine does not reach pmper operating temperatures. 
The PV system was designed w i t h  the observed loads 6. 
and .some conservation measures in mind. 
minimum necessary load for a remote s i t e  is still an 
elusive quantity but perhaps it can be laver than 
most expect i f  a system approach considering both 
loads and source capabili ty is taken. This s i t e  7. 
has a 50,000-gallon water storage tank fo r  water 
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