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1.0 INTRODUCT 1ON

The purpose of this document is to provide additional details and
information to supplement the data provided in the Executive Summiry.
The document consists of Appendices 2.0, 3.0, and 4.0 which address
the major tasks of the project (criteria development; ranking; and
results/conclusions, respectively) and Appendix 5.0, a series of
mini-appendices addressing specific topics complementing the major

task areas.
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2.0 DEVELOPMENT OF TERMINATION SELECTION CRITERIA

2.1 INTRODUCT | ON

The dovelopment of the selection criterla reprosents a consldarable part
of the time spent on this report, This sectlon Is concerned with a [1sting
of the termination selection criteria, trqether with a discussion of
slgniflicant aspects of sach one, a discussion of cach of the application

classes, and the constraints assoclated with each application ciass,

PN

2.2 SELECTION FACTOR CRITERIA

Each of the selection criteria is discussed with respect to Importance
of the attribute, significant variables, examples of poor and excellent
terminations, anu yustification of the rating value assigned. Ratings
were assigned to eact selectlon criterion on a scale of 1 to 4 where 1 = poor,
unacceptable; 2 = fair, average; 3 = qood, above average; 4 = excellent,

Primary termination requirements have been ldentified as follows:

. Adequate current capacity

. Low ohmic contact resistance

. Adequate electrical insulation (isolation voltage)
. Adequate weatherization

. Low cost.

Table 1 shows the selection criferia organization that evolved in this
program,

An initial list of termination factors i.e., pertinent electrical
termination attributes, was grouped into functional areas as shown in Table 1.
Once grouped, the individual factors were further inspected for completeness
and redundancy. This effort resulted in a total of 28 individual selection

factors, that were grouped into five functional categories. Since each of

S s
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FUNCT JONAL MANUFACTURING
Vol tage Rating Praparation Time
| Current R:ilng Producibill*y
Insulation and Seal Level Repairablility
round Provision Labor Skill Level
| teat Dissipation Special Tools
riseonnnct Cycloes Safety

fontact Resistance and Pressure
el Babi T ity (MTRF)

ENVIRCNMENTAL DURABILITY UTILITY
Moiceture Series and Parallel Connoctions
Temperature Cycling Wire=to=Wire and Pancl=to-Wire Connection:
Corrosive Atmosphere and
Contamination

vandaliasm
Y Radiation
Vibration and Strain Rellef
CODE

NEC

TABLE 1
SELECTION CRITERIA
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the individual attributes have meailing in the selaction uf medule conneciions,
all will be retained as criteria for such selection. Certain of these factors
such as "special tooling required" are binary in nature 1,e., yes or no., Other
factors, such as sealabliiity, can be characterized In degree between two extremes
i.a0,, excellent, good, falr or poor. |t should be noted that any alven factor

or attribute can be characterized differently, depending on the solar mogule
application type e.g., residential or remote, Termination costs will he
addressed in later sections,

One can see that such a cataloging ylelds an abundant source of information
for selecting solar module terminations by application type, but there remains
the need to rank the candidate terminations by application ftype with a concize
set of selective criteria., This is accomplished via conversion of the qualitative
Information Into numerical equivalents, A cscale of one to four has been selacted
fur this exerclise. In order to give to proper (equal, -.ight to applications
sensitiva areas, each termination factor will receive a factor from one to
four. Actual rankings of generic termination types of application are the

product of the termination attribute factor and application factor.

2.3 METHODOLOGY

2.3.1 FUNCTIONAL CATEGORY

. Voltage and current ratings - the parameters set for voltage and current
ratings for each application are clear~cut in that a particular fermination
is either satisfactory or not. The importance of these criteria cannot be
understated since insufficent capacity in either voltage or current would cause

rapid failure.

e B ke T I 3l b 4




The: attribute ratings run tie entlre scale from 1 through 4, Thosc
terminations found to be unsatisfactory or borderline in elther voltage or current
rating were assigned the value 1, Normally, failure In elther of these two criteria
would be Justification for a termination to be eliminated from the candidate |ist.
However, the two termination types rated lowest on this criterion (spring clip,
and wire wrap due to limited wire size) were further evaluated with the idea that
if they proved suitable In all other criteria, they would be worthy of
recommendation of design changes to correct their faults. Ratings were made based
on the conductor size the termination could accommodate, and the manufacturer's
information on maximum ratings of voltage and current. An example of a
termination rated excellent Is the crimp type, due to i*s current and voltage
capabilitles coinciding with the size of conductor used and its availabllity
trough wire size #1/0 AWG,

. Insulation and Seal Level - These factors are discussed together only
because most terminations with a high level of sealing generally are also well=-
insulated. Let It be understood that "insulation level" in this report refers to

electrical lIsolati n or dielectiic, and "seal level" refers to environmental

isolation. These are Important aspects of a termination since lack of adequate
insulation can cause injury and short-circuits; and as an added benefit, adequate
insulation promotes good environmental durability. Some of the candidate
terminations were avallable in both insulated and uninsulated forms. The insulated
form was evaluated whenever possible. |n cases where the termination was not
available insulated, a supplemental insulation/seal was assumed to be utilized, where
possible, prior to assigning a rating value. Combination sealing/insulating
techniques include electrical tape, shrink tubing, and junction boxes.
Terminations which could not be insulated due to design configuration, or

which provided a shock hazard after a supplemental insulating/sealing step,

were rated 1; an example is the hand-soldered ftermination. Tarminations that

provided some degree of insulation/sealing and safety received 2 or 3

SRR ORI W RO
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ratings, depending on toval, A terminalion judged a:conlient in bolh scealing and

Insulation is the plug/roceptacice type, primarily duce to i1s rubber=|ike shrroud,

. Module Ground Provision = Since a ground connection is expectad to be
necossary due to code requirements, the capability of atermination 1o corry
multiple contacts within a single termination becomes important. Terminalions
with this capabllity (such as screw terminal block) were rated 4, Terminations
that would require an additional termination for the ground connection were
rated 1 (e.g. the crimp type).

. Heat Dissipation - The ability of a foermination mounted on the back of
a module to dissipate heat is a demonstrated factor in its performance, Heat
dissipation is enhanced by exposed surface area of current-conducting parts
of the termination. UGenerally speaking, those terminations rated hinh in
seal and Insulation levels were rated low In heat dissipation. ldeally, somc
balance Is desirable. An example of a poorly-rated termination :. the plug/
receptacle with its high level of insulation and sealing. An example of a hiahly-
rated termination Is the screw terminal block with its exposed terminals.

. Disconnect Cycles - the ability of a termination to be disconnected

'quickly and easily with a minimum of labor was considered to be an advantane,

Terminations not designed to be disconnected, such as the hand-soldered type:.,
were rated 1, while ferminations capable of greater than 10 mating/de-matings,
such as the plug/receptacle, were rated 4.

Contact Resistance and Pressure - Contact resistance is obviously
very important since increasing resistance reduces current flow. Contact
resistance and contact pressure are inversely related in that generally the
higher the contact pressure the lower the contact resistance. It Is undersiood
that contact base metals and plating materials are factors also; it is assumed
the manufacturer has chosen the best combinations. Terminations that are

disconnectable generally utilize low contact pressures to reduce the forces




eeted tor o maling ond demating, Anoosap e ot thic type, the pluaZreceplae e,
wao rated VL Terminations with very high contoct prosoare, such an The cpimp
Pypey, were trated Jd,

. Rediabi ity (MIBE) = This eriterion, porhaps one of The most important,
W b the mond dittivolt to aather data tor since very Tittio ompirical ovidence
existed thatl could be comparaed on an equal basde,  bor this peason, The osper b
ot HTE Cannonowas atiliced tor aaidancee in detormining o relative "order ot
tebinbi ity Basically, Those forminations espected to porform rotiably in
the eavivonment wore rated 4 (oogs wolded), and terminations «xpocted to have o

)

Fower STRE CH ke the spring clip) wore rated ' No dermination type roceived

roting Ttower than Uy MIBEYs are discussed e arealer detail in Section 1,0,

el MANUEACTURING, CATE GORY
. Proparation Time = The fmportonce of thia criterion i based on

Labor costys, and refors to the amount of tabor tnvolved in preparing the
conductor/modute for attachment of the tormination.  Tow scores are recor od
tor terminatton Types, such as hand soldoring, which require o high dogree ot
preparation, white o high score Ts glven fo Insulalion dlsplocoment whiceh
Poquires na conductor propaprat fon.

. Proaductbility = This critopion's importance Ts based in labor
costyyand roetors to Fhe expoctod case of production amd ability ta automale
tacilition in the actual tormination attachment.  The plug/receptacio scored
niah due to automated machinery ability,  Hond=woldor scored low beeatse of Hhe
manual regquitements of  Phe torminalion,

. Repatrabi bty = The dmportance of fais criterion will become apparent
an babhures begin to oceur no systome Fase of repair in the ovent of
feaminat fon failure, and subsequent reptacement, will no doubt prove to b

cond=etiectives  tasily repaired/replaced terminations such as the crimp bype
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actually making tho oloectrical connection of the termination. This attribute i-
directly rolated to the insufation Tovel of the fermination.  Termination. which
pose o shock hagard in connection, such as the plua/receptacle (which -
compictely shrouded), are rated high.  Termination types with conductor

exposure, such as the spring clip, are rated low.

dre rated hioh, while the welded termination roceives a low rating duc io
cquipmont nooded, sel-up, and skill level,

. Labor Skill lTevel = The importance of labor skill lavel (and
speclal tools) s rotlected in costs,  Labor skit] lovel refers to the deqree
of kil and fraining required by morsonnel to make a satisfactory and reliable
tormination, A high rating w.-. ven to the crinp type termination since the
skith Tevel s rolatively low, and crimp tools are avallable that will nol
refease unttl the erimp is completed. On the other hand, a low socre is aiven
fo the hand=soldered termination due to the high skill fevel required for a
satisfactory connoction, and the large human factor.

. Special Tools - The importance of this criterion Is associated with
extra cont considorations, A spocial tool Is defined as any tool or ploce of
cquipment not generally found in a common tool kit, and requiring some training
tar proper use. The requirement of spocial tools 1s associated with a low
score, ol.de the welded connoction which requires very speciallzed equipment.  The
serew terminal block, which requires a common screw=driver as equipment, received o
high rating,

. Safety - Safely's importance Is necessary to quard against personnel

injury.  The rating of this eriterton reflects the shock hazards associated with

N . LNVIRONMENTAL DURABILITY

. Moisture = The ability of a tormination fo withstand oxposure fo

moisture i important since the majority of  onvironments conlain moisture in one

s g b ot s AN o D8 i
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form or another . This criterfon is directly related fo the termination's seal
level., A well=sealed termination will resist any admission of moisture which

can infFlate corrosion or shunting,  The well=sealed, environmenially=stable
fermination roceived the highost score (e.g. the plug/receptacle).  Terminations
with low to moderate contact pressures, such as the spring clip, are particularly
siivcep hable o moisture admission and are rated low.,

. fomperature Cycling =~ the ablility of a termination to withatand
temporature cycling Is important because this characteristic of the environment
is rosponsibie for many termination failures. Daily temperature fluctuations
of 40 and b0 dearees [oare common in many parts of the world. Termination fypes
which provide constant pressure on the conductor, which compensates for the
oxpansion and contraction of metallic contacts and conductors, are rated high
(0vde, the spring clip). Terminations that do not allow for this change
aoenerally are scoired lower (0.q. the hand=soldered, which can separate as a
result of fatigue In the soldor),

. Corrosive Atmosphere and Contomination - These criteria are impartant
because ecach causes Increaned contact rosistance, which leads to lower current
flow. denerally, the loss oxposed the termination, particularly the contacts or
metallic portions of the termination, the higher tho rating (as with termination
types whose sealing technique includes utilization of a junction box, or
insulatton displacoment).  The crimp=type Is rated lower due to its lesser seal
lovel,

. Vandallism = This criterion includes not only voluntary destruction and
Famporing by man, but also unintentional vandalism by insects and vermin., |1t is
important bocause the problem Ts so common. Generally, the more isolated
and inaccessible the tormination, the safer It is from vandalism. Therefore

those terminations socured Inside a Junction box, as the wire wrap type would

(8]

A Wi ok b Py st A AN e U RS0

o



fuoy teverine hian talinegs, whilo those most casily tampetosd with ang coponed,
et twicsdb=on, are ratod loser,

. Ultra=Violet Radiatlon =« This eriterion iu importaont since 1t wili be wo
provalent,  tven though torminations may not be subjected to direct sunliaht,
tetloctod Tiaht (continuing UV radiation) will be surround every PV uystem, Onee
AN, thowe torminations which are isolated in o junction box or tabricated
of Uv=atablbe mitoriabs will poerform bost and are rated highost.  An oxanple
ot o highly=rated termination iv the scerew ferminal block whose phenolic material
ivostable in ultraviolet, and would most Likely bo contained in a junciion pox.

A tower=ratad terminatfon would be the crimp, due fo its more limited and less
sltable insutatian,

‘ Vibration and Strain Reliet = These criteria are important because
thoy are facets of the onvironment,  Wind loading and panel floxing cannct be
averided so The tormination and panel must be able to function with them., 1 s
ansumed fhat enaineoring provisions are made for vibration and strain reliet.
Howovor, those terminations that display the best mochanical sirenath are
rated high, os in fhe case of the erimp seal.  Those with relatively low

mochanical stronath, as the twist-on, are rated low,

LA ALY, CATECORY

. sorfes and Parallel Connectlons - Photovoltaic systems will use
serios, parallel, and combinations of these to deliver the needed vol tage/currond
tovels. AL torminat fon types were capable of both series and parallel
connections and were atl rated high.

. Wiro=to=fire and Panel=to-Wire Connections = This criterion was totally
depondont upon module and madule output configurations. Ratings were assionoed
daecarding to rhe tormination's abliity to be utilized in wire-to-wire and

panel~to=wire cont iaural fons, AL terminations were applicable in wire-fo-wire;

1
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are all rated high, In panel-fo-wire, certain terminations cannot be attiached

fo (or throuch) a panel (bulkhead), like the crimp type which was rated low,

2.3.5 CODE_(NEC)

Approval or disapproval of electrical term'nations and interconnections
are very dependent on precedence and the discretion (and code Interpretation) of
indfvidual inspectors. Therefore, presented here Is generally an inspector
concensus=type rating, The higher scores went to termination types such as
crimp and screw terminal block, and lower scores were assigned to spring clip

and wire wrap.,

2.4 APPLICATION CLASSES AND ASSOCIATED CONSTRAINTS

The four application classes, remote, residential, intermediate and
industrial, differ enough to make certain selection criteria more Important
In one application than in another. For this reason, each application cluus
is associated with a unique set of weighting factors which emphasize those
criterfa considered most Important.

Each application class is discussed in this section, with attention to

criteria considered most important.

20401 REMOTE

Due to the general inaccessibility of this type of application and the
associated higher costs of required maintenance and repair, any criteria which
would contribute to the termination's reliability were weighted high. Criteria
included: =all those under the heading of "environmental durabllity"; all criteria
under "functional" with the exception of "ground provision" and "disconnect
cycles™" which were not applicable in the remote class; "safety" in
installation; and "parallel connections" and "wire-to=wire" under "utility" cue

to low voltages and small array sizes expected .

11
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. RESIDENTIAL

Due to the closw proximity of the system to the homeowner and personal
property, all criteria under "functional" except "heat dissipation", "disconnect
cycles”, and "contact resistance" were considered most Important., Also "~afety"
and "code approval" were weighted high., "Heat dissipation", "disconnect cycles"
and "contact resistance" were not considered instrumental in this application

bocause of the accessibility of the application.

403 INTERMED |ATE

Due to the increased reliability needed over the residential application
class, the highly weighted factors in this class are all those included in the
"residential class" plus the key factors under "durability"; including
"moisture”, "temperature cycling", and "Ultraviolet Radiation" which woull entanc.

the reliability of a termination in the intermediate class.

2.4.4 INDUSTRIAL

Criteria weighted heavily in this application class includes: '"corrosive
atmosphere” due to the system possibility being located within an industrial area where
corrosive atmospheres are expected; all criteria under "functional" except
"¢isconnect cycles", which was deleted due to the fact that modules were not
expected to be individually removed in the event of failure. '"Safety'" was
weighted high as in all other applications. "Series connections" and "panel-to-
wire" connections were also weighted significantly because of the larger panel

slzes expected to be utilized in this application class.

el




5,0 RANKING

3,1 INTRODUCT |ON

Presented in this section are the tables utilized In determining the ranking
of candlidate electrical terminations.

The attribute value found in Table 2 for a particular termination criterion
is multipiied by the weighting factor found under the same criterion, in the
application desired, in Table 3, For example, to find the value of a twist=-on
termination's seal level in the residential application, the value "3" Is
found in Table 2 and the weighting factor "4" is found in Table 3. These
values are multiplied for a product of "12" which can be found on the ranking
table for the residential class, Table % These calculated values for each
criterion are then added together for each termination type for the total
numerical value found in Table 8, Table 9 Ilists the same information in

numerical order.

3.2 ATTRIBUTE RANKING TABLES

Termination attributes are listed in Table 2, and application attribute
weighting factors are shown in Table 3. Termination rankings for the 4 classes

of application are given in Tables 4 - 7.
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__RETULTG/CONCLUS [ONS

FEST=-SUITED TERMINATIONS

Resulis of the evaluation show Fhe plug/receptacic and crimp-type toerminations

Lo be tho most appropriate existing electrical termination for use in all four
application classes based on attribute score and cost, |t Is intercoting to note

that the three top=-rated termination types (plug/receptacie, crimp, and screw Type) are
fop-rated in all four application classes although not In the same order.

Generally speaking, fthe three top-rated termination types were very close in

numerical values except for cost.

0f the three top-rated termination types, the least expensive connection

is the crimp type with a total cost of $0.06Y per connection., Next i« the
plug/roceptacte type with total cost of £0.20, and last is the screw type with
total cost of $4.78, incidentally the most expensive of all termination types

considerad.

Costs were not integrated Into the selection criteria due to fluctuations

of actual costs with respect to application class, differences in module
manufacturer facllities, module design, locale, and personnel utilized.

For these same reasons, It was impossible to provide any correlation between
specific modules manufactured and the ideal termination fo be used. It is the
intention that the attribute chart values be modified (if necessary) by the
electrical termination selector, to more closely conform to the requirements of

a specific module or a particular unique application.

The two termination types found to be unacceptable in voltage and

current ratings (spring clip and insulation displacement) were nevertheless
evaluated fully. It is interesting to note here that the insulation displacement
mothod of termination was rated fourth in each application class. This would
indicate that the termination would be an appropriate choice in any application
if the voltage and current ratings, presently limited by conductor wire cize,

could be increased.
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A,/ DESTON IMPROVE MENTS/COST DRIVERS

Tha factors which af fect termination conta aror  manufaciining material,
equipment, and labor; Installation labor, skiil and equipment; and ool ing

material and labor,

Comparing cost data for the three top-rated terminations, the first
striking difference Is In initial cost, with crimp at 50,08, plug, receptacle
ab $0.3%2 and screw type at $0.98., The crimp and screw type terminations
are quite simpie and have been in production for a considerable length of
time, Also, they are both manufactured in large quantities., |+ Is therefore
un!ikely that any manufacturing cost could be great!y reduced. The plug/
receptacle termination type however, is relatively new on the market and
perhaps could benefit by some manufacturing cost reduction in the future,

The major cost drivers in the screw=type of termination, besides initial

cost, are material cost and factory and field labor costs associated with the use

of a junction box for satisfactory environmental sealing. There are ways to
reduce junction box=~associated costs, such as an elastomeric junction box with
screw ferminals (terminal block) molded into it, or having the junction box be
part of the module or support frame (which would eliminate attachment labor).
Another possibie way to reduce cost while addressing the "sealing" problem
is to manufacture a boot or shroud that slipped~over (or otherwise attached
to) a standard terminal block, effectively isolating the terminals from
the environment, and eliminating the need for a junction box. Such a cover
is not currently manufactured, but if available, would be considerably less
expensive than a junction box.

Field labor is high due to the considerable amount of time involved in

making the electrical connections and re-attaching the 1id of the junction box.

28
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The major cost driver that could be feasibly reduced in the crimp type
of termination is the labor Invelved in gealing the termination., This could
be resolved by re-designing the crimp termination to Include some sort of
tight=fitting collar at the conductor entry end(s) of the crimp termination.
A butt splice termination utilizing this type of sealing might look like the
following, fiqure 1.

ELASTOMERIC SEAL

METAL
CONTACT

'/ll/l/”’/l”"//” it L/ L]

[ W ) ) Qo)
SEAL CRIMP SEAL
AREA AREA AREA
FIGURE 1: SUGGESTED CRIMP TERMINATION SEAL

The cost drivers identified in the plug/receptacle type of termination
are the high initial cost and high factory labor content (installiation). These

cost drivers seem to be inherent In the plug/receptacle type of termination.
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H, 1 TERMINATION CONSIDERATIONS RELATIVE TO INTERCONNECTS, MODULE COMCTRUCTION,

AND SUPPORT STRUCTURES

v. 1.1 MODULE INTERCONNECT

Modules are provided ./ith terminations for interconnect to 1) the rest
of the system, If a single module Is used, 2) other modules, If the system
uses more than one, and 3) system ground. The location and number of positive
and nogative terminations depend: on several factors: 1) will the module
be used alone or interconnected to other modules, 2) relative cost and
reliabifity factors of multi-terminations per nodule vs. single terminations
per module with complex, long wiring runs, and 3) is the ground lead
included In the termination., The ground termination deserves special
consideration because, in general, electrical interconnects between modules
will be In series whereas ground connections will always be in parallel, |f
the array support structure is insulating (e.g., concrete, wood) then a separate

qground bus system will be needed.

5.1.2 PANEL INTERCONNECT

Since a panel is composed of a multiplicity of modules, factory assembled
and interconnected, it needs to be provided with terminations for interconnection
to other panels. |t would be desirable to use terminations of the end modules
in a panel for connection info an array; however, the panel terminations may
require higher current capability than those on a module due to higher voltages
that may be generated. A convenient (and unobstructive) place for mounting them
on the panel will need to be delineated. There Is also the question of grounding
a panel: a common ground connection to which all the module grounds are connected
may be desirable.

30
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SV el AMEAY LT CONNECT

It e asaumed that infaECanecflon between arrays to form larqor
eloments ot a solar photovoltaic power system will be done at distributed
(or centrally jocated) places, and is not a part of this study., Panels (or
modules) in an array will be fleld Interconnected; however, the array must
be provided with one or more terminations so that cables can be connected
to form the larger power units. Array terminations, particularly for
serles-connected panels, may be the same as (or similar to) panel terminations.
Positioning of terminations on modules and panels cannot be standardized
without consideration of the mounting support structure, Various
potential array support systems attach to a module (or panel) at different
points, angd some of them make accessibility fo the backs of moduies (or paneis)
difficult. Standardization of module output locations and/or support structures

would be advantageous and Is one solution,

9.1.4 MODULE STRUCTURES

SIS

Various types of module sfrbc+ures é;é in current production or are
being studied for future market introduction. Figures 2% and 3** represent
schematically, mest of the possible module structures. These do not, however,
deal with the question of electrical terminations. There are several types of

module structures:

¥Investigation of Test Methods, Material Properties and Processes for Solar
Cell Encapsulatns, JPL Contract 954527, Springborn Laboratories, Inc., June,
1978,

*¥Evaluation of Available Encapsulation Materials for Low-Cost Long-Life
Sllicon Photovoltaic Arrays, JPL Contract No. 954328, Battelle Columbus
Laboratories, June 30, 1978.
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L
| 4
| 8 Cells bonded %o rigid substrate; clear
| N0 W M D encapsulant; air gap; top cover.
o —
'
- —— 3 ‘
AT W i oy Cells bonded to rigid substrate; air
L ) : gap; %top cover,
S

FIGURE 7,  FLAT-PLATE SOLARMODULE DE51%Y
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1. Modgtes bbb ineg ot hgid sabetrate booowhiic b bormidnat fon may
booattachaed,
%‘{:‘\ Modules without vigid substrates, bul employbug o rigid
' (ransparen!) superstrate to which a termination may be
at Fached,
A, Flosible modules requiring o frame for termination
attachment,

d. odules employing o rlaid substrate and/or vigid superstrate

and albso g frame,

The mechanical aspects of attaching a fermination will vary considerably
doponding not only on the module desian, but also on the material

chatacteristios of o particular dJosian (ovg., a rialbd substrate may bo bare

metal, coated metal, glass, plastic, or woad).

A4




Figure b iThedrates an exploded view of o potentlal module termination,
Pointys of tmportance are;

1. Mechanical attachment of turmination fo frame (A) or solar cell

oncapsulat fon wystom (ny,

S Soaling of Jeads leaving solar coll encapsulant system (C).

A, Soaling of leads ontering termination (D).

q, Isolation ot loads from frame (£),

Y, sealing of Interconnoct wires at termination connections (F) or (G).

I{ the leads running from solar cells to fermination are exposed, thoey
must be adequately prorected from weathering., Note that moisture (with
contaminants) can readily travel between the wire and insulating coat of a
fead,

I ts oasontial that all of these items be accomplished in a costeoffoctive,
reliable manner that doos not degrade performance of the module. In addition,
torminations must be rugged to pormit rough handling during connect/disconnect
in thoe field without damage to the termination or the module to which It iv

attached.

Bellh REQUIREMENTS IMPOSED BY THE ARRAY SUPPORT STRLUCTURE

The panol and/or array support structure is a major source of require-
monts (and constraints) on the interconnect system, both geometric and
clectrical, It Ts necessary to consider a broad range of support structure
configurationys, sufficient to represent all important support structurce
constraints,  Support configurations are categorized* by structure, including

Fruss, frame, and thin and thick shell (i.e., somi and full monocoque).

XLow Coat Struefures for Photovoltaic Arrays, Motorola oz, Sandia Contract
#O7=6048, Tinal Roport.
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Ther module can be qupported by the panel/array support structure in
wover gl oways,  The module support structural interface will be point, line,
or area, and usually one of the first two. This support Is qgenerally imposed
on the back of the mndule, but may be on the side. Various combinations of
these factors have an effect on connector requirements, Additionally, modules
may be arranged so that thelr sides are Immediately adJacent to other modules.
Typical constraints imposed by the various types of support structures are:
Restricted access to back of the panel/module.
Restricted access to the side of the panel/module.
Restrictions on cable routing.
Opportunity to combine functions such as structure and cable support.
Crounding requirements will depend on which parts of the structure are
electrically conductive.
The wide variety of support structures utilized makes detalled
interconnect system requirements imposed by support structures, impossible.
This study makes the following assumptions of the support structure:

Free access to module output(s).

.

. No restrictions on cable routing
h,d CIRCUIT, SYSTEM GROUND, DIODE CONSIDERATIONS
5,2.1 SERIES AND/OR PARALLEL CONNECTION IN PANEL OR ARRAY

Consider an array comprising a multitude of modules. |f the modules are
all connected in series, the amount of interconnect wire can be greatly
reduced if positive and negative terminals are separated and placoed adjacont
to opposite edges of a module. This, however, requires two terminations por
module. With the large area solar cells expected by some to be in production by
1986, connection of cells within a module will tend to be in series, agiving a

tendency for positive and negative terminals to be on opposite

37
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dden ot g module.s Thas, providing separated module terminations will aloo

woid some addiHional wiving within a module,

~C

e L LQUITPMENT GROUND TERMINATION

[
e  h  ——— o

The purpose of equipment grounding conductors is {o provide personal atoely by

creatinag o virtual ground for non-current-carrying conductive parts of the couly»ont,

The requirement for an equipment ground is determined by the materials used in
Fhe construction of the module.
A system ground, or means to |imit maximum voltage with respect to around,
necessitates preventing insulation breakdown within the module. Consistent
with module insulation breakdown level, the Insulation breakdown rating of the
connector must be equal to or greater than the insulation breakdown within the
madule,  Consistent with module insulation breakdown level, the insulation brogk-
down rating of the cannector must be equal to or greater than the insulation
breakdown rating of the module to ensure the same level of safety.
Until photovoltaic modules and systems become commonplace, or until the
codes and standards are revised to specifically address photovoltaics, the
F approval/Zdisapproval of the use of certain electrical terminations and inter-
connections will be teft to the discretion and code interpretation of individu-!
cade inspectors with the result that Innovative termination design confiquration:
may boe totally rejected.  To minimize this impact the following activities shoglid
oooundertaken: 1) work with the NEC subcommittee on photovoltaics to draf!
}' roequirements for PV module terminations; 2) use termination components which have

been testod and approved by nationally recognized testing laboratories and have 1o

entire module tested and anproved.
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2.3 PROTLECTIVE DIODE CONNECT |ON

Solar celis may be connected in a series-paralliel arrangement to minimize
the effects on performance resulting from cell shadowing or from breakage of a
cell without redundant contacts. Bypass diodes are often used to prevent
back-biasing of series strings of solar cells in such cases. Module termination
selection is affected if placement of the diodes is external o the module; external
diodes are usually located across the module output terminals. Results to date
indicate that appropriate series/paralleling coupled with internally mounted
diodes would greatly enhance module performance and minimize extra requirements for

terminal selection.

o i

b, % CODE REQUIREMENTS

Code requirements for photovoltaic module termination hardware are

dependent on:
1Y Applications:
a)  Small Remote
b) Residential
c) Intfermediate
d)  Large Industrial and Utility
?2) Code Interpretation
The National Electrical (NEC) is the most widely accepted code for all
applications with the exception of small remote installations and large
utitity plants. Small remote installations with less than 30VDC are noft
addressed by the NEC. The generation portion of utility plants are presentiy
qoverned by utility company practices made up of industry standards (e.g.,
[EEE, ANSI, NEMA) as well as their own standards.
In the tollowling paragraphs, the candidate connection hardware for residential
and intermediate applications are examined relative to the governing code

raquirements,
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Ther basic requirements are oo follows:

1) ieadily aceesuible parts above 30VDC must bo guordesd againat accidental

contact.

2) Non-curront carrying metal parts must be properly grounded.
3) The connection must be suitable for code approved conductors.

Photovoltalc systems are intended for widespread use in a variety of noo~raphical

climates as well as in areas of heavy pollution. The long-ferm effects of

svironmental conditions upon termination performance are not adequately documenie !,

and attempts at correlating accelerated aging test data with real-time results

have met with limited success. For this reason, until enviornmental durabiiify is

demonstrated, it Is recommended that photovoltaic terminations be sealed fo
onhance reliability and aid in termination protection. Consistant with this
rocommendation is that materials should be prudently selected for use in
outdoor environments.

The |EEE standards listed in Sectlos 6, References, were obtalined and

reviewed., Applicable Information obtalned from these standards is as

follows.

Standard ANS|/IEEE 386-1977 was developed cooperatively by IEEE and
NEMA for separable insulated connectors (also called dead front
connectors) for use in underground electrical distribution systems,
The Forward Section of this standard states that vast numbers of these
separable insulated connectors are in use with an enviable safety
record. The purpose of this standard is to establish definitions,
electrical ratings, tests, and interchangeable construction features
for load-break separable insulated connectors used at 601 volts and
above, and 600 amps and below. Separable connectors which meet the
requirements of this standard could possibly be used for higher

voltage photovoltaic app!lications.

10
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. Sofety of Life and prevervation of property are the two most important
factors In deslgn of electrical equipment. Personal safety may be

divided into safety of maintenance and operating personnel, and

ORI safety for the general public,
or . The use of UL or other |aboratoryeapproved equipment is recommended.
. High voltage equipment should be manufactured In accordance with NEVA,

ANSI, and |EEE standards.
. Instal lations should be designed so that most maintenance can be
accomplished with a minimum need for specialized services.

. Flexibility of electrical systems is important for adaptability to

; development and expansion, as welil as to changes In requirements during
system |ife.

[ . Electrical connectors for industrial plants are designed to meet the
requirements of NEC; they are evaluated on UL standards. When used in
power generation systems, they must also have current carrying
capability such that temperature rise in the connector is no more than
in an equal length of conductor. They must also be capable of

withstanding momentary overloads or short circults to the same degrec

as the conductor.
. Terminators of armor cable must be capable of grounding the metal
{

armor,

5.5.1 CODE_RESEARCH

9,3.1.1 AGENCIES CONTACTED

The following agencies were contacted to define code requirements:

1) Underwriters Laboratory (UL).

2)  American Society of Testing Materials (ASTM).




2) Mational i Protection Adsociation (mponsor of the Hational

Plocttioal Coded,

4) County of Orange, Bullding and Safety Department,

5)  County of Low Angeles, Building and Safety Department.
ORI 6) City of Los Angeles, Bullding and Safety Department.
OF

7) Burt Hill Kosar Rittelman Assoclates.,

The Burt Hill Kosar Rittelman Associates Study of Code Requirements fer
PY modules for residentlal applications was reviewed, Some of the major
results of their study (relative to this project) are:
1. The National [lectrical Code (NEC) will be the major governing stacipricii
code for residential applications.
2, Future design and development should not be limited completely by
present!ly approved wiring methods., New methods will be accepted

provided they are engincered with safety in mind.

Rl

3.  The qulckest and easiest method of obtainina code approval would

be to maximize factory assembly utilizing nationally recognized

laboratory-approved test components and obtain laboratory toest
approval,
Telephone calls were made to Orange County Building and Safety Department,
the Pablte Utitity Commission for California, Southern California I'dison,
California OSHA, and Bechtol to determine whether utility plants wore qovernod
by o requlatory agency or codes. The results of these conversations were
) ihats
} The only codes which govern the design of a utility plant are
the utilities' own specifications. These are made up of specific
specifications written by them as well as Industry Standards (e.q.

IEEE, NEMA, ASA, ANSI, ASTM, etc.).
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YVeba1,2 CODE_CHARACTERISTICS OF EACH TERMINATION TYPE

BUTT SPLICE (CRIMPED)

Butt Splice (crimped) connections are acceptable., All splices must be

covered and Insulated, (NFC ART 110-14).

INSULAT ION_DISPLACEMENT

Insulation displacement Is also presently being used in the UL approved

prewired systems. Regular plercing type are good up to 24 volts.

PLUG/RECEPTACLE

Plug/receptacle connections are acceptable in UL approved prewired
asystems, They are also acceptable In temporary connections, An effort
should be made to gain NEC approval under the special equipment section
for sealeu quick disconnects composed of pin and socket contacts. Quick
disconnects would provide a good inexpensive method of interconnecting
photovoltalc modules if definite code approval could be gained. An ANSI/|EEE
STO 386-1977 "Separable insulated Connectors For Power Distribution System
Asove 600 V", indicates that high voltage separable connectors are being used
for interconnecting underground electrical distribution equipment. This
standard also states in the forward section that these separable connectors

have an enviable safety record.

SCREW
Screw type connections are acceptable methods of terminating and inter-

connecting electrical conductors.

SOLDERED CONNECT IONS

Soldered connections are acceptable for UL approved prewired systems. They

are not generally approved for field wiring because of the lack of control
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med inapectabibity, Solder i aceeptable If used In conjunction with
method which makes a mechanlcally and elactrically ~ound connection wilthout

the solder (NI ART 230=81),

SPRING CLIP
Would be acceptable In UL approved systems. However, this type of
connectlon Is not normally used in the power industry because of small contact

area. Therefore, Its acceptance would be very much at the discretion of the

inspector,

TWIST-ON

Twist-on connections are acceptable up to a #6 copper wire by NEC.

WELDED TERMINATION

Welded terminations are accepted in UL prewlred systems. They are
also generally accepted by the code (NEC ART 110-14R). Hewever, a conversation
with an inspector indicated that weld connections may sometimes not be
accepted, This is because of the difficulty in determining the quality

of o weld, after it has been completed, without a destructive type test,

WIRL_WRAD

Wire wrap connections without some positive mechanical holding method
(¢.g., nut on threaded post) are presently not approved in the NEC, but are
approved as a part of a prewired system with UL approval. Since NEC requires
#14 AWG or larger and since #18 AWG wire is the largest wire being used for
wire wrap, it would be difficult fo obtain approval for this termination method.
A dovelopment, testing and approval program would be required for the #14 AWG
ngage and jarger wire, Also, since this method requires single strand solid wire,
wire flexibility may be a problem, This may be used In small remote apglicatione

if contained in a scaled J-Box.
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- ALl live parts of electrical equipment shall be guarded against
accidental contact (NEC ART 110-17)

- Equipment operating In damp or wet locations or exposed to other
vapor with a deteriorating effect must be approved for that
environment (MEC ART 110-11),

- Approval or dlisapproval of electrical termination and interconnection
can be very dependent on the discretion and code Interpretation
of individual inspectors, Therefore, it Is apparent that an effort
should be made to insure that the optimum termination method or
methods to be used In the photovoltaic industry shall be clearly
specified and documented, and not left to the discretion of

individual inspectors.

b.4 CRITIQUE AND EXPANSION OF EXHIBIT 1|

5.4, 1 COPY OF EXHIBIT |

A copy of Exhibit 1 of RFP BQ=2-1320~-131 is included in this report in

the following pages as Attachment 1.
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ATTACHMENT 1

June 16, 1978

Exhibit 1

Projected 1986 Photovoltaic Module

Engineering and Performance Cheracteristics

GENERAL

In support of the U,S. Department of Energy, National Photovoltaic Program,
the goal of the Low-cost Solar Array (LSA) Project is by 1986 to reduce the
price of photovoltaic (solar cell) modules to $0.50 per peak Watt (expressed
in constant 1975 dollars) when produced in annual quantities of 500 MW.
Additional 1976 module goals are an efficiency of 10 percent or greater and
a 1life of 20 years. An important and necessary step in meeting these
objectives is the study of electrical termination hardware for modules and

arrays,
L]

The objective of the Photovoltaliec Module Electrical Termination Require-
ments Study is to develop information which will facilitate the selection
of electrical termination hardware for terrestrial solar cell modules and
arrays., The base of information which this study is to draw on is the vast
quantity of existing electrical termination hardware used outdoors. To be
of most value to the photovoltaic community, information coming from this
study should be specific and to the fullest extent possible parametric.

Expected output from this study include:

' Termination hardware requiremenvs, including environmental,
system interface, and design requirements; and test procedures

* Catalog of enisting termination hardware and their attributes

*  Summary of the attrubute cost dependencies and cost driver
sensitivities

' Candidate electrical termination hardware for solar cell modules
and arrays

Areas for cost improvement

In conducting this stu? , cost is an important selection factor. With an
allocation of $0.50 per seak Watt for the whole module, termination hard-
ware cost should not be a significant fraction of that amount. One emphasis
of the study is to seek out and describe the cost dependencies of each
attribute or property important to the selection of electrical termination
hardware for solar cell modules and arrays, By doing so, it is anticipated
that cost drivers can be identified. -

46
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The cost to be used throughout the study is the life cycle cost (LCC).
Included in the life cycle cost are the costs of installation and main-
tenance, as well as *he first cost of the hardware. Only by using the LCC
method can the impact of termination choices be truly expressed.

Termination hardware selection is influenced by a variety of factors, some
system (i.e., application) oriented and others, such as code and cost
requirements, oriented toward design constraints. Whenever possible, this
Exhibit quantizes these factors based on present knowledge and projected
1986 module requirements and characteristics. The following sections of
this Exhibit describe environmental requirements and concerns (parameters
to be addressed in the study); module production quantities and current and
voltage levels; safety, treated as a parameter for study and alluded to in
the form of the module characteristic of operating voltage; reliability/life-
time, a parameter for study; demating frequency (low); and other parameters
needed or to be determined in the conduct of the study.

47




R
I

[

Ot s

SYSTEMS TERMINOLOGY

The following presents the definition of terminology used to describe
photovoltaic systems. Amplification is provided when felt necessary for
clarification. The terminology are of a general nature, reflecting the
diversity of power system designs. Some terminology may not be applicable
to small scale applications, whereas for large scale applications all a
terminology is applicable.
' SOLAR CELL - The basic photovoltaic device which generates
electricity when exposed to sunlight.

Photovoltaic ("sclar") cells generate electricity in the p-esence of sun-
light. Present cells are round, ranging from 5 to 10 em (2.0 to 4 in) in
diameter, and are sawn from long single polycrystalline silicon ecrystals, :
called ingots, into wafers approximately 0.4 mm (0.015 in) thick. Future 5
methods of cell production include ribdbon sheet, wherein a cell is grown 5
in a continuous long strip of silicon. There is no clear indication of
vhich technology will be utilized in 1986, and both ribbon and ingot tech-
nologies are being actively investigated. Whichever technology is even-
tually used, it is clear that the cell will be a shape, such as square or
hexagonal, that yields a high cell packing density within 1 module.

MODULE ~ The smallest complete, environmentally protected
assembly of solar cells, optics, and other components

(exclusive of tracking), designed to generate dec power under :
unconcentrated terrestrial sunlight.

Individually, solar cells are fragile and difficult to handle in large
quantities. With their nominal ¥ volt output, individually connecting
cells in the field to form a power system is uneconomical. Coupled with
their susceptibility for degradation in the terrestrial environment,
primarily the effects of moisture and airborne contaminants, it is not
desirable to use unprotected solar cells. However, electrically connecting
solar cells in series and parallel and then encapsulating this assembly to
form a module provides environmental protection for the cells and inter-
connects while making a handleable unit with less electrical field con-
nections. This unit then serves as a building block for solar electric
power systems.

* PANEL - A collection of modules fastened together, pre-
assembled and wired, designed to provide a field-installable
unit.

Panels provide structural support for one or more modules. In large
applications, panels can be utilized as a means of minimizing the total
number of field-installed units thus helping lower installation costs.

If the application is sufficiently large, panels will be preassembled and
prewired in the module factory.
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* ARRAY - A mechanicallr integrated assembly of modules or
panels together with su rt structure (exclusive of foun-
dation), tracking, thermal control, and other components,
as required, to form a dc power producing unit.

Panels or, if panels are not used, modules, are mechanically integrated with
support structure to form a free-standing unit.

*  BRANCH CIRCUIT -~ A number of modules or paralleled modules
connected in a series to provide dc power at the system voltage.

The system voltage levels may vary from 15 to 2000 Vde, depending on
application. When used, panels may be prewired to minimize the number of

field electrical connections.

* ARRAY SUBFIELD - A group of solar photovoltaic arrays associated
by a distinguishing feature such as field geometry, electrical
interconnection, or power conditioning.

Applications requiring limited quantities of energy may have photovoltaic
power systems ending at the array/branch circuit level, its energy require-
ments being met by at most several branch circuits. However, applications
requiring a large amount of energy will necessitate the use of a greater’
number of branch circuits/arrays. When combining branch circuits, there is
a natural grouping that takes place, usually, dictated by the physical size
constraints of the array or the requirements of the power conditioning unit,
and this grouping is termed an array subfield.

* ARRAY FIELD - The aggregate of all solar photovoltaic arrays
generating power within & given system.

If the application energy requirement is very large, several array subfields
may be required.
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SOLAR CELL MODULE CHARACTERISTICS

It is anticipated that by 1986 there will be a product line of solar cell
mnodules whose characteristics of size, construction, and performance differ
because of their intended applicationg. Table 1 identifies the application
classes, the approximate size of each application within an application class,
and the estimated annual production.

Table 1. 1986 Application Classes, Sizes, and
Estimated Annual Production

Application Size Fstimated Annual
Application Class (peak Watts) Production
Small Remote <1 kWp 10 MWp/year
Residential 1-10 kWp 50 MWp/year
Intermediate 10-500 kWp 220 MWp/year
Large Industrial >500 kWp | 220 MWp/year

Table 2 identifies projected 1986 solar cell module characteristics for
‘each application class, including installation and repair considerations.
The average output of the modules will meet or exceed 100 W/m2 of module
area (10% efficlency) when the module is at its nominal operating cell
temperature; large industrial class modules are anticipated to have a higher
average output of 140 W/m? of module area (14% efficiency) at NOCT. NOCT

is the average cell temperature within a module when it is operating open-
circuited in the following ambient conditions: insolation of 80 mW/cme,

20 C air temperature, and 1 m/sec qind velocity.

Table 3 elaborates on the projected 1986 solar cell module electrical
characteristics as related to module size.
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Table 3, FEstimated 1986 photovoltaic module electrical characteristics

OKR! versus module size
or
. Module Curre\;\tl(t:n:ﬁs) for Module Module Power
Module Size oltae (Maximum)
7.5 Vdc | 15 Vdc | 30 Vdc | 60 Vdc

0.3x0.3m (1 x 1 ft) 1.5 0.75 - - 9 W
0.3x0.6m (1 x 2 ft) 3 1.5 0.75 - 18 W
0.6 x 0.6m ‘2 x 2 ft) 6 3 1.5 0.75 36 W
0.6 x1.2m (2 x 4 ft) 12 6 3 1.5 T2 W
1.2 x1.2m (4 x 4 ft) 24 12 6 3 144 W
1.2x 2,4m (4 x 8 {t) 48 24 12 6 288 W
2.4 x4,8m (8 x 16 ft) 215 108 53.8 26.9 1613 W
Notes: ¢

1. Module voltages are nominal voltages at NOCT which will charge
6, 12 24, and 48 Vdc battery systems, respectively.

2. The 2.4 x 4.8m (8 x 16 ft) "module'" is a Large Industrial class panel
probably composed of four 1.2 x 2,4m (4 x 8 ft) fourteen percent
efficient modules,
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ENVIRONMENTAL REQUIREMENTS

Electrical termination hardware will be outdoors like the modules and arrays
they interconnect. If very severe environmental conditions exist, devices
such as v-toxes can be utilized to protect the electrical terminations. A
question to be addressed by the study is whether, in fact, protective devices
are cost effective. In the study, environments to be considered in evaluating
termination hardware include: solar exposure (particularly ultraviolet (UV));
thermal conditions, including freezing and thawing; effects of wind, snow,
ice,hunidity, hail, salt mist, and atmospheric oxidants; dust and debris
accunulation, expecially nonremovable stains or contamination; dynamic

loading effects of wind, snow, and haily fungus; and insects and vermin.
General environmental conditions modules and arrays can, experience include:

* fTemperature: =-40°C to +90°C
* Humidity: 10 to 100% RH
* Wind loading: *2.4 kxPa (% 50 psf)

* fPwisted mounting surface ("racking"): 2 cm/m (% inch/foot)
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TERMINATION HARDWARE SELECTION CONCERNS

In conducting this study, a list of selection criteria factors applicable

to solar cell modules and arrays is to be developed for use in the survey
and summary of existing electrical termination hardware. The following is
& strawman listing of factors that when used in the conduct of the survey/
sumary could yield important information relevant to requirements for svlar
cell modules and array termination hardware:

1.

2.

3.

Application Special Requirements, for example, reliability

and cost requirements, and special service environments
(salt, acid, etc.)

Electrical Operating Parameters, nominal, minimum, maximum;

and transient values of, for example, current, voltage, and
pover,

Environmental Parameters, (see previous section), those
environmental conditions experienced by the hardware when in
its stored condition, as well as in its installed operating
and off conditions. Important parameters include: nominal,
minimum, maximum, and transient values of temperature and
humidity; solar irradiance, particularly UV; atmospheric
contaminants (type and concentration); shock and vibration
(plane, amplitude, and duration); degree of sealing and the
need for hermeticity; life -~ design life versus maximum
anticipated; and degree of weather protection.

Approvals and Approval Specifications, "code" requirements
may be more stringent than any other application parameter
or requirement. Identification of these requirements should
include: the approval organization, the specificatinsns met
by the hardware/apparatus, and a listing of the stringent
design requirements contained in the specifications.

Termination Configuration and Orientation, location require-
ments bear upon the selection of termination hardware and
include: 1location of terminations with respect to internal
circuitry (modules); location of terminations with respect

to series and/or parallel connection with other systiem com-
ponents (modules); proximity of terminations; presence of
voltage barriers; and the mechanical support and accessibility
provisions with regard to system compohent (module) structural
members and mounting interfaces,

Termination Design Approach, including connectors, terminal
blocks, studs, and cable pigtails.

Insulation, materials, thickness, and properties.

v
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9.
10.

11.

12.

Contacts, base and plating materials.

Method of Conductor Attachment.

Installation and Removal, frequency and ease.

Operator Safety, including voltage isclation and grounding

provisions.

Preventative Maintenance, requirements and frequency.

In actual practice, demating frequency is considered low. Once installed,
there is no operational reason to break the electrical connection unless
there is a problenm,




h.o4.7 CRITIQUE AND EXPANSION OF THE MODULL, PANEL AND ARRAY REQUIREMENTS

CONTAINED IN EXHIBIT | OF RFP BQ-2-1320-131,

5.4,2,1  GENERAL

Page 1:  Although the original efficiency goal was > 10%, current
objectives of the industry are higher, i.e. 14% at NOCT.
Page 3: "single polycrystalline silicon" should read "single crystalline

silicon",

"square or hexagonal" would better be written "square, rectangular,
or hexagonal™ since current industry emphasis is on square and
rectangular cells.

Pages 3/4: It would help the reader to grasp the different systems if
examples were given of array, branch circult, array subfield, and
array field connections.

i Page 5: Table 1 is desigmed for potential U.S, applications,

It is probablie that the market In underdeveloped countries will

E become large first. In such a case, small village units would

predominate. Table 1 would then read

Small Remote and Village < kwp 200 wa/year
Residential and Village 1 - 10 kwp 200 wa/year
Interradiate 10 - 500 Wp 80 wa/year
Large Industrial > 500 Wp 20 wa/year

5.4.2.1.1 DEFINITION OF MODULE, PANEL, AND ARRAY REQUIREMENTS

Second last paragraph: it is not obvious why module efficiency will

be only 10% except for the large industrial class modules. It is probable

o e — . e e e b e R J
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that ol modules will b 14%, except smaller oneg (af about 13%) becauue of o

Larqer percent of poripheral aroa,
Pagu b Table 2, Module currents are given in terms of "Normal"

and "Maximum Continuous". These toerms need to be def ined,

LIV TR MODULE CHARACTERISTICS

The module characteristics listed in Table 3 of Appendix 1 arec fo apply
in torms of potential production realization by 1986, While the smiller =izes,
which are in production today, will continue into the future for low power
applications, it has not yet been established to what size modules may be
oconomically and rellably produced. It Is expected that -- the area
of vach silicon solar cell will be as large as possible; This is necessary for
fhe required economy in processing and assembly., As a result, only the
smaller modules will use small area solar cells, their size dictated by the
maximum current necessacy for the particular application (e.g., 0.57 amps as
shown in Table 3, Appendix 1). This raises a particular question concerning
saveral of the proposed modules sizes. For example, the 36 watt module has
currents ranging from 0,65 to 6 amps. By 1986, it is probable that individual
solar cells delivering more than 6 amps will be in large scale production, To
make the proposed higher voltage, lower current versions of the 36 watt module
would then be required utilizing an additional 3 different (smaller) sizes of
wolar cells, This may not be the most economical solution; it could be to use
amuttiplicity of smaller modules which would be manufactured only using smaller
silicon solar cells,

The size categorization in Table 3 (Exhibit 1) is a good first approximation

fo a standard family of modules and, for the larger sizes, the study may have
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to consider aiternates (e.g, a 4 x 8 ft. module or a panel composed of two

4 x 4 ft, modules), It is also highly probable that by 1986 solar cells

will be densely-packed In modules by virtue of their square, rectangular, or

hexagonal shapes, As a result, the power outputs listed in Table 3, Exhibit

1, are low, and the electric current levels must be revised upwards,

probably requiring the production of additional small modules for low current
applications,

This will be further motivated by the expected improvement In solar cell
efficiency, so that (combined with dense packing) module efficiency will
increase from the 9% listed in Table 3 (Exhibit 1) up to the range of 14% for
the larger modules, somewhat less (e.g. 13%) for the smaller modules.

Table 3 aiso does not consider the inherent structural strength
advantages of rectangular modules over square modules. Accordingly, Table 3
should include some additional rectangular forms.

The last row in Table 3 (1613W) does not take into account fill factor
(current is at maximum power, rather than short circuit, as is the case for
the other rows in table 3).

The need for very high current modules at low voltage is also very
questionable,

All these factors considered, Table 3 of Exhibit | could appear as

follows.
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Table 3 of Exhibit I
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4.2 10102 PANEL CHARACTERISTICS

The only panel listed in Table 3 is 8 x 16 ft., composed of four 4 x 8 ft.
modules, |1 1s not ikely that larger panels will be manufactured. It s not
certain, however, whether the 4 x 8 ft. module will become a reality by 1986;
if it is not, then 4 x 8 ft. panels will be made, and the 8 x 16 ft, panel
will be constructed of eight 4 x 4 ft. modules. (The appearance of a 4 x 4 ft.
module Is probable). As a result of dens: packing and high solar cell
efficiency, output of the 4 x 8 ft. panel will be appreciably higher than
listed in Tai '+ 3 of Exhibit 1. (Output of the Large Industrial Glass array,

8 x 16 ft., will be 140 W/M2 at an insolation fevel of 100 mw/cmz, not 80 mw/cm2

as indicated in the second last paragraph on page 5 of Appendix 1.)

D.4,2.1.1.3 ARRAY CHARACTERISTICS

Solar photovoltaic arrays will cover a large variety of sizes,
depending on the type of system and the array support structure utilized.
High currents and/or voltages will be encountered. The definition of an
array will need alteration fo include those structures {gunite sprayed on

embankments) where the foundation is the support structure.

kW
N

RESEARCH AND SURVEYS

v.0.1 INTRODUCT | ON
Any interconnection scheme must be able to satisfy the fol'owing
requitrements:
1. Ccentinuous operation at normal system currents and voltages, and be
able to withstand short circuits and transients for short periods.
2. Connection insulation dielectric breakdown rating should be equal to

or greater than the maximum module voltage leve! above earth ground to

be encountered in service.
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5, TermitaPion scheme should e inespernsive and houbd requite o minicum
amount of field Jabor during initial instatlation,
4. U ois sdosirable 1o have a scheme which can be o vasily disconnectod,

h, Terminaf fons Cintorconnects) must be reasonably long=1ived with
sorionw and/Zor contact resistance hetd o g minimum throughout tThe
Fite of the uystiom,
Connector eriferia are evaluated not only in terms of the minimum
necossary e do o the Job, but also those required to satisty the reguirements
of the National Uleetrical Code (NEC).
The NEC defines a "pressure connector™ (solderfess) as follows:
"A device that establishes a connection between twe or more conductors
o bo'woen one o more conductors and a terminal by means of mechanical
prossure and wlithout the use of sofder,”
The yse of connectors To certainly allowed by the NEC 1f the roquirements
of Section 110-14 (Uloetricatl Connactlions) are satisfiod:
1. A thoroughly qood electrical connection is achieved
S Conductors are not damaged
. Conductors are mechanically socure such that there s no stross on
Fha connocetion.
d, [hautation of the connection s equivalent to that of the conductors,
G, Conductors of dissImilar metals shall not be intermixed in o connoet or
whoere physical contact ocoeurs between dissimitar conductors unless the
dovice is sultable for the purpose and conditions of use,
Pvervone of these conditions imposed by the NEC are reasonable and desirable
for salar module terminations for any application. It should be notod
howover, that the NEC assumes that all connections will either be in "dpry"
Focations or will be weather-proofed., To satisfy this roequirement, a
connec ter of  the weatnor-proof vartety would definitely bho needed.
Additional connector criteria e in the areas of ifetime (and
minimising contact rosistance power losses during lifetime) as woll as in

the areas of vase of installation and repair.
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SIIRNS PRUITINASY ERTINATES OF REQUIREMINTS

e s e .

Contalned in the toltowing pagen are four basic araphs which wore uood to
donorale carly estimations ot requirements,  Included §s the graph of module
onl
o quant ity vs module sice O igure ) for each application class,  This graph

W uned o determine termination qua. Ptites to be oxpected. Next is Figure o

‘ ’ module power inowat baovay madule area for various efficloncies,  This araph was
whed to project powor levels from oexpectod modules. Figures 7 and 8 are
module current v moadule siee for 108 and 14 area efticiencies respectively,

These wore used to dotermine requiremonts for current fovels of ferminations,

Dl . BURVEYS AND RESULTS
The questionaire sent fo tormination manufacturers produced 1t e tanoibie
datator ase in the project. The majority of manufaclurers surveyed did respond
with catalogs and brochures of their products, but none made any attempt to
recommond any particular formination in their product |inoe.
N

Eisted In oftachment 2 are the tarmination manufoctureors from which was

drawn a bl Tntormat fon on oxisting hardware.  Attachment 3 is a facsimile of the

]
fnquiry and questionaire sont 1o caoch manufacturer.

A Tist of module manufacturers and users 1s shown In Attachmont a5 they
wore sent the questionalre shown in Attachment S, Current module configurations
and termination types are presented in Attachment o, Tho chart shows that the
majority of modulos currently manufactured use lead wires rathar than any sort
of butlt=in termination.  Two manufacturers utilize a function box on the module,

and throe uthhice serew forminals for modute outputs. AL modulos oxcept one

have madute outputs tocated at the back of the module.
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ATTACIIMENY 2

v . CHOLESTED LIST OF TLRMINATION MANUI ACTURE RS
e e @ ]
N s ,
\ , . .
MANUFACTURER HARDWARE | RATING  |PERSON A
C - Connectors 1 - Shouid have
OR T s T - Terminal applicable
0‘/ Block/Strips hardware
- N W - Wire/Cable 2 - May have
N applicable
N hardware
. 3 - Contact
N if time
AMP, Inc. C. T, W 1 Russell Knerr
\ Dept. EBH Director-Marketing
Harrisburg, PA 17105
- 717/564-0100
. AMPHENOL Norxt,: * a1 Div, C,T 1 Bob Ploudre
. Bunker Ramo Corp, V.P. Marketing (Comm'l,
Dept. EBH
| 900 Commerce Dr.
Oak Brook, IL 60521
, . 312/966-2700
l .BELDEN CORP. w 1 Clyde J. Schultz
| . Electronic Div. Director-Intrrconnect Sy«
N . Dept. EBH 2000 S. Batavia Ave
P.O. Box 1327 Gencva, 1L 60134
..Richmond, IN 47374
317/966-6661
BUCHANAN T 1
. Distributor:
’ . .East Side Electric Supply
| Phoenix, AZ
602/273-1415§
BURNDY CORP. c.,7T 1 '| Joe Bradley
Dept, EBH V.P. Marketing
Richards Ave.
Norwalk, CT 06856
. 203/838-4444
- CONTROL PRODUCTS DIV, T 2
g Amerace Gorp.
} Dept. EBH
2330 Vauxhall Rd.
Union, NJ 07083
201/964-4400
) -1-
] M
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ATTACHMENT ? (continued)

o
* MANUFACTURER.

! HARDWARE

C ~ Connectors

T « Terminal
Block/Strips

W - Wire/Cable

LI
RATING
1 - Should have |
applicable
hardware
2 - May have
applicable
hardware
3 - Contact
if time

.« wrs

. PERSON_TO CONTAGT

.

CROUSE HINDS

Suite 1250

$670 Wilshire Blvd.
Los Angeles, CA 90036
213/936-5134

. CURTIS INDUSIRIES, Inc.
Dept. EBH )
8000 W. Tower Avenue
Milwaukee, W1 53012
414/354-1500

HOLLINGSWORTH SOLDERLESS
TERMINAL CORP,

1R

Dept. EBH

Box 499

Pottstown, PA 194C !
. 215/326-9900

HUBBELL WIRING
State Street & Bostwick Ave.

,Bridgeport, CT 06602
203/333-1181

~KULKA ELECTRIC CORP.

A North American Philips Co.
Dept., EBH

520 S. Fulton Ave.

Mt. Vernon, NY 10551
$14/664~-4024

MOLEX, Inc. ,

Dept. EBH

2222 Wellington Court
Lisle, IL ‘60532
312/969-4550

69
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ATTACHMENT 2 (continued)

MANUFACTURER HARDWARE RATING PERSON TQ CONTACT
C - Connectors 1 - Should have
T - Terminal applicable
Block/Strips hardware
W - Wire/Cable 2 - May have
applicable
hardware
3 - Contact
if time
NATIONAL WIRE & CABLE w 3 Ray Miller
Dept. EBH Engineering
136 San Fernando Rd.
Los Angeles, CA 90031
213/225-5611
PASS & SEYMOUR, Inc. C 3
$0 Boyd Ave.
P.Q. Box 5000
Syracuse, NY 13201
315/468~- 6211
PYLE~-NATIONAL CO. C 1
1334 N. Kostner Ave.
Chicago, IL 60651
312/342-6300
RAYCHEM c.w,T 1 Roger EVlis
300 Constitution Drive Engineerina
Menlo Park, CA 94028
415/329-3505
SPECTRA-STRIP w 3
An Eltra Co. .
Dept. EBH
7100 Lampson Ave,
Garden Grove, CA 92642
714/892-3361
T&B/Thomas & Betts T 1
Dept. EBH
36 Butler St.
Eltzabeth, NJ 07207
201/354-4321
.3.
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~ . . e ATTACHMENT 2 (continued)
® ’ - w,
\ , . '
MANUFACTURER HARDWARE RATING ITAC
ORI C - Connectors 1 - Should have
oF / RN T - Termina) applicable
Block/Strips hardware
. N W - Wire/Cable 2 - May have
* applicable
- hardware
3 ~ Contact
~ _if time
* TRW CINCH CONNECTORS cC,.7T 2 Ed Rowland
Dept. EBH Engineering
1501 Morse Aven
. Elk Grove Village, IL 60007
- 312/439-8800
= VIKING INDUSTRIES, Inc, (o] 3 Gerald Louder
- Dept. EBH Corp. Marketing Mir.
9324 Topanga Canyon Bivd.
Chatsworth, CA 91311
213/862-6275
]
< WEIDMULLER T 3
4326 Eubank Road
Richmond, VA 23231
-~ "~ 804/226-2877
7 WINCHESTER ELECTRONICS C 2 Dennis Kohonik
- Litton Systems Engineering
. Dept. EBH :
. Main & Hillside Aves.
Oakville, CT 06779
203/274-8891 ‘ .
-~ DANIEL WOODHEAD CO. C 2
3411 Woodhead Drive
Northbrook, IL 60062
312/272-7990
é |
| | ;
-4- )
. o v e0s -F
.‘ F
©
¢
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SURVEY OF POTENTIAL TERMINATION SUPPLIERS
DIRECTOR OF MARKETING

Dear Sir:

We are writing to survey your company's interest in providing low cost electrical
termintion hardware for solar photovoltaic modules in both current and future
production. This survey is being conducted for the Jet Propulsion Laboratory
with funding by the U.S. Department of Energy. The names of all respondents

and their areas of interest will be tabulated in our final report. This same
data will be given to the Solar Energy Resecarch Institute (SERI) for inclusion

in their computer data bank thus giving potential customers of your company two
sources of information on your interest and products.

Typical examples of types of termination (given for illustration and nof to
indicate limits of our interest) and of applicable coenditions are summarized
on enclosure |,

If your company is interested in providing such electrical termination hardware,
your cooperation in completing the enclosed questionaire will be greatly appreciated.

Sincerely,

Paul S. Masser
(602)244~3847

772
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Company

Address

Contact for additional information (Person and/or Title)

2,

3,

b

5.

ATTACHATET % (continued)

Enclosure 2

QUESTIONAIRE FOR ELECTRICAL TERMINATION MANUFACTURERS

What type of electrical terminations in your product line would you recommend
be considered for solar photovoltaic arrays? A brochure will be appreciated,
if available.

What is the approximate cost per mated line pair (lots of 100,000 to 1,000,000.)

Are you interested and able to provide special modified hardware in production

quantities (i.e., special mountings, etc.)?

Are your electrical termination products currently being used outdoors?

What range of electrical variables are covered by your products?

AC » DC » Voltage » Current . ;



AVIACTTUET A

COLAR MORULE SANCTACTURERS/isERT

1. ARCO Solar, Inc.
20554 Plummer St.
i Chatsworth, CA 15069

Peter Zanibas

2, OCLI Optical Coating Laboratory, Inc.
15251 East Don Julian Rd.
City of Industry, CA 91746

Dick Sharman, Gen. Manager

3. Photon Power, Inc.
1820 Mills Ave.
El Paso, TX 79901

Guy Roderick, Pres,

4. Sensor Technology, Inc.
21012 Lassen St.
| Chatsworth, CA 91311
n (213) 882-4100

Sanja Chitre Project Supervisor
Irwin Rubin, Pres.

5. SES/Shell Oil Co.

Tralle Industrial Park
| Newark, Del. 19711
(302) 731-0990

Robert Johnson, V.P. Marketing

6. Solar Power Corp.
20 Cabot Rd,
Woburn, Mass. 01801
(617) 935-4600

Paul Caruso

7. Solarex Corporation
1335 Piccard Drive
Rocheville, MD 20850
(301) 948-0202

Anthony Clifford
Dr. Joseph Lindmayer, Pres.

8. Spectrolab
12500 Gladstone Ave.
Sylmar, CA 91342
(213) 365-4611

Robert Oliver -
Gene Ralph, V.P. 74
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9.

10.

Spire Corporation
Patriots Park
Bediord, Mass.

Roger G. Little

Motorola

Photon Power, inc.
SES/Shell 01t Co.
Fort Belvoir

MIT, Lincoln Lab.
Far West Corronsion
DOE

NASA Lewis

ATTACHMENT 4 (continued)

El Paso, Texas
Newark, Del.
Virginia
Massachusetts
Gardena, California
washington, D.C.
Cleveland, Ohio

Tideland Signal Corporation - Houston Texas

California Edison

Arizona Public Service-

Rosemead, California

Phoenix, Arizona
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ATTAGIMINT & International Telephone and

Telegraph Corporation

J LU] @,ﬂj@ Cannon Electric Division

World Headquarters

666 East Dyer Road , M.S. #75

Santa Ana, California 92702
March 28, 1979 (714) 5574700

Chief Engineer
XXXXXXXXXXXXXXX
XXXXXXXXXXKXXXX
XXXXXXXXXXXXX

XXXXXXXXXXXXXX

Dear Sir:

We would appreciate your assistance in obtaining pertinent
information on the electrical termination and interconnec-
tion for photovoltaic power generation.

ITT Cannon Electric manufactures electrical interconnect
hardware. We are presently involved in a study of electrical

“ termination hardware for photovoltaic modules, panels and

array. This study is being done in conjunction with Motorola,
Inc, for Jet Propulsion Laboratories and is being funded by
the Department of Energy and N.A.S.A. '

Your cooperation in filling out the attached questionaire
would be greatly appreciated. Thank you for your assistance.

Sincerely,

Joseph M. Dondlinger
Engineering Development Specialist
Advanced Development

JMD/b1
Attachment
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ATTACHMENT 5 (continued)
['NCLOSURE

QUESTIONAIRE FOR SOLAR PANEL MANUFACTURERS AND USERS

Date
~ Name Title
. Company Address
1. What type of 2lectrical termination and interconnection is presently being used

(manufacturer and description).

What is the approximate cost per mated line:

What has been your experience with the presently used electrical termination
hardware and interconnections (groblems. reliability, ease of installation,

What improvements do you recommend to the present hardware?

What are the requirements for electrical termination and interconnection as
you see them?

Types of applications for which your photovoltaic modules are presently being
used and will be used in the future (remote, residential, commercial,
etc.). Please describe:

Factors which influenced your selection of termination and interconnection
hardware (current, voltage, environmental conditions, materials, etc.).

o INAL PAG I e
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10.

11.

v s W

ATTACHMENT % (continund)
INCLOSURE

Are you working to any code requirement (National Electrical Code, Under-
writers Laboratory, etc.)?

. Which codes do you see as applicable?

Any problems meeting code requirements?

Please supply a list of users for your equipment so we can obtain user
experience with electrical termination hardware and interconnects:

USER'S NAME (APPLICATION) ADDRESS PHONE NO.

Do you have any brochures or pictures of your photovoltaic modules, inter-
connect and termination hardware which we could obtain? ,

Other comments:

78
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ATTACHMENT 6

CURRENT MODULE CONF 1GL,.sn i 1ONS

MFG. MODULE OUTPUTS LOCAT ION
LEADWIRES J=BOX SCREWTERM. BACK EDGE
Sensor Tech v Y
Solarex 435 Y Y v
Arco v "
Tidelana Sig. Y "
Phillips v/ "
Solar Power Y Yy v
Solarex 1480 Y "
Motorola 1 v/ Y
Motorola LCM v v
79




h

S el T W T T T T T Tee— . m— T er—— a— ey

A summary of comments made concerning electrical termination is ao follows:

Would like a universal typo termination syotem For which required tools
and matorials were aasity avallablo for inuialtalion and mainfenanece,
rield repairable with minimum of tocls.

Inexpensive.

Easy to Install or plug together,

Maximize factory installation.

Safety of installation is a major concern.

if a lug type terminal is used, prefer the spade type, so cotfiplete
removal of the screw is not necessary.

Tamper=-prootf Interconnection.

Preter to have connectors in the back of module to maximize

solar cell area ty minimizing spacing between modules.

Connectors should be sealed to prevent corrosion build up.

Should be fool=proof so less skilled persorinel can make connections.
Should be capable of shipping panels without electrical termination
loosening.

Temperature cycling appears to be a major cause of Termination
fallure.

Several manufacturers would |ike to have a connector which would
make contact with the flat wire encased in the module or some

type of bus tab coming out of the sealed module.

Initially intend fo use lug type compression terminals as widely

used in outdoor utility staticns. (Generally enclosed).

A survey of environmental conditions was conducted. In summary the

environmental conditions which the photovoltaic hardware will encounter

will be the full gamut of outdoor environments including:
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1) Moisture in all forms, (hall, snow, rain).
2)  Temperature - cycling and extrames,

3)  Corrosive Atmospheres - salt spray, smog, uliraviolet smoa.

4) Dynamic and Static Loading - from wind, earthquake, maintenance .

5)  Vandalism = from mar, animals, birds.
H) Vogetation - trees, vines, fungus.

7) Lighting strikes-resulting in voltage transients.

From discussions, it would appear that a screw-lug-type termination
enclosed In a sealed junction box Is the current preferred method of ferminating
for small remote applications. This method is reliable with a minimum of
tools and special equipment required. Quick connects are preferred for the
larger qovernment funded projJects for ease of installation and testing, due to
the bigger quantities Involved.

Telephone conversation with the Souther: Pacific Reilroad Company signal
dopartment and communication department revealed that all their environmentally
exposed electrical connections are housed in sealed junction boxes.

Several key areas for project success became evident as a result of the
survey:

1. The electrical termination manufacturers surveyed were asked for their
product |ine recommendations to be considered for use on solar photo-
voltaic arrays (question 1, attachment 3 "Questionaire for Electrical
Termination Manufacturers"). No manufacturers responded with specific
products. Manufacturer |iterature and catalogs were studied and the
most suitable fermination(s) chosen, based on information available.

Most manufacturers eirvher did not have price sheets or would not

supply them and were reluctant to quote accurate prices at the requested

quantities. This appeared to be because of the iack of a firm purchase order.

Cost is discussed further in Section 5.9.
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7. The interface between the module and its electrical termination, the
panel ana array circuit (including lightning protection), and code
roquirements (particularly for conduit, etc.) were key areas in

evatuating candidate teirminations,

. Another key arca was categorizing the candidate terminations by
auneric types so that they could be cvaluated more easlily against the
chosen seloction criteria. Some of these evaluations are subjective
since data was not availaple. Ofhers are quantitative, such as

the range of electrical current rating of available terminations of a
certain generic type. In all cases, objectivity was the aoal.

Subjective evaluations were based on surveys of knowledaeable personnel

with results averaged.

h,b GENERIC TERMINATION TYFPES

Nine generic types of electrical ferminations were found fo be applicabin
in photovoltaic medule interconnection. These types are:
I, Crimp
a) Butt splice
b) FParallel splice
c¢) Closed end
I, Hand-soldered
. Insulation Displacement
IV, Plug/Receptacle
a) Pin and socket
V. Screw
Vi, Spring Clip
VI, Twist-on
Vit Welded

X. Wire Wrap
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the nine generic fermination types are exsmined in the following section,
Fach type is dlscussed with a brief description of basic atftributes, connector
technique, current capabilities, limitations, and expected (or duinonstrated)
environmental durablility. Pictorial examples of current products i Hustrating
many of the termination types are given,

f CRIMP

Butt splice, parallel splice, and closed and wire joint are grouped tonetrer
hecause of a similarlty of construction, function, and assembly technique.

The crimp method of making electrical connections consists of compressinag
the crimp barrell of the terminal onto the wire very tightly so that intimate
metal-to-metal contact is made. Crimped connectio s have extremely {ow clectrical
royistance because of being frue metal-fo-metal connections. A crimping tool is
necessary §If the process Is fo be controlled, and the crimp easily and correctly
made, and reliably reproduced. Contact pressure is high, and the Joint is
mechanical ly strong. Crimp connections are used to splice wires fogether or to
attach terminals to fthe ends of wires.

Current capabilities coincide with the size conductor used; the
fermination is available through #1/0 AWG,

Environmental durability Is moderate, as the completed connection
is rain proof at best. Subsequent sealing with tape or shrink-tubing would be

required. The terminal is avallable insulated.

( X \ ‘
. \/ ;  (ERYE) {0

\ < (o) Butt connector (b} Porailel connector

\ » {2 crimps) {1 ceimp)

o
NY'Q" . Butt Parallel o - V)
connector connector connector ftsioonn -
{¢) Pigtarl cynnestor

{Ycrimp)

URIGINAL PAGE IS
OF POOR QUALITY

83

M‘m’.r_ﬂ«qa; b e i A it eTog o



R W e T e e e

a_—

it HANL=S0LDERED

Hand-soldered connections are made by first mechanically joining two or
more conductors together, applying a flux to chemically clean and prepare The
conductors, heating the joint fo solder flow temperatures, and applying
solder. The solder serves as both a bonding agent and as the link in

metallic continuity.

Current capabilities coincide with conductor size and are limited only
by conductor current capacities.

Environmental durability is moderate, with long fife when the connection
is adequately sealed. Sealing could be accomplished utilizing shrink tubing

and/or tape, within a junction boy.

Connectior assembly times are slow, and a high degree of operator skill

Is reauired.

FEr, INSULAT ION DISPLLACEMENT

This connection technique is accomplished by using a special tool to push
a non=stripped wire down between tapered tangs mounted on an insulated board,
which strips off the wire insulation and makes conductor contact with the tanqgn

in one motion. It is a very rapid and roliable method of wire connection whose
main application now is in communications and computer hardware.
Current capabilities are low due to limitations on wire size of #18 AW,

Cnvironmental durability is untested and would be expected to be poor,

Sealing would be essential and could be accomplished by utitizing a junction

hox.

84




-

by PLUO/FCERTACLE

flug/receptacto connectors are disconnectable and involve use of a male
contact crimped to a conductor which in turn mates to a female contact also
crimped to a conductor. (The other configurations are tab/receptacle and
bullet/receptaclie). See Flgure 9. Pin and socket types are available in
multiple contact versions. Contact pressure Is kept low to allow ease of
disconnection, They are primarily used In applications where rapid connection is
required and where eventual disassembly ls anticlpated.

Current capabllity coincides with conductor size, and Is avalilable up
to #0 AWG,

Environmental durabiiity !s moderave to excellent. All are available

insulated, with the pin and socket type available sealed as well.

V., SCREW TYPE

A screw connection is probably the oldest type of mechanical connection.
It consists simply of screwing down a metal bolt to The wire comp’essed under
it, The joint is a rure pressure joint. A more modern version of the screw
connaection uses ring-tongue or fork-tongue terminals to which the wire is
crimped. The screw is tightened down on the terminal instead of the bare wire,

Current capabilities conform to wire sizes used and are generally avallable

throurhout the wire size range.

Environmental durability is poor and would require the use of a sealed
Junction box. Connections have a record of loosening under conditions of

vibration or corrosion.
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; TAB/RECEPTACLE BULLET/RECEPTACLE

FIGURE 9
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FIGURE 10: SCREW TYPE CONNECTORS

Vi, SPRING CLIP

Spring clip terminals provide a means for quickiy connecting or disconnecting

wires without need for soldering, crimpling, or bending of wires. Terminals hav a

slotted post Into which wires may be pushed when the spring Is depressed. Contact
pressures are modorate,
Current capabliities colnclde with the size of conductor used, which is

imited to #1753 AWG and smaller.

Fovironmental durabllity Is poor as the terminal has no insulation or

seal, and would require sealing and insulation through utifization of a junction

box,
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Sl TWIST=0N

Twist connectors are similar to closed-end wire jolints (crimn type) in
appearance, but differ in the method of attachment. Twist connectors provide
a quick means for connecting and disconnecting wires without the need for soldering
e crimping.,  An Insulated barrel contain: a tapered metallic spring which is
«:uted by hand over two or more wire ends to keep them in close contact. Contact
pressure 15 dependent upon force exerted,

Current capabilities conform to conductor sizes used, generally [imited to
#10 AWG,

Environmental durability Is moderate, with the completed connector

requiring addition sealing and insulating with shrink tubing or tape.

O
BN
[ 32
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Wire nut S
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SECTION OF TWIST~ON CONNECTOR

PR

Vi, WELDED

The point-to-point technique of welded connections involves bringing
alectrodes in contact with either side of the electrical joint, and energizing

the electrodes. The heat generated fuses the metal of each conductor together

to form the welded joint.

Current capabilities coincide with current ratings of the conductors joined.

Environmental durability is excellent as properly welded joints are

reliable without protection from moisture (sealing). Mechanical strength of The

joint is also excellent.
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fhe completed connection would require insalation in the form of shrink
tubing and/or tape to prevent short circuits,  This type of connection is

Fimitod to the use of solid wire, A high deqgree of operator skitl - rocuired,

Egij Moot evidance Indicates that the welded joinl o a more retiable electrical
contoctian than a swoldered Joint,
IN, WIRE WRAP
This connoction technigue Involves use of a machine to wrap the conductor
| around a square post very tightly. Contact pressures are high; a proper joint
E ivoa metal=to=motal connection. Major applications include communication: and
b

computer hardware, which have displayed reliable performance over oxtoended perieds
in dry locations,

Current capabilities coinclde with conductors, which are limitod to #18 AWCG
salld wire,

nvironmental durability is untested as all applications to date have
been in dry (i.o. protected) locations. Sealing could be accomplished with o

Jjunction box.

Insulated
wire
;Qeference corner

N\

{a) Gardener Denver's
Wire Wrap
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. ___SEALING CONSIDERATIONS

Since it has been determined from surveys and esperlence that It would be
advantageous for photovol taic electrical terminations to be sealed for purposes of

reliabitity andenvivonmantal dJdur bitlty, and since Some torminalion typoes are not

available In o sealad fashion, all terminations were considered to be

sealod o some manner {for the evaluation.  this put ranking comparisons on

A more equal basis.  In cases where the termination was not avallable sealed,
aosapplemental seal wiilizing olectrical tape, shrink tubing, Junction box, or

a combinarion thereof, is used. In all cost considerations as well, terminafions

are conaidered sealod unless otherwise notaed,

The supplemental sealing/insulating methods considered and utilized for

the terminations requicing them are Tiustrated in Pigure 11,

Figuro 120 presents data on current capabl fifies of cach termination type

studiod.  Only four terminations, spring clip, twist=-on, insulation displacement,

and whro wrap were found To be of insufficlent current capacity for al]
applicatton classos.  The current capabilitles shown In Flgure 12 arc data
rocoived from the manufacturers (as listed In cotalogs),  The current capabifities

shown on figure 12 have no relation to any supplemental sealing that miaht

be considered necessary for environmental durabiiiiy.

s e A i £ 8 i s

W oost

a1 INTRODUGT JON

Precontod within the section are MTBIM; s for each termination lype, and

tormination costs.  The raw cost data compited are Initial cost at purchase

quantities ol 104 and 107. The termination Initial cost data gothered probably

do not reprasent actual purchase prices as originally intended.  However, tho

data s accurate in o relative sense, as when used in comparing the qgeneric

tarmination types in this study. Representative termination types were chosen for

The terminations scolected

cach ftype, suitablo for use In photovoltale systems.

91

£: & W e A

,,;’!,

RS b o it



. es T

) FIGURE 11
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are scaled and Inasuliated where possible, or where not available supplemental
weal ing and/or insulation was added and the cost and labor recorded, Therctfore,
each termination type was made as simliar as possible in sealing and insulation

characteristics. The sealing materials cost include the use of such materials
as electrical tape, shrink tubing, junction box, or a combination thereof, to
bring all fermination types up to a similar level of seal and insulation.

Sealing techhiques utilized for each fermination type are listed below:
Crimp - Requires additional sealing with UV-stabllized electrical fape
or shrink tubing.

Hand Solder - Requires additional sealing and insulation with UV-stablilized

electrical ftape or shrink tubing.

Insul., Disp, - Requires additional sealing accompiished by enclosure within

a Junction box.

Plug/Receptacie - Found to be satisfactorily sealed and insulated as

purchased.
Screw Terminal - Requires additional sealing accomplished by enclosure within

a junction box.

Sprring Clip = Requires mounting on an insulated surface and within a juncticn
box for sealing.

fwint-On - Requires additional sealing with UV-stabilized electrical

tape or shrink tubing.

Weldoed - Requires additional insulation with UV-stabilized
electrical tape or shrink tubing.
Wire Wrap - Requires additional sealing accomplished by enclosure within a

Junction box.
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5.8,/ COST ESTIMATIONS

The factory labor rate used in the study was $9.70/hr., based on Bullding

Construction Cost Data 1978. |t was expected that all operations necessary in

the Instaliation of the termination on the module would be performed at the
factory level. The fileld labor rate used in the study was $19.15/hr., This

labor rate was used for all installation labor required on=sife.

2.8.5 COST DATA FOK EACH TERMINATION TYPE

Spring Clip - Initial costs in quantities of 104 and 107, Including
insutated mounting board, were $0.962 and $0.812 respectively. Factory labor,

which would include attachment of insulating board and spring clip to junction

box and junction box to module, is calculated to be $1.19. The field labor
involved for the connection to the adjacent module, requiring only insertion

of the already stripped wire, is $Q.38, Including sealing the junction box. The
sealing material (which is the cost of the junction box) is $1.73. Sealina labor
Is included in the factory labor cost. The total cost for this fermination fype in

quantities of 104 is $4.26.

Crimp - Initial costs in quantities of 10% and 10’

were t§0.0763 and $0.90
respectively. Factory labor, which would include stripping of module output
wires and crimping-on the ftermination (either butt-splice or quick=-disconnect
type), is determined to be $0.20. The field labor involved for connection to
an adjacent module, requiring etther insertion of wire and crimp or connaction
of quick~disconnect pius supplemental application of either UV-stabilized
electrical tape or shrink tubing (approximately equal in cost) is $0.30.

The cost of the sealing material, either tape or tubing, is $0.02, The labor

involved in the sealing operation is 150.12 for a total termination cost in

quantities of 104 of $.69.




Twist=On - The Initial costs, in quantities of 104 and 107 respectively,
are 40,0776 and $0,0700,  Factory labor s $0.10; 1t conslists of stripping each
modute output wire, Field labor which Involves twisting the termination over

OR! the two (or moro) output wires, Is $0.29. Sealing material cost for the

OF application of electrical tape or shrink tubing, is $0.02, and the sealina labor
¥
A
is detarmined to be $0.12. The total termination cost In quantities of 1n?

Is $0.60,

Plug/Receptacie -~ The Initial costs in quantities of 104 and 107 are

a $0.322 and $0,2%2 respectively per mated palr. Factory labor is, $0.39, and
includes stripping and crimping-on a pin and socket and inserting each into

\ ite respective shroud., Field labor is minimal at $0.09, and requires insertlon
l of the plug into the receptacle. No supplemental sealing material or labor is
required. Total cost of this termination in quantities of 104 is $0.80,

) Insulation Displacement = The initial costs of this termination in

' quantities of 104 and 107 respectively, are $0.823 and $0.658. Factory labor

which would include attachment of the termination within a junction box,

e $1.09, Fieid labor 1s $0.38, which Involves inserting the output wires to
be connected info the termination strip and attaching the junction box lid.

The sealing material is the junction box at a cost of $§1.73, and the sealinc
labor is included in the factcry labor cost. The total termination cost in
quantities of 104 is $4.02.

Hand Soldered - Initial costs in this termination method consists of

s nsipment and materials which are included in the cost data for factory and
field labor. Factory labor is '$0.10 and Includes stripping and tinning module
cutput wires, Field labor, which includes making the solder joint and the

~wealing and. insulation application, is $0.952. The sealina material cost is

$0.02 for tho application of electrical tape or shrink tubing. The sealing !

labor cost is $0.12, for a total termination cost In quantities of 104 of $1.19,

0 A B S
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Serew Tarminal - Initial costs in quantities of 104 and 107 are,

respectively, $0,985 and $0.788 Including two “Ing tongue terminals, Factory

labor i1s $1.12; it includes attachment of ring tongue terminals to module

ORI

OF output wires, and installation of terminal block and junctlon box onto the

f module. Fleld labor, which involves attaching terminals onto the terminal

L . block and re-fitting the junction box lid, is $0.95. Seallng material cost

is $1.73. The cost of the junction box, and sealing labor, are inciuded in
factory labor. The total cost for this termination type is $4.78 in quantities

of 104,

Welded - The Initial costs in this termination method consist of
equipment and supplies, which are inlcuded in the cost data for factory and
field labor. Factory labor is ’50.10 and Includes stripping and preparation.
Field labor Is $1.047 due to the rather sophisticated equipment needed, and
supplemental insulation. Insulation materials cost is . $0.02, elther tape or
tubing, and the sealing labor cost is 1$O.12. The total cost of this termination
method is estimated o be $1.28 In quantities of 107,

Wire Wrap - Initial costs in 10% and 10’ quantities are $0.942 and” $0.74%
respectively. Factory labor, which involves attachment of the wire-wrap block

within a junction box and subsequent box attachment to the module, is $1.09.

Field labor cost of making the connection to the adjacent module and re-attaching
v ‘ the junction box Iid is $0.38. Sealing material cost (junction box) Is $1.73,

with sealing labor included in the factory labor cost. Total termination cost :

in quantities of 104 is $4.14.
Initial termination component cost as a function of volume is presented in
Figure 13 Notice that sealing is not inherently provided by all termination

types.
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PYPICAL INITIAL COsTS OF GENERIC TERMINATION TYPLEY
(wire size #12AWG, maximum current: 40 amps)
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Conte ve, current levels wero plotied for oach torndnation type and are
found in Figures 141 - 14g. As expected, the higher current ratings were
assoclated with higher Initial costs.

The normalized cost of adding a module ground provision for each termination type
is found on Figure 15 The types displaying 15X cost require an additional
termination, The types displaying less than 100%generally require an additlional
pin or space avallable for use as a ground provisionr,

Factory and Fleld assembly costs are Iilustrated In Ffigurel6, and include
initlal cost, factory labor, field labor, and seuling materials and labor to
represent termination Installation costs. These costs do not Include fravel

time, set-up or any other anclilliary activities.

Tarmination replacements In the field due to failure are shown in
Figure 17, but costs llustrated do not include travel time, fault detection
time, or preparation time for replacement,

All appropriate labusr costs in this project are baged on an jtemization
of necessary activities, for which a time-motion study was performed by
the Motorola Industrial Engineering Group.

Clearly, the necessity of a junction box for sealing makes certain termination
types unattractive on a cost basis. There Is an alternative to the use of a
junction box to seal the spring clip, insulation displacement, screw terminal, and
wire=wrap typaes of termination; this would be application of silicone~type
sealant over exposed metallic parts. This method was judged inadequate and
costly, and also likely to be unsatisfactory unless done in a competent manner.
Currentiy, the four termination types |isted above enjoy a long service life when

utitized in a "dry" (i.e. protected in junction box) location.

Cost vs. MTBF data for each termination type are presented in Figure 18,
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5, MIiot FSTIMATIONS

failure rates were colculated for the five tormination types listed in
MIL=HUBK=217C,  Manufacturer Inputs were utilized to establish the remaining
formination failure rates, These fallure rates were then converted to MTGf's,
for vach type, and are found in Fable 10, It is interesting to note that all
termination types have MTBF's greater than the system desian life of 20 yrars,
This demonstrates that concern over the termination useful life need not be
considered, This also reduces the life cycle costing to strictly inltial

costs, on a single connector (termination) basis,

The following portion of MIL-HDBK 217C is reproduced for reference,
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OR! IABLE 10
or
TERMINATION TYPE SINGLE TERMIMATION MTBF (hra)
j Wire Wrap1 1.33 x 10H
crimp! 6.41 x 10°
Insulation Displacement 6.22 % 108
| Welded! 2.56 x 10°
; Hand Solder1 1.28 x 108
| Plug/RecepfacIe1 1.00 x 108
; Twiat-0On 2,28 x 10°
‘ Scrow 2.24 x 106
Spring Clip 1,96 x 10°
]

. MTRF based on tfallure rates determined from MIL-HDBK 217C, ail others

determined by parametric data.
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MIL-HDDR-217C
9 April 1979
CONNECTORS

2.11 CONNECTOR
2.11.1 Connector, general (except printed circuit board types)

oo

TABLE 2.11.1-1. Predigtion Procedure for Connectors
PART SPECIFICATIONS COVERED (Table 2.11-2 shows
connector contigurations) .

Type MIL-C-SPEC Type MIL-C-SFEC
Rack and pane!l 24308 Coaxial, 3607

28748 RF 3643
83733 3650
3655
25516 !
39012 *
Circular 5015 !
26482 Power 3767 '
38999
815N ;
83723

Part Failure Rate Model (Ap)

The failure rate model (ap) is for ¢ ratec pair of
connectors. For a single connector, divide Ap by twe.

X mp X nK) fai1ures/1o6 hours

= 3

A ® g
where:

ng - Table 2.11.1-6
Tasle 2.11.1-7
Tacle 2.11.1-8

13
]
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MIL-HDBK-217C
9 Roril 1979
CINECTORS

Table 2.11.1-1, Prediction Procedure for Connectors (Cont)

OR’
o¥ "
f Base Failure Rate Model (Ahl
e foX
Ab Ae
N P
T T+4273
where x = +
b 273 ( To )
F e = 2,718, natural logarithm base
’ ! T = operating temperature (°C)
‘ n a~biert + terperature rise(Table 2.11,1-4)
| Insert Material
; "
| Constants A B c 0
‘ LA 0.02 | 0.431 0.19 | 0.77
} ST, | 473 423 373 358
D ome ] -1892 | -2073.6 | -1298 | -1528.8
P 5,36 | 4.66 4.25 4,72
' Calculated values of 1 for selected operating
! temperatures sre shown in Table 2.11.1-5

2,11.1-2

115

S, , A POXN ien M o . N

SRS, it ivr 12, i it i




LR ol

MY .HNRY.277C
9 fpeal 1979
CONNECTORS

Y Table 2.11,1-2. Configuration, Applicahle Specification,
’%1,;‘ and Insert Material for Connectors
¥
' 1 T

Insert Material
' (Table 2.11.1-3)
Specification| A B8 C 0

Configuration

Rack and pane) MIL-C-28748
¢ MIL-C-83733
| MIL-C-24308 | X

Circular P MIL-C-%5015 g
‘ " MIL-C-26482 :
) { MIL-C-38999
; . MIL-C-81511
i MIL-C-83723

Power © MIL-C-3767 |

Coaxial MIL-C-3607 |
© MIL-C-3643 |
MIL-C-3650 i
MIL-C- 3665 ?
! Mil-C=25516
. MIL-C-39012

D¢ D >

DC >

>
>

DC DL D D C DT
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MIL-HDBK-217C
9 April 1979
CONNECTORS

Table 2,11.1-3. Tamperature Ranges of Insert Materials

Temperature
Type Common Insert Materidls Range (°C)*
i A Vitreous glass, alumina ceramic, -55 to 250
| polyimide :
!B | Diallyl phthalate, melamine, -55 to 200
1 fluorosilicone, silicone rubber, g
; polysulfone, epoxy resin
PC Polytetrafiluoroethylene (teflon) -55 to 125
chlorotrifluoroethylene (kel-f)
' D Polyamide (nylon), polychloroprene| -55 to 125
(neoprene), polyethylene

*These temperature ranges indicate maximum capability of
the insert material only. Connectors using these mate-
rials generally have a reduced temperature ranse caused
by other considerations of connector design. Applicabie
cannector specifications contain connector operating
temperature range,

L I
NP LR I PO
E ) R AN
a (s (‘“1 Yoy
.

7. . ‘
‘&.I_l 1:})\

2. 11.1-4
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MIL-#rRV.217C
9 Arril 1979

CONMELTORS
Table 2.11.1-4.  1Ingert Temperature Rise (°C)
versus Contact Current
Aperes Contact Size ' l
Per Contact 22 GA 20 CGA 16 GA 12 GA
2 3.7 2.4 1.0 0.4
3 7.7 5.0 2.2 0.8
4 13.0 8.5 3.7 1.4
5 20.0 13,0 5.5 2.0
6 27.0 18.0 7.7 2.8
7 36.0 26.0 10.0 3.7
8 46.0 30.0 13.0 4.8
9 58.0 37.0 16.0 5.9 !
10 70.0 45.0 20.0 7.2 1
15 95.0 41.0 15.0 |
20 70.0 25.0
25 105.0 38.0 ;
30 53.0
35 i .0 |
40 ‘ 91.0
. J
AT = 0.989 (1)1'85 for 22 gauge contacts
AT = 0.64 (1‘)]'85 for 20 gauge contacts
AT = 0.274 (i)]‘85 for 16 gauge contacts
AT = 0.1 (1‘)1‘85 for 12 gauge contacts
AT = °C inscrt temperature rise
i = amperes per contact

NOTE: Operating temperature cf the connector is
usually assumed to be the sum of the ambient
temperat.ure surrounding the ccnnector plus the
temperature rise generated in the contact. If
the conrector is mounted on a suitable heat sink,
the heat sink temperature is Lsually taken as
ambient. For those circuit design conditions
which generate a contact hot spot, this hot spot
temperature rise is added to tne ambient to
obtain the operating temperature.

For Rr cooxiel conncetors, gezumo A7 = £°9C,
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MIL -HDBK-217C
9 April 1979

Connectors

Table 2,11.1-7.

Tps for Number of Active Contacts
(Pins) in a Connector

Values of Fajlure Rate Multiplier,

i ——

Number Of

Number Of

Active Contacts p Active Contacts "p

3 1.00 65 13.20
2 1.36 70 14.60
3 1.55 75 16.10
4 1.72 80 17.69
& 1.87 85 19.39
6 2.02 90 21.19
7 2.16 95 23.10
8 2.30 100 25.13
9 2.44 105 27.28
10 2.58 110 29,5
N 2.72 115 31.98
12 2.86 120 34.53
13 3.00 125 37.¢2
14 3.14 130 40.02
16 3.28 135 43,08
16 3.42 140 46,25
17 3.57 145 49.60
| 18 3.71 150 53.12
19 3.86 155 £6.83
20 4.00 160 60.74
25 4.78 165 64.85
30 5.60 170 69.17
35 6.46 175 73.70
40 7.42 180 78.47
45 8.42 185 83.4,
50 9.50 190 88.72
55 10.65 195 94,23
60 11.89 200 100.00

For coaxial and triexial connectors, the shield
contact is counted as an active pin.

Tp is a function of the number of actfve pins:

(%)
NO

'ITP=e
where NO = 10
q = 0.51064

H

i

nunber o active pins
2. 11.1-8
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Table 2.11.1-8, ng Mating/
Unmating Factor

Mating/Unmating
Cycles .
(per 1000 hours) K
0-0.0% 1.0
>0.05-0.5 1.5
>0,5-5 2.0
>6-50 3.0
>50 6.0

One cycle includes both
connect and disconnect.
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MIL-HD3K-217C
9 April 1979

PCB CONNECTORS
2.11.2 PRINTED CIRCUIT BOARD CONNLCTOR

Table 2.11,2-1 Prediction Procedure for PCB Connectors

e -

Specification Description

MIL-C-21097 One-Plece Connector
MIL~C~55302 Two=-Piece Connector

Part Failure Rate Model (AP)

The failure rate, xp, is for a nmating pair of connectors and is:

lp " )b (rIE x np X HK) failures/lo6 hours
where the factors are:

Tg Table 2.11.2-4

“p Table 2,11.2-5

g Table 2.11,2-6

dase Faiiure Rate ()

‘l'b = ;ﬁex
n P
where x =, T ., (T+273)
T+273) To
e = 2,718, natural logarithm base
T = znorating temperature (OC)
T = a~~ient + temperature rise (Table 2.11.2-2)
A= 0,216
T, = &23
%= 2.66

NT = '207306

lb values are shown in Table Z.11.2-3.

z.11.2-1
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4iL-HoTv-217C
9 April 1979
PCB CONNECTORS

or Table 2.11.2-2. Connector Temperature Risc (°C) Versus

Contact Current and Contact Size

Amperes/Contact | 26 GA | 22 GA | 20 GA

\ 1.4 0.99 0.6
5.0 3.6 2.3
3 10.5 7.6 4.9
4 17.9 12.9 8.31
5 27.1 19.4 12.6

| ]

w138 (118 for 26 A

ir e 2,589 (1)%'8% fer 22 A

AN T (i)l'85 for 20 GA

s . V] : N

sote 23 LT = "C temporature rise
i = amperes per contact

Pl

temperature rise generated in the contact.

—
-
-

™~y

noy
L}

(4N
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MIL-HDBK-217C
9 April 1979

PrB CONNECTORS

lable 2,11.2-3, Operating Temperature Versgus Base
Failure Rate ()p) in Failures/Million Hours

Temperature (°C) IR

0 0,0C0:3
10 0.00016
20 0,00021
30 0.00028
40 0.00037
50 0.00047
60 0.0006
70 0.0008
80 0.0009
90 0.0011
100 0.0014
110 0.0018
120 0.0022
130 0.0028
140 0.0035
150 0.0043
160 0.0055
170 0.007
180 0.0088
190 0.011
200 0,014

2,11-2-3
125
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Table 2.11.2-4. wg Based on Environzeatal Service

ORI} :
o¥ i
3 ﬂE
L Environment | MIL SPEC | Lower Quality

GB 1.0 1.5

SF 1.0 1.5

GF /0.0 8-0

“S 4.0 8.0

AIT 500 10. v

AUT 5.0 10.¢

GM 5.0 10,0

NU 9.0 19.0

AIF 10.0 23.C

AUF 10.0 20,2

ML 15.0 30,0

211,22
126
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MIL~-HD3K-217C
9 April 1979
PCB CONNECTORS

Table 2,11,2-5, Values of Failure Rate Modifier,
for huxzber of Active Pins in a Connector

N p N "o
1 1.00 65 13,20
2 1.36 70 14,60
3 1.55 75 16,10
b 1,72 80 17,69
5 1.87 85 19,39
6 2,02 90 21,19
7 2.16 95 23,10
8 2.30 100 25,13
9 Send 105 27.28
H 2,58 110 29,56
- Sera 115 31,9¢
12 2.8% 120 34,53
13 3.00 125 37.22
14 3,14 130 40,07
15 3.28 135 43,08
16 Kl 140 46,25
17 3.57 145 49,60
18 3,71 150 53,12
19 3.86 155 56,83
0 .09 160 60,74
oy 4,78 165 64,65
30 5,60 170 69.17
35 6.46 175 73,70
&2 7.42 180 78,47
45 8.42 185 83.47
50 9.,5% 190 68.7¢
55 10,65 195 94,23
60 11,89 200 100.00

T, ig a funztion of the number of a:ztive pins

?
21 d
nP e J-:-—)
"o
whete No = 10

g = 1.51064

N o= nurher of active pins

2.11,2-5
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OF fable 2,11.2-6, Cycling Rate Factor L

Cycling Frequency

' (Matings/1000 Hours) K
b 0 - 0-05 100
>Oo°5 - G.S 1.5
‘. 5’0.5 - 500 '2-0
;‘ >5.0 - 5000 300
i >50.0 4,0
) & yile 18 defined as the mating and unmating of o connector.
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MIL-HD3K-217C
9 April 1979

CONNECTORS
2.11.3 Example Failure Rate Calculations

EXAMPLE 1,

Given: A MIL-SPEC comnector, with with 20 GA pins, uscs insert material, type B.
The connector has 20 active pins and is inscalled in 4 ground fixed environ-
ment with an ambient temperature of 25°C. The load current is expected to be

5 aumperes, and the connector is expected to be connected and disconnected once
every 200 operating hours.

Find: The failure rate of the connector,

Step 1., The insert temperature rise is determined to be 13°C, derived from
Table 2,11.1-4 for size 20 GA pins at 5 amperes.

The cperating temperature is determined from:

Operating temperature = arbient temperature + insert temperature rise.
Operzting temperature = 25°C + 13°C = 38°C

Step 2, The incert material is type B, Utilizing Table 2.11.1-5, the pase
failure rate for type B insert material at 38°C is 0.00073 failures/
10° hours,

“tep 3. The eavircnmental factor fer ground fixed (rp) is 2.0, as shown in
Tozle 211,746 ,The pin density factor (-») is 4.C, as shown in Teble
£.71.1+7 for 20 active pins, The my factor is 2.0, as determined from
Teble 2,11,1-8, for mating/unmating cycles of 5/5000 hours.,

foilure rate ¢f the cennector is found by substituting the values
cf 'y, MR, "o and 7y into the part failure ratc model:

T -~y
raon e

.
i

b = Ay ("E % 7p ® nK)
\p = 0,00073 (2.0 x 4.0 x 2.0)

xp = 00,0117 £ailures/106 hours for a mated pair,
f2» 2 single connector, per Table 2.11.1-1:

© = .0117/2 = 0.0054 failures/105 hours,

2.11.3-1
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NMIL-h0BK-217C
9 April 1979
CONNECTORS

EXAMPLE 2.

Given: A lower quality coanector, with 16 GA pins, uses insert material, t pe
D. The coznnector has 10 active pins and is installed in an airborne inhabitel,
transport environment with an ambient temperature of 40°C. The load current
is expected to be 5.0 amperes, and the connector is expected to be connccted

and disconnccted once every 20 hours,

Find: 7The failure rate of the connector.

Step 1., The insert temperature rise is determined to be $.5°C, derived fror
Teble 2.11.1-4, fcr size 16 GA pins at 5,0 amperes.

“he operating temperature is determined from:

(perating temperature = azbient temperature + insert tenpcerature rise,
Cperating temperature = 40°C + 5.5°C = 45,5°C,

Step 2. The insert material is type D. Utilizing Table 2Z.11.1-5. the pa-.
iailure rate for type D imsert material at 45.5°C is C.Gi13 faliures’

105 hours.

fwep I. The environmental factor for airborne {nhabited, transport, lower
quality is 15.0, as shown in Table 2.11.1-6. The pin density factor
(rp) is 2.58, s chown in Table 2.11.1-7, for 10 active pins. The -y
{actor is 3.0, »s deterzined from Table 2.11.1-2 for 50 mating/un-
mating cycles per 1000 hours,

Step 4, The failurc rate of the connector is determined by substituting the

values of Ap, T3, Tps and TR into the pert failure rate model:

'p =iy (nE X Tp » 1X)

o ® 0.0113 (15.0 x 2.58 = 3.0)

lp = 1,31 failures/106 nours for a mated pair,

For a single connector, per Table 2.11.1-1:

ip = 1.31/2 = .66 failures/10% hours.

~)
—
B
.
(28]
1
lang
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EXAMPLE 3.

Given: A two-plece printed civeuit board connector (MIL-C-55302) with 50
active pins will be utilized {n a ground fixed environment in which the con-
nector is exrected to be conneccted and disconnected once every 300 hours of
aperation, Pin size is 22 gage. Ambient temperature will be 25°C, and the
expected lead current will be 2,0 amperes.

Find: The failure rate of the connector.

Caiculate the eperating temperature by adding the temperature rise
in the connector to the ambient temperature, 25°C,

:;L("t‘ 1 .

Yrs= Table 2,11,2-2, AT for 22 page when 2,0 amperes ave flowiny -
3.6°C,

Lo

Crerating temperature = arbilent + heat rise
Ny . N
Coerating temperature = 25°C 4+ 3.69C = 28,6°C,

[ Ao g . .l
SR atep 2. Fror ofable 2,11.0-3, lb is determined to te 0.00.7 for 28,6,
Ntep 3. rom Table 2,11.0-4, e fer ground envirenment and MIL-SPEC quality is
m—— “‘h‘ !
Step o, fror Table 2.11.0-5, - for 50 pins is determined to be 9.5,
Step 5, Twos Teble 2,1100-n, Y fov 3,33 matings/1000 hours is determined to
e 2.0,
atep v, e faflure rate of the connector is determined by osubstituting the
vaddes determined dinto the failure rate eguation: ]
oF A (X TN 7
o 7Yy U X 7 X 7) '

= 0,00027 (4 x 9,5 x )

[re3

= 9,00 failures 10 urs,

211,343
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2. 12 PRINTED WIRING BOARDS
The specifications applicable to printed wiring boards are:

MIL-P~55110 Printed Wiring Boards

The failure rate model for printed wiring boards is:
}\p = Abf\'ﬂ'E

whero: Ap = hoard failure rate in f./106 hr.

u

Ap = 6(10)76 failures/100 hr. for two-sided boards

5(10)'4 failures/106 hr. for muiti-layer boards

S

N = number of plated-through holes
np (see below)

ARG R 3¢ C ‘r:. x’: ! : » .N. :«. - :.‘..
Snvivenment Gy Sp G0 Ngo G Ay Spp My - R

e 1 1 2 4 4 4.2 4 10 10 w00 o

o oabove model ds applicable only o high quality bocords that have
eoceived sereening and burn-in and that use I-10 or cuuivelent epox,

rmaterials,

—

— ke Wkl o) e . e i A

ik o B i i Soia . .




~C

G e

MIL-HDBK-217C
9 April 1979

CONNECTIONS
2.13 CONNECTIONS

The part failure rate model (Ap) is:
Ap = Ay (Mg X Ty X nq) failures/106 hours

where:

11

"

®

= 1 for al) types except crimp

base failure rate (Table 2.13-1)

environmental factor (Table 2.13-2)

1 for all types except crimp

tool type factor (Table 2.13-3 for crimp type)

cuality factor (Table 2.13-4 for crimp type)

TABLE 2.13-1 BASE FAILURE RATE, )y

CONNECTION TYPE

np (F/10°% HR.)

e taait bm . e o

Wirewrap

Solder, refiow lap to
P.W. boards

Solder, wave to P.W.
boards

Hand solder
Crimp

Weld

.23J00025
50008

.00029

.0026
. 00026

L0013

e h R e w da bd

2.85x10”°

goxio™S

29 210'4

2.6x10"3

2.6xo-%

-y xtod
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TABLE 2.13

"2.

FACTORS (HE)

Ehy IRONMENTAL

EQUIPMENT Te

S
G
G
N
y
A,

4

A 6

(83

TAELE 2.13-4, G

'
~
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CONNECTIONS

TABLE 2.13-3, TOOL TYPE FACTORS (i'7)
FOR CRIMP CONNECTIONS

TOOL TYPE Oy

Automated 1

Manual l 2

———

Notes: 1 /utormated encompasses all
powecred tools not hand-

held.

2 Man.:il includes 2ll henc-

helz tools,

oy be 8 woie

QUALITY GRADE | I COMMENTS
) -
Autorated Tools | 1.0 Daily pull tesz<s recormendes,
Manuai Touls:
i
Unper AN Only MIL-SPEC <+ anprover
i equivalent tools and terminzic,
' pull test at btecinning and enc
| of each shift, color cndeg tcols
, and terminaticri.
Stanzird | 1.0 Cnly MIL-SPTZ <0ols, pull test at
| beginning of ¢ach shift.
LCwT J fnything Tecs tran standars oriseria,

LA T aY
VAIGINATL PAcun o
« : j T .‘
Ry CR Poge g
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only to have the equipment production procedures damage the parts or
introduce latent defects. Total equipment program descriptions as

they might vary with different part quality mixes is beyond the scope

of this Handbook. Reliability management and quality contrcl procedures
are described in other DOD standards and publications. Nevertheless,
when a proposed equipment development is pushing the state-of-the-art
and has a high reliability requirement necessitating high quality parts,
the total equipment program should be given careful scrutiny and not
Just the parts quality. Otherwise, the low failure rates as predicted
by the models for high quality parts will not be valid,

c. Use Environment,

A1l part reliability models include the effects of environmental
stresses through the factor, me. The definitions of these environments
are shown in Table 2-3. The mg factor is quantified within each part
failure rate model. These environments encompass the major areas of
equipment use., Some equipment may experience more than one environment
during its normal use, e.g., equipment in spacecraft, In such a case,
the reliability analysis should be segmented, namely, missile launch
{ML) conditions during hoost and return from orbit, and space flight
Sg) while in orbit.

TABLE 2-3
ENVIRONMENTAL SYMBCL IDENTIFICATION AND DESCRIPTION

TE

ENVIRONMENT SYMBOL NOMIMNAL EMVIRONMENTAL CONDITIONS

engineering operation and maintenance.

Space, Flight Sg Earth orbital. Approaches Ground, Benign
conditions without access for maintenance.
Vehicle neither under powered flight nor
in atmospheric re-entry.

ation in permanent racks with adequate cool-
ing air, maintenance by military personnel
and possible installation in unheated
buildings.

Ground, Mobile| Gy Conditions more severe than those for Gr,
mostly for vibration and shock. Cooling
air supply may also be more limited, and
maintenance less uniform.

Ground, Benign| Gg Mearly zero environmental stress with optimum

Ground, Fixed Gg Conditions less than ideal to include install-

" 135
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n

ENVIRONMENY g@MBOL NOMINAL ENVIRONMENTAL CONDITIONS

Naval, NS Surface ship conditions similar to Gg but

Sheltered subject to occasional high shock and

vibration,

Naval, Un- NU Nominal surface shipborne conditions but

sheltered with repetitive high levels of shock and

vibration.

Airborne, AIT Typical conditions in transport or bomber
Inhabited, compartments occupied by aircrew without
Transport environmental extremes of pressure,

temperature, shock and vibration, and
installed on long mission aircraft such as
transports and bombers.

Airborne, ArF Same as Apy but installed on high performance
Inhabited atrcraft such as fighters and intercepters.
Fighter

Airborne, AUT Bomb bay, equipment bay, tail, or wing
Uninhabited, installations where extreme pressure,
Transport vibration, and temperature cycling may be

aggravated by contamination from oil,
hydraulic fluid and engine exhaust. Installed
on long mission aircraft such as transports
and bombers.

Airborne, AUF Same as A,, but installed on high
Uninhabited, .performangg aircraft such as fighters and
Fighter intercepters.

Missile, ML Severe conditions of noise, vibration, and

Launch other environments related to missile launch,

and space vehicle boost into orbit, vehicle
re-entry and landing by parachute. Conditions
may also apply to installation near main
rocket engines during launch operations.

d. Part Failure Rate Models.

Part failure rate models for microelectronic parts are significantly
different form those for other parts and are presented entirely in
Another type of model is used on most other parts; a
typical example is the following one for discrete semiconductors:

Section 2.1.

2-4
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CALCULAT IONS

- — a0

Part fallure rate model (Ap) is:
Ap = Ay (1o X X wQ) fat!ures/106 hrs.
A = part fallure rate (F/lO6 hr.)
A, = base fallure rate (table 2,13~1)
= environmental factor (table 2.13-2) = 3,0
G (ggg:gg; mobile) selected as most similar to photovoltaic environmental
= tool type factor (table 2.13~3 for crimp type) = 1 for others

= quality factor (tabie 2.13-4 for crimp type) = 1 for others

=
L=
L

WIRE _WRAP

Ay = 0.0000025 (3.0 x 1 x 1.0) = 7.5 1076

MTBF: “““‘J"‘7§ x 10% = 1.33 x 10"

7.5 x 10~

s U9 Y SO S U Bt G0 W 0 W (O At e N S R A W S S D M U Al i G U D D G G A W D W W B S R B ST SO A RS G AN (R W S G0 S SO M G 00 D D D S Y S G D G B S Y . S S

MTBF

>
n
o
o
o
N
(o)}
~~
W
o
x
N
X
—
e
o
A
1
o
L]
(=]
h
)}
X
-l
o
]
o))

- o S S0 W T G " o S D g U S o o0 U D GRS B A S TS (U A D S 0 M GO D D D D G (A D GOV P D A W S Y G U S e S A G S S G b GBS IS P G G e T v gy S M . ook

WELDED

Ay = +0013 (3.0 x 1 x 1.0) = 0.0039 1076

MTBF = b x 10% = 2.56 x 10°
0.0039 x 10

- v - - - - - - o o - v - G D - G S A P P e T B B B s S D T W Ui T Gy O D e S P Qo Y

HAND SOLDER
Ay = -0026 (3.0 x 1 x 1.0) = 0.0078 T

MTBF = b % 10% = 1.28 x 10°

0.0078 x 10

- . o - e n G . A S D S W G D D D S o S S G D GED G W S e G D S U S S D D U D D S D D W M D W D (S D S D (R D G (D N D s D i D D e i U O O . o
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PLUG/RECEPTACLE

Part fallure rate model (Ap) ls:

- 6 -
Ap = Ay (ﬂE X my X nK) failures/10° hours (mated pair)
Q! A, = base failure rate = 0.00094 (table 2.11.1-5)
‘() e = environmental service condition = 5,0 (table 2,11.1-6)
np = fallure rate multiplier = 1,00 (table 2.11,1-7)
e mating/unmating factor = 2,0 (table 2.11,1-8)
Ay = 0.0000 (5.0 x 1,00 x 2.0) = 0.009 x 107¢
| MTRI = L % 10% = 1.1 x 10°
b 0.009 x 10
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Schedule Photovoltaic Module Electrical Termination Design

Requirement Study

MONTH

TASK

MAR

APR

MAY | JUN

JUL

AUG

SEPT

1.

2,

3.

Develop Module and Array Design
Requirements

A,

B.

I1dentify Existing Electrical
Termination Candidate Hardware

A.

Co

Evaluate Candidates and Potential

Improvements

A. 1dentify Promising Existing
Hardware,

B, Identify Improvements for
Cost Reduction,

C. 1Identify Cost Drivers and Re-

Technical Documentation

A,

Analysis and Survey of Manu-
facturers, Users, and Code
Groups,

Develop Electrical Termina-

tion Selection Criteria Fac-
tors,

Survey Manufacturers, Users,
and Government Agencies,

Rank Candidate Termination
Hardware.

Summarize Attribute Depen-

dencies i.e. Cost vs, Voltage,
Current, etc,

quirement Modifications for
Cost Reduction.

Progress Reports.

JPL LSA Project Integration
Meetings.

Task 1 Summary Report.

Mid-Contract Oral Progress
Report.

Final Report Draft

>

>

>

>
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