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All equipment not listed by a National Recognized Testing Laboratory (NRTL) should be 
constructed according to applicable standards, such as UL, ISA, ANSI, and IEEE. 
Equipment for which specific standards are unavailable should be constructed according 
to the principles of established standards, as determined by the AHJ. 
 
Equipment should be examined for safety as extensively as possible. Areas of 
consideration include but are not limited to: 
 
1. Failure modes 
2. Heat effects 
3. Magnetic effects 
4. Grounding and bonding 
5. Guarding of live parts 
6. Leakage currents 
7. Dielectric testing 
8. Access to serviceable parts 
9. Overcurrent and overtemperature protection 
10. Clearances and spacing 
11. Interlocks 
12. Design and procedural documentation 
13. Signage, labels, and administrative controls 
14. Mechanical motion 
15. Stored energy. 
 
Documentation should be developed to substantiate the acceptance of any equipment. 
Documentation should include but not be limited to: 
 
1. Tests performed 
2. Conditions of acceptability 
3. Applicable standards to which the equipment was evaluated 
4. Limitations of approved use, if any. 
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Sec. 11.1: Des. & Fab. Safe Elect. Equipment 

11.1.1 Introduction 
The design and fabrication requirements in this document are derived from many sources; 
including American National Standards Institute (ANSI) standards, National Fire 
Protection Association (NFPA) standards, the Occupational Safety & Health 
Administration (OSHA), the National Electrical Code (NEC), LLNL Electronics 
Engineering Department Standards and Specifications, and best engineering practices. 
These design and fabrication requirements are intended to cover most electrical 
equipment but cannot be expected to comprehensively cover all equipment and all 
existing standards. Underwriters Laboratories (UL) standards are cited in many places. 
They are not part of the Laboratory's Work Smart Standards but have been chosen to 
serve as best engineering practices because of their appropriateness and UL's status as an 
NRTL accepted by OSHA. 

11.1.2 Purpose 
The purpose of these requirements is to identify a broad set of general design elements 
and principles that incorporate safe electrical design-that is, reduce the risk of electric 
shock and fire. These requirements are a consensus set of requirements that come from 
the sources listed above. They were chosen by the Authority Having Jurisdiction (AHJ) 
working Group and approved by the Electronics Engineering Division Leaden and 
Department Head. Following these requirements should enable the resulting electrical 
equipment to pass AHJ inspection. A designer may deviate from many of these 
requirements provided that safety is assured by appropriate analysis. The analysis that is 
used to justify deviating from these requirements shall be documented in a Safety Note 
for the equipment. 

The requirements in this document cover many aspects of electrical design and 
fabrication, including: 

Guarding of live parts 

Adequate wire size 

Grounding and bonding 

Component selection and mounting 

Equipment installation 
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These requirements are conservative in order to assure safety throughout the lifetime of 
the equipment, under varying conditions, and during fault conditions. 

Design issues that are not covered adequately by the requirements in this document shall 
be resolved by applying good engineering processes. In other words, the design shall be 
reviewed with the appropriate level of formality graded by the risk in the system. Safety 
issues shall be documented in a Safety Note. Guidance on the engineering design process 
and the conduct of design reviews is contained in the Engineering Policies and 
Procedures Manual, Section 7 ,  "Design." Guidance on when Engineering Directorate 
Safety Notes (EDSNs) are required and how they are developed is contained in the 
Engineering Design Safety Standards Manual, Part I, Chapter D, "ME, EE, and 
Engineering Directorate Safety Notes." The cognizant Engineering Division Leader has 
the authority to set the review and documentation requirements for any design task. 

11.1.3 Terms and Definitions 
Authority Having A general term identifying the entity that has legal authority over 
Jurisdiction (AHJ) something. 

AHJ Program A program for examining and approving electrical equipment and 
installations at LLNL. For more information, see the LLNL ES&H 
Manual, Vol. 11, Part 16, Document 16.3, "LLNL AHJ 
Requirements for Approving Electrical Equipment, Installations, 
and Work" 

AHJ Working A group working under the auspices of the AHJ to develop the 

Group AHJ Program at LLNL. 

Conditions of use Documented requirements for use of electrical equipment and 
components that must be met for the listing to be valid. 

Listed An approved electrical component or piece of equipment. 
Approval is contingent upon the component or equipment being 
used according to the conditions of use identified in its 
documentation. 

Live part A part that can be energized to 50 V or greater during any phase 
of equipment operation. 
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NRTL Nationally Recognized Testing Laboratory. One of 17 
organizations accepted by OSHA to inspect and approve electrical 
equipment. UL is the largest of the NRTLs. 

Recognized 

Risk 

An electrical component or piece of equipment that has been 
determined by UL to be acceptable provided it is used in 

accordance with conditions of acceptability. 

The quantitative or qualitative expression of possible loss that 
considers both the probability that a hazard will cause harm and 
the consequences of that event. 

Shock hazard Exposure during any phase of operations, normal and off-normal, 
to 50 V or greater. 

11.1.4 Design and Fabrication Requirements 

11.1.4.1 Components 

Whenever possible, components should be NRTL-listed. Recognized components are 
acceptable also. Recognized components must be used in accordance with the conditions 

identified in the listing. Conditions of usage include factors such as temperature, 
environment, available fault current, and so forth. These conditions will be included in 
the documentation for the component. 

Components that are not listed or recognized shall be evaluated for their safety and 
suitability. If the application involves a significant safety hazard or function, then the 
suitability of the component shall be documented in a Safety Note. 

11.1 -4.2 General Construction 

Enclosures must be of substantial construction so as to avoid the likelihood of damage 
during normal use. Guidance on case thickness is found in UL Standard 508, Table 6.1 
for steel and Table 6.2 for aluminum. In addition, the following criteria should be 
considered, as appropriate: 

Provide adequate conductivity to minimize shock hazard for maximum credible 

ground fault current. Alternatively, enclosures can be insulated to eliminate the 

shock hazard. 
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Contain explosive concussion and shrapnel resulting from arc blast or structural 

failure of electrical components. A capacitor failure is an example. 

Provide the appropriate protection for the environment where the equipment will be 
used, e.g., outdoors, with explosive gases, in a corrosive atmosphere, etc. 

Enclosures must not have open knockouts or holes that allow workers to contact 
energized parts. Holes that are 318-in. diameter or smaller provide adequate protection 
from energized parts. 

Enclosures must be free of sharp edges. No parts that can be contacted by the user should 

be sharp enough to cause injury. No parts that are in areas likely to be serviced and are 
easily contacted by service persons should be sharp enough to cause injury. No sharp 
edges, burrs, threads, etc. should be in contact with conductors. Additional protection 
may be applied to conductors to protect insulation [I]. 

11 .I .4.3 Mechanical Assembly 

All components must be securely fastened. Observe the following fastening guidelines: 

Do not depend on gravity or friction to keep components in place. 

Fastening hardware should be of the locking/captive type. 

Ceramic and ceramic-coated parts shall be mounted with nylon or fiber washers in 

contact with the ceramic surfaces. Resilient washers are used whenever brittle 
materials are bolted in an assembly. 

There should be at least one thread visible beyond the front of a nut when threaded 

hardware is used. 

Split or internal-tooth lock washers should be used when self-locking screws or nuts 

are not available. 

Corrosion protection must be considered in all environments to maintain electrical 
integrity. Examples of environmental conditions where corrosion protection must be 
considered include high humidity and presence of corrosive vapors. 
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Switches, lamp holders, and the like shall be securely mounted. All keyed devices shall 
be correctly seated in keyways. Devices shall not easily loosen by hand. Devices that are 

position-dependent, such as toggle and rotary switches, must not rotate out of position. 

"Equipment grounding" generally refers to the connection of the equipment to the 
electrical system equipment-grounding conductor. "Bonding" generally refers to the 
practice of establishing electrical continuity between all exposed metal surfaces such that 
there is no potential between any two surfaces. 

Bonding wires must be securely terminated. All grounding and bonding wires shall be 
attached by dedicated means. The hardware used for grounding or bonding shall not have 
any other purpose. A grounding conductor that enters the equipment shall be terminated 
in a pressure wire connector that is clearly marked as a grounding connection. Only one 
conductor may be terminated in the connector. Solder connections or sheet metal screws 
shall not be used for grounding or bonding purposes. 

All metal not carrying a current must be properly bonded. All exposed metal parts must 

be positively bonded to one another. Surface contact of anodized aluminum is not 
acceptable for grounding and bonding. The anodizing must be stripped away to allow 
adequate electrical contact, or a bonding wire must be installed between anodized 
surfaces. Metal surfaces that are securely bolted together are considered bonded if: 

Sufficient area between the surfaces is clean of paint and other coatings to ensure 

good metal-to-metal contact 

Bolt heads and nutslwashers are fully in contact with clean, uncoated metal surfaces 

Any enclosure intended for access by the user shall have an internal copper bonding wire 
installed between the access panel and a bonded surface. A hinge does not constitute 
bonding unless it is listed by an NRTL or recognized for this purpose. Connections that 
depend on friction are not acceptable for grounding or bonding. 
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Equipment ground must be run with circuit conductors. All grounded equipment shall 
have the equipment ground conductor contained in the same raceway or cable as the ac 
circuit supplying the equipment. 

It is permissible to have additional grounding electrode connections to equipment as long 
as all conditions listed in this subsection are met. It is not permissible to ground 
equipment only to a driven rod or other electrode and disconnect the ground from the ac 
branch circuit. 

11.1.4.5 Accessibility of Live Parts 

No parts intended to be accessible to unauthorized employees shall be energized to >50 V 
and >5 rnA or 10 J stored energy. This applies to holes in a chassis, connectors where 
conductors are not sufficiently recessed, and panels that may be opened without tools. 
Shrink tubing cannot be used as a primary barrier for exposed voltages >50 V unless it 
has been listed for that purpose. 

Electrical equipment should be designed so that routine maintenance can be done without 
having workers exposed to live parts. It is especially important to consider whether 
people not qualified as electrical workers will perfonn the maintenance operation. If 
routine maintenance requires exposure to live parts, then the maintenance operations 
must be planned and documented with the level of formality and rigor appropriate to the 
level of electrical hazard in the equipment. Examples of such documented procedures are 
the Lock Out/Tag Out (LOTO) procedure, safing procedure, or Safety Note. 

If an enclosure employs a cover that can only be removed with a tool, and if live parts are 
accessible when the cover is removed-that is, when the cover is not interlocked-then 
the cover shall be so marked. 

Enclosures accessible without using tools shall either be interlocked so that live parts are 
de-energized when the enclosure is opened or there must be no exposed live parts. 
Interlocks may be implemented in software provided failsafe design principles are 
followed. Failsafe means that loss of power, power supply failure, broken or 
disconnected wires, communications failure, CPU failure, and so forth should all be 
interpreted as unsafe conditions and the hazardous conditions eliminated. 
Communications and CPU failure often require specific design features such as watchdog 
timers. The methods used to assure failsafe performance are examples of topics that 
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should be included in a Safety Note. Further information on interlock design is available 
in Section 12.1, "Designing Engineered Controls." 

Front panels shall be electrically dead, including during fault conditions. 

11.1.4.6 Internal Wiring 

1 1.1.4.6.7 A C Power Connections 

If ac power conductors are field-wired (conduit, flex conduit), they must terminate in 
approved pressure terminals. If power supply conductors are in flexible cable or cord, 

they must either enter the assembly in an approved strain relief fitting or plug into a 
power inlet that is mounted flush with the enclosure. In assemblies that are likely to be 
accessed by the user, the power supply terminals must be substantially guarded against 
accidental contact. Shrink tubing is not acceptable as a primary barrier for live parts 
above 50 V unless listed or recognized for use as an insulation material at the higher 

voltage. 

1 1.1.4.6.2 Polarity 

Color coding, as shown in Table 11.1-1, should be used to indicate terminal and power 
cord polarity. 

Table 11.1-1. Color coding used to indicate polarity. 

All output terminals or devices identified as neutral must be continuous with the input 
neutral (except for devices with isolated or floating outputs). On items designed for 
intermittent exposure-for example, lamp holders-the most accessible parts (the shell) 
must be connected to the neutral. There is no circumstance where only the neutral 
conductor is switched or fused, leaving a continuous "hot" wire connected to a load. All 
devices such as receptacles and connectors are to be connected according to the 

NEC 
Convention 

Engergized 

Grounded 

Grounding 
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Power Line 
Terminal 

"Hot" 

"Neutral" 
"Ground" 

AC Connector Terminal Pin 

Brass 

SilverNickel 
Green (round or U-shaped pin 

Power Cord Wire 
US 

Black 

White 

Green 

European 
Brown 

Blue 

Green 
with stripe 



Engineering Design Safety Standards 
Sec. 11 .l: Des. & Fab. Safe Elect. Equipment 

applicable standard (e.g., National Electrical Manufacturers Association [NEMA] 
standards and manufacturer's recommendations). 

1 1.1.4.6.3 Power Circuit Separation 

Terminal blocks for power circuits shall be grouped separately from control circuits [2]. 
Internal ac power conductors are to be segregated from other conductors. 

1 7.1.4.6.4 Wiring Terminals and Leads 

All internal wiring must be either Listed or Machine Tool Wiring (MTW). All internal 
wiring must be copper, except thermocouple.or special-purpose wire. Insulation must be 

rated for the highest voltage on any adjacent (bundled) wire. 

Connectors must be sized correctly for wire. Crimp terminals shall be used with stranded 
wire only, unless the product is specifically designated for solid wire. Solid wire must be 
wrapped three-quarters to seven-eighths of a turn around wire binding screws in the 

direction of the tightening screw. Stranded wire may be wrapped around wire binding 
screws only if the wire is tinned or soldered, or terminals have cupped washers, upturned 
edges, or other means of capturing all the strands. Only one wire is to be used per 
terminal connector (ring, fork, and spade) unless the connector is designed for more than 
one wire. Two wires are allowed in pressure connectors if the connectors are designed for 
two. No more than three terminal lugs shall be attached to a bolt or screw. If wire nuts are 
used, they must be the correct size, with no loose wires and no exposed strands. 

1 1.1.4.6.5 ClearanceKreepage Distances 

Table .11.1-2 summarizes the general clearance and creepage distances in several 
standards. For more detailed specifications, see Reference [3]. For voltages greater than 
600 V, distances may be determined using engineering calculations. 
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Table 11.1-2. Summary of clearancelcreepage distances. 

1 I .  1.4.6.6 High Temperatures 

From 

Uninsulated 

live part 

Uninsulated 

live part 

Uninsulated 

live part 

Edge of any 
mounted 
device 

Any assembly subject to internal temperatures exceeding 60 "C in normal use must have 
wiring and components rated for the highest possible temperature to which they will be 

exposed. 

1 7.1.4.6.7 Correct Use of Components 

To 

Uninsulated live part 

of opposite polarity 

or different circuit, 
or grounded part 

(not enclosure), or 
exposed metal part. 

Walls or fittings of 
metal enclosure 

Any uninsulated part 

of the enclosure 

door 

Between the device 
and the enclosure 
walls 

All components must be used in accordance with the manufacturer's intent and 
instructions and in accordance with NRTL specifications. All components must be rated 
for the voltage and current range for which they are used. Assemblies subject to high 
fault currents (>10,000 A) must either be rated to withstand the fault or appropriately 
protected with fast-acting fuses. Recognized components must be evaluated within the 
context of their component category. 
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Via 

Through air 

Over 
surface 

Shortest 
distance 

Shortest 

distance 

Shortest 

distance 

Minimum Spacings, in. (mm) 

51-150 

118 (3.2) 

114 (6.4) 

112 (12.7) 

1 (25.4) 

116  (1.6) 

151-300 

114 (6.4) 

318 (9.6) 

112 (12.7) 

1 (25.4) 

1 1  (1.6) 

Rating, V 

301600 

318 (9.6) 

112 (12.7) 

1 (25.4) 

1 (25.4) 

1116 (1.6) 

Reference 

UL 508A, 
Table E 

UL 508A, 
Table E 

UL 508A, 
Table E; 
NEC 373; 
NFPA79; 
12.5.2, NEC 
Art. 373 

NEC 373 

NEC 373 
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f. 
. . 

1 1.1.4.6.8 Mechanical Bracing of Conductors 

Conductors used in high-current applications (>lo0 A) must be supported against 
movement that can be induced by magnetic forces. This bracing can be achieved by using 
locking plastic ties or other means that will not damage the conductors or present a fire 
hazard. 

1 1.1.4.6.9 Overcurrent Protection 

Fuse holders with fuses intended to be replaceable by an operator must not present a 
shock hazard during fuse replacement. If line voltage fuses are provided, they must 
interrupt power to all components in the circuit path except for the power switch. 
Combination switchlfuse assemblies are acceptable. 

See NEC Article 430 for motor overcurrent protection [4]. Some general rules are: 

Motors generally must be protected to no more than 125% of the full load rating. 

Integral thermal protectors are adequate. 

Impedance protection is adequate on motors under 1 hp. 

Internal components must be protected at not more than their input current rating. Internal 
wiring must be protected as shown in Table 11.1-3. 

Table 11.1-3. Wire sizes and associated 
protective device ratings [5]. 
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1 1.1.4.7 Strain Relief 

There must be no tension on terminals or connectors. Any cable entering an enclosure 
must be able to be pulled by hand without imposing any stress on the corresponding 
electrical termination point. 

Correct fittings should be used. The strain relief fitting must be designed for the 
application. Only one cable is to be used per fitting unless the fitting is specifically 
designed for multiple cables. On chassis that are cord-connected to an external terminal 
strip, the cord can be restrained to the chassis by an adequate clamp at a point near the 
terminal strip. The terminal strip must be substantially guarded against unintentional 
contact to live parts. 

11.1.4.8 Switches and Controls 

Switches and controls are defined as those circuit elements that provide operator input to 
the device being operated. If these elements are switching electrical circuitry, they must 
be rated for the applied voltage and current. If higher voltages (>50 V dc) are being 
switched, then the switch must be guarded and appropriately rated. If the switch is being 

... used without reference to the ground potential of the chassis, then it must be rated for the 
common-mode voltage that is being applied. 

As an example, assume that the element is a potentiometer that controls a 0-to-5-V signal. 
If the signal is referenced to chassis ground, then the potentiometer needs to be rated at 
5 V and no special precautions are necessary. If on the other hand the same 0-to-5-V 
signal is floating on a 600 V dc voltage with respect to the chassis ground, then the 
potentiometer must have a voltage rating for continuous duty at 605 V dc. 

Electromagnetic loads such as motors, inductors, and transformers have large inrush 
currents. For the motor industry, control elements are given horsepower ratings. This 
rating must be used to evaluate the load. The motor's locked rotor current must be less 
than the rating of the switch. In general, switches must be rated for both the type and size 
of the load. 

If switches and control elements are to be used by an operator, they must not require the 
use of a tool (screwdriver or wrench) to gain access. The switch must be located on the 
perimeter surface of the device. 

, .. . . . 
{r 
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.: 

A control system must be configured so that the electrical drive is not automatically 
reapplied to a motor load whenever there is power resumption following a power outage. 
There must be a positive action by an operator to reapply power to a motor. This same 
principle must be applied to high-voltage power supplies (V >600 V dc) and to 
interlocked devices. If interlocked, the device must be de-energized when the interlock 
permissive is removed and must remain in that condition-even if the permissive is re- 
applied-until positive action by an operator. 

All switches and controls must be identified with their function and their state. For 
example, a switch could be labeled "Power" for function and " O N  and "OFF" for state. 
If the switch is energized by its load circuit, it must be labeled as follows: 

WARNING 
The load side of this switch may be energized 

by the backfeed when in the open position 

Switches shall be physically located so that gravity will not cause a switch to close and 
energize the load. The switch shall be wired in such a manner that the controlled device is 
energized with the actuation handle in the "UP" position. A knife switch shall be 
connected so that the blade is connected to the load circuit. For power switches used with 
overcurrent protection, see Subsection 1 1.1.4.6.9, "Overcurrent Protection." Separate 
power switches and fuses shall be connected so that the fuse is de-energized by the 
switch to allow the operator to change the fuse safely [6]. 

11.1.4.9 External Wiring 

Conductors shall be the correct size for the current to be carried. See NEC ampacity 
Table 3 10-16 for guidance [7]. The conductor insulation must have the correct rating for 
the voltage to be applied. 

Wire insulation must be correct for the application and the environment. Some examples 
are: tray-rated cable, plenum-rated cable, UV resistant cable for outside applications, oil 
or chemical resistant cable, temperature-rated cable, or cable rated for direct burial. The 
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cable used must be rated for the intended application. See NEC Tables 3 10-61 through 
3 10-64 for further guidance [8]. 

Connectors must be properly rated for the application. Proper voltage and current rating 
are required. Materials must be compatible with the environment: watertight or sealed 
connectors for outdoor applications, sealed for underwater applications. There shall not 
be a shock hazard while connectors are not made up. 

Strain relief must be provided at the connectors to prevent cable damage resulting from 
use, connecting, or disconnecting [9]. 

Wiring must be located where the potential for damage is minimized. Cables must be 
protected from damage from sharp comers or edges, from being walked on, or from being 
run over. Cables should be separated from external heat sources [lo]. 

Cable shields should be grounded. For EM1 shielding purposes, cable shields may be 
grounded at only one end. Cable shields shall not be used as equipment grounding 
conductors. Cable shields shall not be used to carry voltages greater than 50 V. Cable 
trays and wire ways shall be properly installed and grounded [ l l ] .  

11.1.4.1 0 Cords and Plugs 

Cords must have the correct voltage and current rating for the application [7]. The outer 
jacket material must be appropriate for the application (e.g., UV resistant for outdoor 
applications, oil or chemical resistant, and so forth). The cord shall be provided with 
strain relief where it enters the equipment [9]. 

Power cords must have a grounding conductor of suitable size for the application. 

Note: Two-conductor cords may be used for some applications, such as double- 
insulated tools and equipment. 

AC power connections shall not be exposed (connected to the male pins of a connector). 
Male pins shall be used on input connections and sockets on output connections. AC 
power connections and HV connections should use ring lugs rather than spade lugs. 

-- - 

Revision 0: February 2002 Page 15 



Engineering Design Safety Standards 
Sec. 1 1.1 : Des. & Fab. Safe Elect. Equipment 

/-- 

11 .I .4.11 Extension Cords and Power Strips 

Cords must have the correct voltage and current rating for the application [12]. The 
material of the outer jacket must be appropriate for the application (e.g., UV resistant for 
outdoor applications, oil or chemical resistant, and so forth). Extension cords shall not be 
used in series. 

Cords must have a grounding conductor of suitable size for the application. The ground 
pin on a plug must still be present and in good condition. 

Note: Two-conductor extension cords may be used for some applications, such as small 
lamps, provided that the NRTL-listed load is equipped with a two-conductor cord. 

Cord and plug strips must be placed in locations that minimize or eliminate tripping 
hazards. A cord may not be placed across a doorway or walkway unless it is covered with 
an approved cord cover. Cords may not run through doorways or through walls [lo]. 

1 1.1.4.1 2 High Voltage (>600 Volts) 

1 1.1.4.12.1 General Requirements 

This section applies to individual chassis or large distributed systems. The following 
elements may describe a single component (in the case of a chassis) or many components 
of a large system. 

From a human electrical shock perspective, any voltage exceeding 50 V is sometimes 
defined as being high voltage. For this section, the NEC use of voltages greater than 
600 V is employed. The principle hazard in this case is energy storage in capacitors and 
cables. 

At voltages over 15 kV dc, evaluation of the system's ability to generate nonionizing 
radiation must be performed. Corona discharge will create chemical byproducts; the most 
notable is ozone when operating in an air environment. Ozone will degrade most 
materials and, in sufficient concentrations, becomes a health concern. 
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1 1.1.4.12.2 Correct Connectors 

Special care must be taken in the choice of connectors for high-voltage applications 
(>600 volts). In the commercial sector, there exists a small coaxial connector called the 
MHV. This connector may be easily forced to mate with the standard BNC connector. 
This mating produces a dangerous exposed voltage hazard, since the BNC is an 
unguarded connector (that is, it provides ready access to its center conductor). 

An acceptable connector for use in the low-current regime is the SHV. This connector is 
guarded and is rated for 5 kV dc. The Reynolds family of high-voltage connectors is also 
acceptable. If the voltages being used are ac or have a significant ac component, then the 
connector must be rated by the manufacturer for this service. In general, the capacitive 
losses associated with many dc-rated connectors make them unsuitable for ac 

applications. 

11.1.4.12.3 Safing 

Safing is the act of making a high-voltage system safe to work on. This is accomplished 
by discharging all energy storage elements and placing devices such as grounding hooks 
into the circuit to prevent the accidental recharge of the elements. 

The system must be constructed so that the worker may safely access locations for the 

insertion of grounding and measuring devices. 

1 1.1.4.12.4 Discharge Circuit 

The circuit design must have passive discharge circuits that ensure all capacitors storing 
more than 10 J are discharged. This passive circuit may require a parallel active circuit to 
ensure that the energy discharge process is accomplished before the worker can access 
the hazard area. The active circuit usually uses a resistor and a switch. The switch is 
usually a high-voltage relay or contactor. Both must be rated by the manufacturer for 

their circuit voltage and discharge energy. The flashover voltage must be at least twice 
the circuit voltage. The energy rating depends on the repetition rate expected. A 

minimum derating of twice energy is recommended. 

1 1.1.4.12.5 Drop Switch 

A drop switch is a circuit element that automatically discharges a high-voltage circuit. It 
is actuated by opening an access panel or door that gives entrance or access to the 
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hazardous area. The term "drop" refers to the fact that gravity is typically used to close 

the switch. The switch must be capable of repeatedly sustaining the discharge energy and 
current without damage. The worker must be able to easily verify the status of the drop 
switch before entering the high-voltage environment. This is generally accomplished by 
mounting the drop switch behind a transparent panel. A drop switch does not eliminate 
the requirement to provide a means for safing. 

11.1.4.12.6 Insulation 

Insulation refers to discrete material engineered into a system to prevent voltage 
breakdown. Standard electrical tape shall not be used as high-voltage insulation. High- 
voltage splicing tape is permitted if rated by the manufacturer as permanent. Some 
classes of insulating materials, such as Teflon and thermoplastics, have a property known 
as "cold-flowing." This means that after a long duration of applied pressure, the material 
will change its dimensions to decrease the applied pressure. Hence, a Teflon-insulated 
wire pulled tightly across a grounded sharp edge will eventually cause the insulation to 
fail. 

1 1.1.4.12.7 Associated Dielectrics 
<' - 

The most common dielectric used is atmospheric air. The voltage breakdown of air is 
strongly influenced by barometric pressure and humidity. If a system is used in various 
environments, it must be evaluated for the highest altitude and humidity to which it will 

be exposed. 

Geometry of parts in a high-voltage design greatly affects the breakdown of the dielectric 
systems. It is important to verify that all test data presented with the system under 
investigation is generated without any modification to the hardware. This also applies to 
parts that may be at ground potential. 

Aging of dielectric, caused by accumulation of dirt and alteration from chemical and 
radiation exposure, must be considered in the design of systems that experience these 
effects. 

The manufacturer usually performs a dielectric-withstand test. Typical voltages used are 
twice the rated voltage plus 1 kV [13]. This is for a 1-minute duration. If the test results 
are available, they may be used to verify the dielectric implementation. 

.... 
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11 .I .4.13 High Current, Low Voltage 

Circuits that operate below 50 V do not represent a shock hazard, but when they have 
high current capability, this creates unique hazards. If the circuit exceeds 1000 V . A, 
additional design considerations are necessary. The principle hazard is arcing and/or 
vaporization of conductive materials that short the circuit. 

Appropriate overcurrent protective devices, capable of interrupting fault currents that 
may occur, must be present. 

Terminal spacing must be adequate for the voltage to be applied, including inductive 
voltages that may appear under fault conditions. The terminals must be insulated or 
guarded from foreign objects, especially conductive materials or tools. 

Conductors should be braced so that they are secure and can withstand the forces that will 
be applied during both normal and fault conditions. If these conductors are to be used to 
power magnets, the added magnetic forces must be considered in the bracing design. 

11 .I .4.14 Failure Modes 

Failure modes are an important consideration for equipment that performs a safety 
function, such as interlock chassis. In this case failure mode relates to whether the 
equipment performs its proper function reliably. Another aspect of failure mode analysis 
is whether the failure of components in the electrical equipment will create an unsafe 
condition such as a shock or fire hazard. It is the latter aspect that is specifically 
addressed in the context of this document. 

The equipment must failsafe; the failure of a single component must not create an unsafe 
condition. 

The equipment shall be protected in an overload condition. Overtemperature or 
overcurrent interlocks shall be provided. 

Ground faults in a piece of electrical equipment must result in a trip of a ground fault 
circuit interrupter that is installed in the electrical service. In other words, the equipment 
must be designed and installed so that the ground fault circuit interrupter will operate 
correctly. 
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Controls and interfaces shall not create unsafe conditions. For example, output cables 
should be able to withstand the full voltage and current of a power supply even if the 
application does not require the full output capability of the supply. 

11 .I .4.15 Marking Requirements 

The following items are clearly and permanently labeled, as applicable. The label should 
be clearly visible and located adjacent to the item it refers to, when appropriate. 

1 1.1.4.15.1 Identification and Product Information 

Manufacturer's name or mark 

Model number or name of product 

Title, drawing number, and serial number (S/N), if applicable 

Rated supply voltage and ac frequency or dc, as applicable 

Maximum rated power in watts or volt-amperes, or maximum rated input amperes 

Fuse size 

Fuse type 

Power switch 

All controls 

All indicator lamps and gauges 

Input terminals: voltage 

Output terminals: voltage, maximum current 

Grounding: equipment, auxiliary, and signal reference 

Batteries: size, voltage, rechargeability 

Maximum ambient temperature rating 

Type of environment for which equipment is intended, e.g., indoor or outdoor 

Field wiring instructions, e.g., "Connect to 208 V, 3-phase, 50 amp circuit. 
Minimum conductor size #6 CU THHN 

Any restrictions of personnel, location, duty, and so forth 
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11.1.4.15.2 Safety Markings 

Assemblies with multiple power sources must have a "CAUTION - Dual ac voltage 

Source" or other appropriate warning label. 

The primary energy-isolating device-for example, a switch or circuit breaker-is 

labeled "Lockout Point." This point is not a control switch for a relay or other 
electromechanical device. This requirement does not apply to equipment that can be 
disconnected entirely by cord-and-plug. 

Any parts that are exposed and hazardous when live are marked with "DANGER", 

plus any other appropriate information. 

Enclosures containing greater than 600 V are marked "DANGER HIGH 

VOLTAGE." 

Hot surfaces are marked "DANGER HOT" or similar words. This does not apply if 

hot surfaces are self-evident. 

11.1.4.16 Modifications 

Modifications to commercial electrical equipment must be done with care. There can be 

many unintended consequences, especially when voltage, current, or power limits are 
changed. Modifications that have significant safety implications shall be documented in a 
Safety- Note. 

Safety features that are changed-such as interlocks, over-range limits, and so 
forth-must be reviewed and documented consistent with the risk associated with failure 
of the equipment or system. Changes to safety features shall be documented in a Safety 
Note. 

Changes that affect the cooling of electrical equipment must be evaluated or tested. 
Active cooling features such as fans should not be defeated unless an adequate alternative 
is provided. Mounting or location must not compromise cooling. Equipment mounted in 
close proximity to walls or other equipment can result in blocked cooling vents in the 
chassis. 

Wiring changes must be evaluated against a number of criteria. Wires must be routed to 
maintain separation between signal and power wires. Wires must be insulated to the 
maximum voltage level of other wiring or separated by barriers or adequate spacing. 
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Insulation must be temperature-rated for the environment. Wires must be rated for any 
solvents or other chemicals they might be exposed to, such as oil in machine tools. 

Any conditions of use that are part of the NRTL listing of the equipment must be 
evaluated before modification. Replacement parts that are installed during maintenance 
must be chosen with care to make sure that they are equivalent to original parts. 

11.1.4.17 Foreign-Manufactured Power Supplies and Equipment 

Electrical equipment manufactured for use outside the United States may have electrical 
operating ratings that do not comply with standard US domestic electrical supply lines. 
In addition, foreign equipment marks or s t a n k d s  (i.e., the CE Mark) generally cannot be 
assumed to equate to acceptable NRTL criteria. All such equipment must be inspected. 
Note that foreign-made equipment that conforms to standard US electrical operating 
ratings and that is listealabeled by an NRTL is acceptable. Also note that the inverse 
problem can arise when LLNL (or other US equipment) is sent abroad for operation in a 
foreign country. 

Adapters (or converters) listed or labeled by an NRTL are acceptable when their rating is 
T- sufficient for the loads associated with the foreign equipment. Non-NRTL adapters (or 

converters) must be inspected. Foreign equipment having removable line cord/connector 
sets with ratings greater than 110 V-120 V nominal (such as those nominally rated 
250 V) must use connector locks fixed to the equipment. 

Common US voltage and frequency supplies (such as 120 V, 60 Hz) must be considered 
before connecting foreign equipment (often 220 V, 50 Hz). While step-up or step-down 
transformers (converters) can correct for differences in equipment or supply voltage 
levels, differences in operating frequency can cause overheating of equipment, speed 
changes in motors, or improper function of the foreign equipment. Some equipment is 
designed to operate in the range of 50 Hz - 60 Hz; other equipment designed to operate at 
50 Hz may not be operated at 60 Hz. The magnetic saturation design parameters (V/Hz 
ratio) for US equipment is 120 Vl60 Hz or 2.0, while the ratio for foreign equipment is 
often 220 V/50 Hz or 4.4. If more guidance on this topic is required, bring it to the 
attention of the AHJ. 

.. . . 
," 
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Ampacity and insulation characteristics of wiring used in foreign equipment must have 
capabilities consistent with the LLNL application. In assessing ampacity, the cross- 
sectional area of the original wire and an alternate must be compared. 

11.1.5 References 

[I] National Fire Protection Association, NFPA 79 Electrical Standard for Industrial 
Machinery, I997 Ed., Section 17.1.1, National Fire Protection Association, 
Quincy, MA (1997). 

[2] National Fire Protection Association, NFPA 79 Electrical Standard for Industrial 
Machinery, 1997 Ed., Section 12.2.2, National Fire Protection Association, 
Quincy, MA (1997). 

[3] Underwriters Laboratories, Standard for Safety for Electrical Equipment for 
Laboratory Use; Part I: General Requirements, UL 3 101- 1, Annex D, 
Underwriters Laboratories, Northbrook, IL. 

[4] National Fire Protection Association, NFPA 70 Nationul Electrical Code, Article 
430, National Fire Protection Association, Quincy, MA. 

[5] Underwriters Laboratories, Standard for Safety, Industrial Control Equipment, 
UL 508, Table 18.1 ,Underwriters Laboratories, Northbrook, IL (1994). 

[6] Underwriters Laboratories, Standard for Safety, Industrial Control Equipment, 
UL508, section 20.4,Underwriters Laboratories, Northbrook, IL (1994). 

[7] National Fire Protection Association, NFPA 70 National Electrical Code, Table 
3 10- 16, National Fire Protection Association, Quincy, MA. 

[8] National Fire Protection Association, NFPA 70 National Electrical Code, Tables 
3 10-61 through 3 10-64, National Fire Protection Association, Quincy, MA. 

[9] Underwriters Laboratories, Standard for Safety for Electrical Equipment for 
Laboratory Use; Part I: General Requirements, UL 3 101-1, Section 6.10.2, 
Underwriters Laboratories, Northbrook, IL. 
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[lo] National Fire Protection Association, NFPA 70 National Electrical Code, 
Sections 400-7 and 400-8, National Fire Protection Association, Quincy, MA. 

[ l  11 National Fire Protection Association, NFPA 70 National Electrical Code, Article 
3 18, National Fire Protection Association, Quincy, MA. 

[12] National Fire Protection Association, NFPA 70 National Electrical Code, Section 
240.3(d) and Table 310-16, National Fire Protection Association, Quincy, MA. 

[13] Underwriters Laboratories, Standard for Safety, Industrial Control Equipment, 
UL.508, section 49,Undenvriters Laboratories, Northbrook, IL (1994). 

Additional Reference 

Lawrence Livermore National Laboratory, LWIL ESdH Manual, Vol. 11, Part 16, 
"Electrical," Lawrence Livermore National Laboratory, Livermore, CA, UCRL-MA- 

133867 (2001). 
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1.1 Scope 

Ths  specification sets forth the minimum requirements for the fabrication of 
electronic equipment for Lawrence Liverrnore National Laboratory (LLNL). 

1.2 Quality 

It is the intent of LLNL to obtain the highest quality of materials and workrnanshp 
found in the best custom electronic equipment fabrication. Constructive 
suggestions for the improvement of quality are welcome and will be given prompt 
consideration. 

1.3 Materials 

1.3.1 Only new parts of current manufacture shall be used. 

1.3.2 The manufacturer shall advise LLNL of the discontinuance or renumbering, 
by the part manufacturer, of any parts. 

1.3.3 No substitutions may be made without the approval of LLNL. 

. . 1.4 Information Feedback 

1.4.1 All changes agreed to between the manufacturer and LLNL shall be marked 
on one set of documentation, dated, and initialed. The preferred colors are 
red for deletions and green for corrections and/ or additions. 

1.4.2 The marked-up set of documents shall be returned to LLNL with the first 
"equipment"' shpment (partial or complete). 

1.5 Applicable Specifications 

The latest revisions of the following documents form a part of this specification, to 
the extent stated herein: 

ANSI / IPC-A-610 "Acceptability of Electronic Assemblies" 

ANSI / IPC-RB-276 "Printed Wiring Board Production" 

ANSI / J-STD-001 "Requirements for Soldered Electrical and 
Electronic Assemblies" 
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ANSI Y14.5M 1994 "Dimensioning & Tolerancing" 

ANSI Y32.16 "Reference Designation for Electrical and 
Electronics Parts and Equipment" 

EIA RS-336 "Color Coding of Chassis Wiring" (Electronics 
Industries Association) 

IPC-CM-770 "Guidelines for Printed Board Component Mounting" 

LED 21872 "Cable Assemblies" 

LED 43-01-15-A1 "Electronics Engineering Drafting and Design 
Manual" 

"Chemical Treatment for Aluminum Alloys- General 
Purpose Coating" 

"Identification, Coding, and Application of Hook-Up 
and Lead Wire" 

MIL-W-16878 "Wire, Electrical, Insulated, General Specification for" 

1.6 Order Precedence 

In case of conflict, the fabrication "package" documents shall take precedence in the 
following descending order: 

I. Purchase Order 

2. Equipment performance specification 

3. Schematic circuit diagram 

4. Parts list 

5. Other drawings 

6. This and other specifications referenced herein 

7. Prototype or sample unit 

8. Photographs 
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2.0 Marking 

2.1 General 

2.1.1 All markings shall be positioned for maximum readability. 

2.1.2 Marlung shall be legible and neat in appearance regarding uniformity of size, 
spacing and alignment of characters. Unless otherwise specified, all 
markings will be a minimum of 2.54 mm [.I00 inch] and a maximum of 4.0 
mm [.I56 inch]. 

2.1.3 Black ink shall be used on light background and white ink on dark 
background. 

2.1.4 Function titles (shown in blocks on schematic) shall be marked above a 
component as follows: 

2.1.4.1 Front Panel: Front 2.1.4.2 Rear Panel: Outside 

2.1.4.3 Chassis Plates: On the surface where adjustment is made. 



S P E C I F I C A T I O N  I LED 21871 B 1 
Page 5 of 16 

2.1.5 Preferred location of component designation marking is below the mounted 
component. When component goes through the chassis plate, component 
designation should be marked on both sides of panel. 

2.1.5.1 Rear Panel: Outside, below component 

2.1.5.2 Front and rear panels: Inside 

2.1.5.2.1 Markings above the chassis plate or panel centerline shall 
be located above the component. 

2.1.5.2.2 Markings below the chassis plate (printed board 
assembly, shield, or other item that is mounted 
perpendicular to the front and rear panels) shall be 
located below the component and shall read right-side-up 
when the chassis is upside down. When there is no 
chassis plate, the panel centerline should be used as 
reference for marlung orientation. 

, , ~, 
........ 1 \\.>,,' Centerline -.-.-.-.,-.-.I .-.-.-.---------.-----.------ -3 - - 

.................. ... - ......... .- -. . .... .. 
d 

.-x, 
.... 8 

- ... - -- -. -- .. 

Chassis Plate 
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2.1.5.3 Component designation should be marked below the mounted 
component. When component goes through a panel, marking shall 
appear on both sides. When marking can not be placed below 
component, marking may be adjacent to component. 

2.1.6 Multi-channel circuits within the same chassis shall be marked to read left 
to right from the operating face, as shown below. 

2.1.6.1 Front Panel-Front View 

2.1.6.2 Front Panel-Rear View 
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2.2 Front Panel 

2.2.1 Markings on the front of the front panel shall be silk-screened. 

2.2.2 The title of the chassis unit shall be as shown in the title block of the 
schematic. 

2.2.3 The drawing number of the chassis unit shall be as follows: 

2.2.3.1 For LEA numbers, the number will be composed of the letters 
" L E A  followed by the drawing number (8 digits) as shown on the 
assembly, if one exists. Otherwise the schematic number will be 
used. NOTE: Revision level is omitted. 

2.2.4 The title, drawing number, and serial number (SIN) shall be positioned as 
follows for a standard 19 inches rack mounted chassis: 

1. Top of lettering shall be 1.59 mm [0.06 inch] from top edge of panel. 
2. Drawing number is 50.8 mm [2.00 inch] from left edge of panel 
3. Serial number is 50.80 mm [2.00 inch] from right edge of panel 
4. Chassis title is centered on panel 

LEAXX-XXXXXX CHASSIS TITLE SERIAL NO. - 

2.3 Chassis Plates and Other Panels 

2.3.1 Markings on other than the front of the front panel may be applied with 
silk-screen, rubber stamp, or labels, and covered with protective coating if 
necessary. 

2.3.2 Multi-channel circuits withn the same chassis shall be marked to read from 
right to left on the outside of the rear panel. (see 2.1.6.2) 

2.3.3 All schematic reference designations shall be marked immediately below or 
adjacent to the referenced component. Reference designation shall be per 
ANSI Y32.16. The marlung shall be readable after assembly of components 
and wiring. 
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2.3.4 All markings on the top of chassis plates or top covers shall be readable 
from the front of the chassis. 

2.3.5 All markings on the bottom of chassis plates or bottom covers shall be 
readable from the rear of the chassis. 

2.4 Component Marking 

2.4.1 Circuit Breaker current rating shall be marked on the back of the panel and 
be visible after chassis assembly. 

2.4.2 Plug-In components shall be marked with component designation on the 
plug-in side and with the'socket designation "X" preceding the component 
designation on the wiring side. 

2.4.3 Terminal Strips shall have the first and last contacts, and every fifth contact 
in between marked on the panel. If terminal strip is mounted through the 
chassis marlung shall appear on both sides. 

2.4.4 Fanning Strips, when used with a terminal strip, shall be marked in the 
same manner as the terminal strip. 

2.4.5 Variable Transformer swinger fuses shall be marked with transformer 
component number and fuse rating. 

2.4.6 All fuses shall have their amperage value and the words SLO BLO, if 
applicable, marked adjacent to the fuse holder. 

2.4.7 Chassis with 250V or more shall have a "CAUTION or "DANGER label 
attached or marked with the appropriate multi-colored legend. See LED 43- 
01-15-A1 for more details. 

2.4.8 Chassis with dual 117 VAC power sources shall have a "CAUTION - Dual 
AC Voltage Source" label attached or marked. 

2.4.9 All components mounted through a panel with leads or connections 
extending through the panel shall have their reference designations marked 
on both sides of panel. 

2.4.10 All components used for operating and maintaining equipment shall have 
their descriptive function: e.g., ON, OFF, Start, Stop, Voltage Adj., etc., 
marked on the front (operating) side of the panel and the reference 
designation marked on the opposite side of the panel. 
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3.0 Assembly 

3.1 General 

3.1.1 Components marked with values and ratings shall be mounted so that they 
can be easily read. When it is not possible to mount a small component 
(such as a diode) to show both the part identification and polarity, the unit 
shall be mounted so the part identification marking is visible. 

3.1.2 Components with a mounting key slot shall be positioned with the slot on 
the bottom. 

3.1.3 All fastening hardware shall be locking/captive type. 

3.1.4 No more than three terminal lugs shall be attached to a bolt or screw. 

3.1.5 Bolted or screwed electrical connections shall not depend on any insulating 
material to maintain contact pressure. 

3.1.6 Ceramic and ceramic-coated parts shall be mounted with nylon or fiber 
washers in contact with the ceramic surfaces. As a general rule, resilient 
washers shall be used whenever brittle materials are bolted in assembly. 

3.1.7 When using threaded hardware, there shall be one to three threads visible 
beyond the front of the nut. 

3.1.8 A flat washer shall be placed between the head of the screw and any non- 
metallic materials and over a slotted hole. 

3.1.9, Split or internal tooth lock washers should be used when self-locking 
screws or nuts are not available. 

3.2 Component Mounting 

3.2.1 Chassis receptacles shall be mounted so that the key-way and/or first 
numbered or lettered terminal will be on the 12 o'clock position. 

3.2.2 Preferably the ground pin of an AC receptacle should be oriented in the 
"up" position when mounted. 

3.2.3 When heatsinks are specified for components, thermal heatsink compound 
or silpad should be used unless otherwise specified. 

3.2.4 Control knobs and shaft couplings shall have metal inserts and be secured 
with two Allen-head set screws that are set at 90 degrees to each other. 
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3.2.5 When mounting an open-backed terminal strip on a metal surface, an 

insulating sheet, 1 mm [.04 inch] to 2mm [.08 inch] thick, shall be used 
between the terminal strip and metal surface. 

3.2.6 Semiconductors requiring lead trimming shall be sheared to required 
length, not clipped with diagonal-jaw cutting pliers. Lead lengths shall be 
such that, when the device is fully inserted in the socket, there will be 
approximately lmm of space between the body of the device and its socket. 
(See Illustration) 

I 
SOCYET - ' , !  ) ,:.oo-- [O.OL!  

3.2.7 Knobs shall be positioned on shaft in accordance with manufacturer 's 
specifications, or as follows: 

i - - MINIMUM CLEARANCE 
' I  

3.2.8 Fuseholders require a rubber washer be used between the fuseholder body 
and the panel. 

3.2.9 Fan Assemblies shall have finger guards installed on the inside and outside 
of the chassis. 
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3.2.10 Multi-Deck Switches or Potentiometers should have the "A" section of the 
switch or the lower " R  number closest to the mounting surface. 

pane1+ S1-A Sl-B SI-C Sl-D 

Multi-Deck Switch 

Stack Potentiometers 

3.2.11 Component leads shall extend out from component body at least 2 mm [.08 
inch] before any bend is made. There shall be at least 4 mm [.I56 inch] 
length between the component and the soldered connection. 
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4.1 General 

4.1.1 Tools used to shape leads shall not damage the leads. The use of round- 
nosed pliers or automatic lead forming machines is recommended. 

4.1.2 Interconnection leads should be provided with a service loop at the wiring 
termination unless identified by "A" on line of schematic, whch shall be as 
short as possible, but not taut. 

4.1.3 Wires shall be arranged to prevent abrasion of the insulation. Long runs of 
wire shall be secured with ties or clamps. 

4.1.4 All wiring connections should be accessible for maintenance. 

4.1.5 Transparent tubing or shrink tubing shall be used over wiring connections for 
inspection purposes. 

4.1.6 An electronically interlocked safety device shall be provided when voltages 
of 250V or more are present. 

4.1.7 Circuits greater than 1000 volts shall be wired with a minimum clearance to 
ground or to adjacent components of 25 mm [1.00 inch] per 10 kV, or 6.0 mm 
[0.24 inch], whchever is greater, after allowing for the voltage rating of any 
separating insulation. 

(I+ 11 4.1.8 There shall be a ground screw assembly located and labeled or "EG" on 
the chassis plate. The sole purpose of t h s  assembly is to establish an earth 
ground. Note: For electrical connections see 4.1.9.9. 

WASHER s 
4.1.9 Wire Termination 

4.1.9.1 Terminal lugs shall be closed ring and of the proper stud size and 
wire gauge. The barrel of the lug shall be filled with solder or 
crimped. 
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4.1.9.2 Wires shall not be spliced. The insulation on a wire shall be 
continuous between terminations. 

4.1.9.3 Unused component wire leads, such as transformer center tap, shall 
be terminated at tie points. 

4.1.9.4 A tie point shall be used for the junction of two or more wires and 
/or the termination of single component leads. (See 4.1.9.3) 

4.1.9.5 Unused terminals on any component shall not be used as tie points. 

4.1.9.6 When solid wire is specified, the wire may be terminated with a lug 
or soldered to a terminal. 

4.1.9.7 Where there are removable or hinged portions of a box and/or 
chassis with components, a separate wire is required to ensure a 
good ground between the removable or lunged portion and the box 
and/or chassis. 

4.1.9.8 Thermocouple wire that terminate at a screw may be terminated by 
looping wire around screw in a direction that will tighten the loop 
when screw is tightened. 

4.1.9.9 Ground connections shall be connected to "& " or "EG". Ground 
connections shall be free of paint or insulaticg materials. 

4.1.9.10 A tight mechanical connection of all wires to a terminal point should 
be made before applying solder. 

4.1.10 Wire Routing 

4.1.10.1 Grommets shall be used to protect wires passing through metal 
surfaces. 

4.1.10.2 Wires within a wire harness should be parallel with a minimum of 
crossover. The harness shall be routed to eliminate interference with 
components, contact with heat dissipating items or abrasion of sharp 
or rough edges. 

4.1.10.3 Special consideration should be given to routing wire harnesses 
w i h n  a chassis that contains a combination of: digital signal, relay 
control power, AC voltage, and High Voltage. 
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,, 4.1.10.4 Tie-wraps or nylon lacing will be used for bundling wires. Ties at 
breakouts should be made as close as possible to each side of 
breakout and as close to each side of bend without placing the tie in 
the bend itself. Sufficient tie down clamps must be used to secure all 
wiring harnesses to chassis. 

4.2 Wire Type and Sizes 

4.2.1 Hook-up wire shall be per MIL-W-16878, Type C and D for vinyl and Type 
EE for Teflon. Wire wrap wire shall be Kynar (polyvinylidene fluoride) 
insulated. 

4.2.2 117 VAC shall be No. 18 AWG minimum per MIL-W-16878, Type C, or No. 20 
AWG Teflon (5 Amps max.). 

4.2.3 All chassis hook-up wire shall be of a size selected from the following table: 

4.3 Color Code 

4.3.1 Color values shall be within the limits defined in EIA Standard RS-336. 

4.3.2 Chassis Hook-up Wire shall be coded as in the table below: 

Black 
Brown 

Red 
Orange 

Yellow 
Green 
Blue 

Violet 

Gray 
Whte 

Grounds, grounded elements 
Heaters, Filaments, transformer secondary lead 
Primary Power Supply - Positive Voltage 
Secondary Power Supply - Positive Voltage, Screen 
grids in tubes 
Cathode, transistor emitters 
Control grids, transistor bases, signal leads 
Anodes (plates), transistor collectors (that are not tied 
directly to power supply - Positive Voltage) 
Primary Power Supply - Minus Voltage, below ground 
returns (not tied to ground) 
AC Primary Hot leg - power and interlock wiring 
AC Neutrals 
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4.3.3 Polarities and color codes listed in the table below shall be carefully followed 
for the safety of equipment users: 

4.4 Miscellaneous 

Power 
Line 

Terminal 

"Hot" 

"Neutral" 

"Ground" 

4.4.1 AC wiring shall be twisted unless otherwise specified. Preferably, AC wiring 
will be routed on the underside of the chassis plate and/ or routed separately 
from other wires. 

4.4.2 Potentiometers and variable resistors shall be wired so that "CW" or an arrow 
designates clockwise rotation as viewed from the shaft end. 

AC Connector 
Terminal 

Pin 
Brass 

Silver / Nickel 

Green (Round or 
U-Shaped Pin) 

,.' 4.4.3 Any voltage-dropping resistance used with an indicating light shall be 
connected between the light and the "Hot" or Primary voltage source. 

"Hot" or Primary Voltage 

Power 
Cord 
Wire 

Black 

White 

Green 

4.4.4 The power switch, the fuse and the "power on" light shall be connected to the 
"Hot" side of the 117V AC power line. The wiring sequence should be 
switch, fuse, light, unless otherwise specified. 

Load 

European 
Power 
Cord 

Brown 

Blue 

Green 
w / stripe 

Chassis 
Wire 

Gray 

White 

Black (or 
Grounding 
Terminal) 
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4.4.5 Incoming or "Line Side" AC wiring shall be connected to components as 
foIlows: 

4.4.6 All exposed AC voltage wiring shall be covered for safety in an appropriate 
manner such as with a non-conductive material lucite or shrink tubing. 

Components 
Switch, single-throw, terminals on each end. 
Switch, double-throw (used as single-throw) . 

4.4.7 Verify that chassis is free of sharp burrs, metal shavings, wire clippings, 
solder splatter and other foreign material which could cause electrical shorts. 

Connection 
Top terminal 
Swinger side 

-- 5.0 Quality Assurance 
i 

5.1 The manufacturer shall perform all specified tests and inspection requirements, and 
shall verify that the materials, dimensions, markings, and workmanship meet 
requirements. 

5.2 Manufacturers' test equipment, inspection methods, and test data shall be 
acceptable to LLNL. 

5.3 Certificate of conformance shall accompany each shpment of product when 
specified. 
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Revision History 

11.5.1 Introduction 

Date 

May 2002 

Electrical safety (as it relates to electrical equipment) is concerned with assuring that 
potentially hazardous, electrically energized equipment is free from reasonably 
foreseeable risks of fire, electrical shock, and related hazards. Hence, by implication, 
such equipment is reasonably safe for its intended use. 

The National Nuclear Security Administration (NNSA) of the U.S. Department of Energy 
(DOE) requires all National Laboratories, including those operated by the University of 
California, to comply with federal regulations regarding the safety of electrical 
equipment. This obligation is consistent with quality design practices, a good safety 
program, and with what is already practiced in the electrical equipment industry. It is 
therefore incumbent upon the PYRI to use due diligence to ensure compliance with this 
obligation. 

Author 

Chuck Pomemacki 

The LLNL ES&H Manual, Vol. 11, Part 16, "Electrical," governs the requirements for 
electrical equipment at LLNL. Two Work Smart Standards govern the safety of our 
electrical equipment: WSS B56 and WSS B57. WSS B56 is 29 CFR 1910 (Subpart S, 
Electrical), also known as the Occupational Safety and Health Administration (OSHA) 
standards. WSS B57 is NFPA 70 (1999), also known as the National Electrical Code 
(NEC). The Work Smart Standards are specified in Appendix G of Contract 48. 

Revision 

Revision 0: Original release. 
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11.5.2 Terms and Definitions 
Authority Having A person who interprets the requirements of electrical codes 
Jurisdiction (AHJ) and standards, approves electrical equipment for use, and 
(electrical) coordinates the activities of staff. 

AHJ-approved Non-NRTL electrical equipment that has been examined by an 
AHJ field representative and found acceptable in accordance 
with the criteria defined in LLNL's AHJ Program. AHJ- 
approved equipment will have a label affixed identifying it as 
such. 

The diligence reasonably expected from, and ordinarily 
exercised by, a person who seeks to satisfy a legal requirement 
or to discharge an obligation. Alternately called "reasonable 
diligence." 

Due diligence 

Electrical component An electrical element that is embedded in a larger assembly 
(chassis or rack) of elements and is not, by itself, usable by an 
operator. 

Electrical equipment Electrically-powered technology that is field installable as 
stand-alone or rack-mounted and ready to be electrically 
energized and used by an operator. 

Intended use 

Examination A process performed by a person qualified to evaluate whether 
or not electrical equipment is free from recognized hazards and 
meets code requirements. 

NRTL products or services are labeled or listed for a specific 
environment or installation application. For example, electrical 
enclosures may be labeled or listed according to consensus 
standards such as the National Electrical Manufacturers 
Association (NEMA) as Type 1,3,3R, or 12. 
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Non-NRTL A product (or assembly) that has not been evaluated by an 
NRTL, is therefore neither listed nor labeled, and is required to 
be submitted to LLNL AHJ evaluation and acceptance prior to 
being used at LLNL. Non-NRTL equipment may include 
custom-built apparatus, NRTL-listed or labeled products that 
have been altered, equipment that has not been inspected or 
that has been inspected by a test facility not recognized by 
OSHA as an NRTL, or unique electrical equipment received 
from another DOE lab. 

NRTL Nationally Recognized Testing Laboratory. An organization 
that is recognized by OSHA as an acceptable laboratory for 
product evaluation and maintains records of periodic 
examinations of equipment and materials. The NRTL ensures 
that equipment and materials comply with designated standards 
or are tested to determine their suitability for use. 

Equipment or materials ("products") or services included in a 
list published by an NRTL. The Listing Mark on a product is 
the manufacturer's representation that samples of that complete 
product have been tested by the NRTL to nationally recognized 
safety standards and found to be free from reasonably 
foreseeable risk of fire, electric shock, and related hazards. 
Alternately called "NRTL-certified." 

Potentially hazardous Equipment that is electrically energized to 50 V potential or 
electrically energized greater AND 5.0 mA current, OR 10 J or more of stored 
equipment energy. Note that all equipment powered by 120 V (nominal) 

and employing a standard cord and plug meet these criteria and 
might be potentially hazardous. 

Reasonably safe Electrical equipment that is NRTL-listed or AHJ-approved. 

(electrical equipment) 

Page 4 Revision 0: May 2002 



Engineering Design Safety Standards 
Sec. 11.5: Acquiring Elec. Equip. & Components 

Recognized A UL term identifying component products that have been 
component (RC) tested and evaluated by UL's Component Recognition Service, 

but that are incomplete or restricted in performance 
capabilities. These components may be used in an assembly as 
a complete end-product or system that is listed by UL (see 
NRTL-listed). The UL RC Mark (w) means that the 
component is electrically safe provided it is installed and used 
as documented by the manufacturer. An assembly consisting 
entirely of RC components is not assumed to be the equivalent 
of a listed product; the finished assembly must still be 
evaluated. 

11.5.3 Ascertaining the Safety of Electrical Equipment 
The LLNL ES&H Manual, Vol. II. Part 16, Document 16.1, "Electrical Safety," 
documents the conditions of approval and use for all electrical equipment at LLNL. In 
accordance with these conditions, all potentially hazardous equipment connected or 
plugged in to the Laboratory's electrical system must be either listed by a Nationally 
Recognized Testing Laboratory (NRTL) or approved by the electrical Authority Having 
Jurisdiction (AHJ). 

Note: No equipment is "guaranteed safe" by either the NRTL or AHJ mechanisms. It is 
only (by testing andlor visual inspection) "found to be free from reasonably foreseeable 
risk of fire, electric shock and related hazards.. ."' 

11.5.3.1 NRTL Listing 

Commercially-available electrical equipment that is certified (i.e., listed) by a third-party, 
nongovernmental, independent agency known as a Nationally Recognized Testing 
Laboratory (NRTL) is automatically approved for use at LLNL. This is true so long as 
such equipment is used in accordance with the NRTL's approved listing conditions. 
OSHA grants NRTL certification to an organization, and 19 organizations currently are 
recognized as NRTLs. Each NRTL is a laboratory qualified for product evaluation. An 
NRTL tests samples of complete products to nationally recognized safety standards. An 
equipment manufacturer is certified by an NRTL to apply the NRTL certification mark to 

' Excerpted from The Code Authority, vol. 6, no.1, Underwriters Laboratories Inc. (1997), 

http://www.ul.corn/auth/tca/v6n l/difference.htrn. 

Revision 0: May 2002 Page 5 



Engineering Design Safety Standards 

Sec. 11.5: Acquiring Elec. Equip. & Components 

specific products. These products are listed in the NRTL data base. Much of the electrical 
equipment manufactured for use by the general public bears certification labels from 
NRTLs. Quite often, such certification comes from the industry-leading Underwriters 
Laboratories Inc. (UL). 

While our main concern is the custom and one-of-kind R&D equipment built at LLNL or 
built elsewhere for us, we are also concerned with special, commercial scientific 
equipment that often does not have NRTL certification. RIs who conduct R&D 
experiments can be especially affected. NRTL labeling may or may not appear on 
potentially hazardous, electrically energized scientific equipment. Any potentially 
hazardous, non-NRTL electrical equipment the Lab buys or builds must be examined by 
an Authority Having Jurisdiction (AHJ). 

If commercially-available electrical equipment is not NRTL-listed, and if the equipment 
cannot be obtained as NRTL-listed through alternate sources of supply, it must be AHJ- 
approved before it can be connected to the LLNL electrical system. 

11.5.3.2 AHJ Approval 

The Authority Having Jurisdiction (AHJ) program at LLNL provides a mechanism for 
accepting non-NRTL equipment for use at LLNL. The program is described in the LLNL 
ES&H Manual, Vol. 11, Part 16, Document 16.3, "LLNL AHJ Requirements for 
Approving Electrical Equipment, Installations, and Work." The AHJ program is also an 
implementation vehicle for a portion of the Engineering Policies and Procedures 
Manual, Section 3, "Directorate Quality Assurance Plan." The subsection on nuclear 
facilities addresses important requirements of the Price-Anderson Amendments Act of 
1988 (PAAA) relating to Safety Class and Safety Significant equipment in nuclear 
facilities. 

Coleaders of the Electrical AHJ program come from the Engineering and Laboratory 
Services directorates. The Program AHJ, from Engineering, is responsible for approval of 
programmatic electrical equipment. The Building AHJ, from Laboratory Services, has 
primary oversight concerning NEC compliance and electrical equipment approval related 
to construction and infrastructure (i.e., premises wiring). 
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A number of AHJ field representatives have been trained to examine and approve or 
reject electrical equipment that is ~ o ~ - N R T L . '  The AHJ field representative will conduct 
a visual examination of any potentially hazardous, non-NRTL equipment. An AHJ visual 
(or "level-one") inspection of non-NRTL electrical equipment establishes a defined 
threshold of electrical equipment safety for that specific equipment item. If the equipment 
is deemed acceptable, the representative will affix an approval label. If the equipment 
fails the examination, the representative will affix a rejection label. The AHJ field 
representative generates a report documenting the results in the LiveLink data base, 
which is available to all LLNL A H  field representatives. A copy of the field report is 
available to the RI. 

As an example, most battery-powered equipment will not need NRTL certification or 
AHJ approval. Examples include flashlights, pagers, and portable radios. However, 
NRTL labels are needed for the chargers of such equipment. 

11.5.4 Verifying NRTL Status 
Before ordering NRTL-listed equipment from a supplier, it might be necessary to verify 
that the equipment is in fact NRTL-listed. Unfortunately, it is common to hear or read a 
claim that equipment is NRTL-listed and later discover that it is not. A given 
manufacturer might have some equipment models NRTL-listed, but also have other 
equipment models that are non-NRTL. Sales representatives are often enthusiastic about 
their product and might not actually know its NRTL status. Sales brochures and web sites 
often show UL, CSA, or other NRTL marks, but the marks might apply to certain models 
and not to others. The marks might refer to a corporate capability to do NRTL 
certification if requested (for a fee). Or, the marks might refer to the fact that UL certifies 
the supplier as I S 0  9000 (which is a QA certification, not electrical safety certification). 
Statements might be made by the manufacturer that their equipment is "designed," "built 
to," or "compliant with" U L  standards-which may well be true. However, none of these 
claims equate to actually being NRTL-listed. The only way to know the listing status of a 
product is to verify it with the NRTL certifying organization (UL, CSA, etc.). 

European common-market electrical safety mechanisms are different from OSHA third- 
party certification. In Europe, the equipment manufacturer, not an independent third- 

' Training is available through Lab course HS5290/HS5290-C, Electrical Program Authority Having 

Jurisdiction Field Representative Training Program Qualification & Certification. 
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party, bases their Conformit6 EuropCen (CE) Declaration Of Conformity (DOC) on a 
self-certification mechanism. Certificates of conformity may be useful as part of an AHJ 
investigation, but they are not, by themselves, an alternative for NRTL certification. CE- 
marked electrical equipment may indeed be of high quality in its design, fabrication, and 
safety characteristics, but that alone does not relieve the requirement for NRTL 
certification of equipment used at LLNL. CE marking is not acceptable to OSHA. 

11.5.4.1 Equipment 

If you actually know-through prior experience and confirmation-that the electrical 
equipment you want to purchase is NRTL-listed and labeled, then proceed with the order. 
If the NRTL certification status is not known, the equipment manufacturer can be a 
source of information about the status of electrical equipment that is being considered for 
purchase. Ask if the equipment (product) has an NRTL label. If it is not NRTL-listed, 
you might wish to find another source of equipment. If there are no alternate sources of 
NRTL-listed equipment for your application and the decision is made to purchase a non- 
NRTL product, then the product must be approved by an LLNL AHJ field representative 
before it is used or connected to the LLNL electrical system. If a seller informs you that 
the equipment you intend to purchase is NRTL-listed, you might want to confirm the 
NRTL status independently. Ask the seller for the NRTL File Number (UL example: 
E162647) and a copy of the "Listing Page." This information, along with the 
manufacturer's name (e.g., Tektronix) and model number, can be verified by the NRTL. 
NRTL web sites-for example, the UL Certifications web site (http:Nwww.ul.com; click 
on "Certifications") and the CSA Certifications web site (http://www.csa- 
intemational.org; click on "CSA Certified Product Listingsy')-are also useful resources. 
Other NRTLs might not have web site data bases, making a telephone call necessary. 
Appendix A provides an example UL Listing Page and verification information. The 
OSHA web site http://www.osha.gov/dts/otpca/nrt1/index.html lists all 19 NRTLs and 
contains a link to a page showing their various Marks. 

11 54 .2  Components 

It is recommended that Recognized Components be selected and used in the design of 
electrical equipment that may affect electrical safety. 

Manufacturers of RC products have technical reports about product descriptions, 
engineering considerations, and "Conditions of Acceptability" for specific components. 
The manufacturer will supply the report for a given UL File number (example: E94081) 
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on request. The UL file number for the component can be verified at the UL 
Certifications web site (http:ll www.ul.com; click on "Certifications"). Appendix B 
provides an example report and verification. 

The equipment designer should ensure that the Conditions of Acceptability associated 
with use of a specific component are addressed in the design phase. Failure to address 
such conditions risks rejection of the equipment in the subsequent AHJ examination. 

11 3.5 Methods for Acquiring Electrical Equipment 
There are various means for acquiring electrical equipment for the Laboratory: 

1. It may be purchased (as COTS or built for LLNL) or rented through several 
mechanisms (see Figure 11.5-1 for additional detail): 
a. Unicard transaction 
b. Material transaction 
c. Blanket Order Release 
d. Requisition 

2. It may be borrowed from an outside organization. 

3. It may be obtained as "excessed" equipment from another government agency. 

4. It may be built at LLNL. (This subject is treated in Section 1 l . ~ ) . ~  

Equipment built by or for the Laboratory needs to incorporate AHJ design standards at the beginning of 
the design cycle so that subsequent AHJ examination of the equipment results in AHJ approval. Section 

1 1.1, "Designing and Fabricating Safe Electrical Equipment," addresses this subject. 
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See Appendix C for additional information. 

Unicard 
Transaction "B" Order 

Material (> $25 K) 
Transaction [N RTL 

(System Clause 
Contract) Applied*] 

Figure 11.5-1. Procurement and Material purchasing mechanism. 

Regardless of how the electrical equipment is acquired, it must be NRTL-listed or AHJ- 
approved before connection to the LLNL electrical system. 

TRR 

11.5.5.1 Safety As a Factor In Supplier Selection 

Blanket Blanket 
Order Order 

"Release" "Release" 

Requisition 
b 

Approved 
Blanket Order 

Buyer 

In purchasing electrical equipment to fulfill an application requirement based on 
technical performance specifications, it is often possible to select among several 
commercial suppliers. Given several suppliers whose products meet the needed technical 
performance specifications for the application requirement, a selection decision is 
generally driven by price considerations. This seems reasonable-among a set of equals, 

"A" Order * "Verbal" 
(< $25 K) 

choose the one that has the lowest price. However, one of our specifications is that the 
equipment we acquire for the Lab be reasonably safe. That is, it must be NRTL-listed or 
AHJ-approved before connection to the LLNL electrical system. If the selection is among 
suppliers that all offer NRTL-listed equipment, then the choice is simplified. However, if 
some suppliers are offering NRTL-listed equipment and others are offering non-NRTL 
equipment-at lower prices (curiously)-then selection is no longer among a set of like 
choices. If a lower-priced, non-NRTL equipment item is selected, then it must be 
examined by an AHJ and the AHJ examination effort charged against the requesting 
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account. Given the total cost (equipment price plus examination charge), it might be 
advisable to acquire a somewhat higher-priced equipment item that is NRTL-listed and 
avoid the AHJ examination charge. Additionally, there is a risk in purchasing non-NRTL 
electrical equipment, as it might not pass an AHJ examination. If it fails the examination, 
the equipment could require expensive modifications, or might be unusable at LLNL. 

In general, NRTL-listed electrical equipment should always be selected unless 
programmatic performance requirements can only be met from a manufacturer of non- 
NRTL electrical equipment. Even then, it may be preferable to ask that manufacturer if 
they offer an NRTL listing service for that equipment item at an additional fee. The fee 
may be lower than the cost of an LLNL AHJ examination for complex equipment. In 
some situations, it may even be worthwhile to consider having an NRTL perform a field 
evaluation on LLNL-built equipment. 

11.5.5.2 Responsibilities 

There are two individuals in the procurement path for purchasing new electrical 
equipment. The first is the PVRI (likely equipment owner) as the requester. The second is 
the Technical Release Representative (TRR). It is important that there is a conscious 
effort to address the NRTLIAHJ issue during the order generation process. The TRR can 
have a positive role in raising this issue if the NRTLJAHJ topic is not clearly defined in 
an order request. Nevertheless, the PI/RI is ultimately responsible for the electrical safety 
of all equipment procured and operated under their purview. 

11 5.5.3 Equipment to Be Used Off-Site 

Scientific, engineering, and technical work at LLNL may involve purchasing or building 
electrical equipment for others or for use at off-site locations (DOE or non-DOE). It is the 
AHJ and Engineering policy that such equipment is subject to the same rigor in electrical 
safety requirements (NRTLJAHJ) as that imposed on equipment used at LLNL. 
Generally, LLNL-built equipment is operated on-site in a test phase before it is 
transferred to others. Hence, it must conform to on-site electrical equipment safety and 
operational safety requirements during the test phase. 

11.5.6 Summary 
In summary, before potentially hazardous electrical equipment can be operated on-site or 
connected to the LLNL electrical system and used for its intended purpose, it must be 

Revision 0: May 2002 Page 11 



Engineering Design Safety Standards 
Sec. 11.5: Acquiring Elec. Equip. & Components &/NEERING @ LLNL 

either NRTL-listed or AHJ-approved. A catch-phrase-"Buy NRTL or Go AHJ!"-has 
been coined as a reminder of this requirement. This requirement applies to: 

Equipment designed and built at LLNL 

Equipment built outside to LLNL design specifications 

Commercial equipment 

Equipment acquired by any other means 

It is important to remember the two basic elements in the electrical safety equation: the 
equipment itself and how the equipment is used. NRTL certification or AHJ approval 
focuses on the equipment portion, while Operational Safety focuses on how it is used. 
This section emphasizes the NRTLIAHJ equipment function, but this is only a part of the 
complete picture of establishing overall electrical safety at LLNL. 
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10 Amp, dual I-wlre switch matrix. Model VX4381 

10 Amp SPST switch module. Modcl VX4351. 

120-Channel relay mux, Model VX4330. 

256-Crosspolnt relay matrix. Model VX4380. 

Accessory cable. Model AFlDS. 

AC current transformers, Modcls CT-I. -2. 
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Communications signal analyzer . Model CSA8000. 
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Nicam modulator. Model 728M. 

TDS2lO. -220. .224. -340. -340A. -360, -380,420A. -430A. -460A. -510A, -5208, -520C. -520D. -540B. -540C. -540D. -580C. J80D. -6200, -620C. 
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RF switching module, Model VX4320. 

SDWSONET line code converter. Model SCIOOA. 
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Appendix B Example RC Report and 
Verification Information 

The following pages contain examples of a manufacturer's product data sheet, 
information about the manufacturer's products (as listed on UL's web site), engineering 
considerations, and conditions of acceptability. 1mportant information, such as product 
name and model number, the UL RC mark, and UL file number, are identified on the 
various examples to act as guides on what to look for when verifying a component's 
NRTL status. 
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E-MAIL#: sales@puliui.com HOMEPAGE (URL): http:l lw.pulini.com 
ALES: (800) 870-2248 FAX: (605) 334-4999 or (605) 334-261 1 A 

[ TPC 981 3 1 2 0 ~ -  and 240V-, 10,50160 Hz, 15A. 20A and 30A 
w 

Models C, D, F are 2"6 Edition 
with attached 
cable 

- - 

RACK MOUNTED 
EIA standard for 19" racks 
Hole s~acina to IEC 297 

I NEMA Power Input Plug: I 5-15P 1 5-20P I NIA I L5-30P 1 L5-30P 1 L6-30P ( L6-30P 

NOTE: 120Vl30A units utilize a 2 p l e  breaker with four outlets per pole and the HOT line is separated into two HOT lines, one through each pde. 

~ e i ~ h t  1.75'(1~) x Depth 7.0" 
16 GA. Steel, Zinc Plated 
Approximate shipping weight 7 Ibs. 
for models A and B. 8 lbs. for models 
C, D and F. 
Pulini recommends chassis support 
brackets, from your cabinet supplier. 
should be utilized. 

12 NEMA OUTLETS 
2 on front and 10 on rear panel. 
Other NEMA outlets are optional. 

The TPC 2104 is the international IEC version of the TPC 981 systems. 

Please reference the product specifications for the TPC 2104 for further details. 

-- p~ - -- 

EMllRFl FILTERING 
Common Mode Line to Ground 
Differential Mode Line to Line 

---- ~ 

INDICATOR LIGHT 
One neon indicator light illuminates 
when the circuit breaker is in the 'on" I 

I -A I -A2 I -0 Y-c J I -D I -F I -E 

1 UUCSA 1 UUCSA 1 UUCSA ~ S A  1 UUCSA 1 UUCSA 1 

SPIKEISURGE SUPPRESSION 
Line to Neutral . Line to ~~~~~d . ~ ~ ~ t ~ ~ l  to ~~~~~d 

POWER INPUT 
able with is " 

unit through the rear panel cable grip. 
Model B does not come standard with 
a plug but is available as an option. 

position. 
OVERLOAD CIRCUIT PROTECTION 

Precision electromagnetic breakers. 
with a long time delay curve, provide 
both manual onloff switching and 
open (trip) automatically with an 
overload condition. 
When the front duplex is wired as 
unswitched, a ,5A or 20A thermal 
resettable breaker is provided. 
Kick Guards provided. 
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9.0 ENCLOSED ELECTRICAL/ELECTRONIC EQUIPMENT 

9.1 PURPOSE 

This section provides guidelines to 

1. complement existing electrical codes and recommend industry standards, 

2. improve electrical safety in the work environment for personnel within the DOE complex. 

3. eliminate the ambiguity and misunderstanding in design, construction and implementation 
requirements for electrical/electronic equipment, and 

4. assist the AHJ in providing information for acceptance of equipment within the scope of this 
document. 

9.2 SCOPE 

This section addresses enclosed electrical/electronic equipment electrical safety guidelines 
which are not specifically addressed elsewhere in the Electrical Safety Handbook.  These types 
of equipment include: instrumentation and test consoles; enclosed electrical/electronic 
equipment; other laboratory diagnostic electrical/electronic equipment (stationary or mobile) 
mounted in or on an enclosure, rack or chassis; and special electrical/electronic equipment 
facility requirements. 

9.3 GROUNDING AND BONDING 

Many ground system types exist within electrical equipment. All metal parts of electrical 
equipment enclosures and chassis shall be bonded and grounded as per the NEC. The 
methods chosen to avoid ground loops and reduce noise shall meet the requirements of the 
NEC 250.6. 

9.3.1 OBJECTIONAL CURRENT OVER GROUNDING CONDUCTORS 

Enclosed Electrical/Electronic equipment has both power and signal conductors entering and 
leaving these enclosures. Objectionable currents and noise may be the result of the design or 
installation of conductors and equipment and their grounding locations. NEC 250.6 addresses 
these objectionable currents and noise (See Section 10.9.2.1). 

NEC 250.6 must be used with care because it seems to give blanket authority to do whatever is 
necessary to stop objectionable currents from flowing in the grounding system. This is not the 
intent.  NEC 250.6D specifically indicates that the introduction of noise or data errors in 
electronic equipment shall not be considered objectionable currents, as addressed therein.  
Therefore, such objectionable currents must be handled in other ways.  NEC Section 250.6 
principally deals with objectionable currents that can flow over grounding conductors due to 
severely unbalanced loads or improper installation practices.  NEC 250.96(B) provides 
requirements for isolation of grounding circuits to reduce electrical noise (EMI).  Because of the 
complexity and number of interconnections of most grounding systems, the NEC allows 
modifications of the grounding system and connections in order to address such problems. 
Those permitted: 
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1) Arrangement to prevent objectionable current. Grounding of electrical systems, circuit 
conductors, surge arresters, and conductive noncurrent-carrying materials and equipment 
shall be installed and arranged in a manner that will prevent an objectionable current over 
the grounding conductors or grounding paths.  Use of a single-point grounding system, as 
well as meeting the other requirements of NEC Article 250, will usually overcome problems. 

2) Alterations to stop objectionable current. If the use of multiple grounding connections results 
in an objectionable current, one or more of the following alterations are permitted to be 
made, provided that the requirements of NEC 250.4(A)(5)(B)(4), are met. Such permitted 
alterations are: 

1. Discontinue one or more, but not all, of the grounding connections;  

2. Change the locations of the grounding connections; 

3. Interrupt the continuity of the conductor or conductive path interconnecting the grounding 
connections; and/or 

4. Take other suitable remedial action satisfactory to the authority having jurisdiction. 

3) Temporary currents not classified as objectionable currents.  Temporary currents resulting 
from accidental conditions, such as ground-fault currents, that occur only while the 
grounding conductors are performing their intended protective functions shall not be 
classified as objectionable. This does not prohibit changes in the system to correct 
excessive current during a fault condition. 

4) Limitations to permissible alterations. The intent of NEC 250.6 is not to permit electronic 
equipment to be operated on AC systems or branch circuits that are not grounded as 
required by NEC Article 250. Currents that introduce noise or data errors in electronic 
equipment are not considered to be the objectionable currents addressed in this Section. 

Voltage differences and thus objectionable currents may exist because impedances to 
ground are not equal throughout a grounding system due to variations of the resistance of 
the earth, improper connections, or other problems. 

Even though voltage differences allow unwanted currents to flow in the grounding 
conductors, and induced noise may travel over this path, it is not to be used as a reason to 
disconnect all grounding connections to any system component.  At least one grounding 
connection must remain. 

9.3.2 EQUIPMENT GROUNDING CONDUCTOR 

The equipment grounding conductor of a power-supply cord or interconnecting cable should be 
size in accordance with NEC 250.122 and the associated NEC Table 250.122.  The minimum 
size equipment grounding conductor is based on the total rating of the enclosed equipments in 
amperes.  Note that the minimum size equipment grounding conductor may be smaller than the 
size for the current-carrying conductors; i.e., the grounded (neutral) and ungrounded 
conductors, which are sized per NEC Article 310.15 – usually following NEC Table 310.16.  
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9.3.3 ENCLOSURE GROUNDING AND BONDING 

Enclosure grounding and bonding should comply with the following requirements: (See Figs. 9-1 
thru 9-3) 

Figure 9-1 

Note:  This drawing represents typical 120/208 Volt, 
Three Phase Wye, 5 wire, ac power. 

Compression 
Clamp AC power cable

NRTL listed or labeled Power Distribution Unit
Note: Chassis or equipment drawing current 

from the Power Distribution Unit within 
the rack is called Utilization Equipment 

AC Outlets 

These chassis shall be 
bonded/grounded internally 
from the ground wire in cord 

Cabinet rails used for 
bonding/grounding chassis 

Bonding Conductor 

Identified equipment 
ground points.  
Required for these 
chassis. 

Bonding Conductor 

Required bonding/grounding 
(Same gauge or larger than 
AC power cable) 

Protective cover
removed from 
connection box 
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1) Have a common grounding or bonding bus (normally a cabinet rail). 

2) When the enclosure contains more than one bay, bond all grounding or bonding busses 
together. 

3) All mounted chassis within rack cabinets shall have a grounding or bonding conductor 
attached to the common grounding or bonding bus when the chassis is not grounded or 
bonded through the power cord. 

4) The grounding or bonding conductor shall be permanent and continuous. 

5) Subassemblies mounted in other types of enclosures should be bonded by adequate 
preparation of the mounting surfaces or by the use of a bonding conductor. 

6) To provide protection against grounding or bonding conductor breakage, conductors 
between the common grounding or bonding bus and moveable chassis should be braided 
cable or stranded wire. 

Figure 9-2 

Energized conductor - Black 
(Hot, AC source) 

Grounded conductor - White 
(Neutral, AC return) 

Equipment grounding conductor 
Green, Green with Yellow stripe, 

Bare (Ground) 
The Equipment Grounding Conductor 
and the Grounded Conductor shall 
NOT be connected together at power 
cable termination. 

Metallic case of typical power strip is 
bonded to the grounding conductor 
through means of mounting screw. 

Required ground or bonding 
wire common to the ground 
wire of the power strip and the 
ground wire of the ac power 
cable coming into this second 
rack (Same gauge or larger 
than the ac power cable.) 

These chassis shall be 
bonded/grounded internally 
from the ground wire in cord. 

AC power strip. 
Cabinet rails 

used for 
bonding. 

Bonding 
Conductor 

Identified 
equipment ground 
points. 

“Rack #1” supplying 
single phase, ac power 
to “Rack #2). 

Required 
bonding/grounding 
(Same gauge or 
larger than ac power 
cable.) 

NOTE: This drawing represents a typical 
120/208 Volt, three phase Wye, 5 
wire, ac power for Rack #1. 

These chassis shall be 
bonded/grounded 
internally from the ground 
wire in cord. 

Identified equipment 
ground points. 

Bonding Conductor 

Typical configuration for 
bonding/grounding wire 
going to cabinet rail 

Typical Single-Phase, AC plug 
for power to Rack #2 

Compression 
fitting (not 
“NM” type) 

Incoming ac power 
(Typically, 120 V, 
Single Phase) 

RACK #1 RACK #2 

Grommet Green

White

Black
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All grounding or bonding points should be tight for good continuity, identified by green color, 
permanently labeled, and properly prepared by cleaning metal surfaces to bare metal or by the 
use of serrated bushings. Anodized aluminum must be cleaned to bare metal. 

The resistance across the bonding point should be very low, so that heating stress effects due 
to power loss across the bonding point are minimized.  If a measurement is required, the 
method of measurement is to be determined by the user. The user may determine a maximum 
resistance, e.g., 0.1 ohm.   

9.3.4 SPECIAL CONSIDERATIONS 

Systems feeding power isolation transformers must continue the equipment grounding 
conductor to the equipment or the ungrounded equipment must be guarded and labeled. 

For two-wire cord connected equipment, an equipment grounding connector should be installed 
according to the manufacturer's instructions. 

NOTES: 1. This drawing represents typical 208/120-V, Three Phase Wye, 5 wire, 
ac power for Rack #1. 

 2. Multiple bays must be bonded together even if multiple Power 
Distribution Units are installed in separate bays. 

Figure 9-3 

Power 
Distribution 
Unit 

Power Distribution Unit 

All chassis with ac power input 
shall be bonded/grounded 
internally from the ground wire 
in cord. 

Required 
bonding/grounding 
(same gauge or larger 
than ac power cable) 

Rails used for 
bonding. 

Identified 
equipment ground 
points. 

Required 
grounding/bonding 
conductor to 2nd and 
3rd bay. 

Bonding conductor 

RACK CABINET
BAY #1 BAY #2 BAY #3

If ac power is routed from 
chassis to chassis, all 
parts must be NRTL listed 
or labeled for the type of 
service. 

Individual branch circuits 
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9.4 RACK POWER DISTRIBUTION 

The following guidelines will provide the necessary information to correctly install power 
distribution equipment within instrumentation racks containing electrical and electronic 
equipment. 

9.4.1 GENERAL REQUIREMENTS APPLYING TO ALL AC POWER EQUIPMENT 
WITHIN OR ATTACHED TO INSTRUMENT RACKS 

9.4.1.1 LOADS 

Knowledge of the loads that will be connected within a rack cabinet is necessary before starting 
design of a rack power distribution system. All components must be sized correctly for the loads 
and should provide for expansion. 

Equipment enclosures may or may not contain a power distribution unit. A rack power 
distribution unit contains a main overcurrent protection device and multiple branch circuits that 
are individually protected against overcurrent. Without a power distribution unit, the power wiring 
is considered part of one branch circuit. 

Branch circuit loading shall meet the requirements of NEC Article 210. (See NEC 210.21 
through 210.23). 

External convenience outlets should be connected to a separate circuit breaker. 

Where three-phase, four-wire service is utilized, the loads should be evenly distributed on all 
phases and there should be consideration of sizing the neutral conductor for certain loads (such 
as computer equipment) due to the presence of harmonic currents. (See NEC 210.4 and 
310.10). 

9.4.1.2 OTHER GENERAL EQUIPMENT REQUIREMENTS 

Rack power distribution components or assemblies must be listed by an NRTL, or have AHJ 
approval (See Section 2.5). 

9.4.2 CONDUCTORS AND CABLES SPECIFIC REQUIREMENTS. 

Each type of internal wiring for equipment or an accessory shall be acceptable for the particular 
application when considered with respect to (1) the current, ambient temperature, voltage, and 
other conditions of service to which the wiring can be subjected, and (2) exposure to oil or 
grease. 

The term "cables" refers to groupings of wires typically used for control signals, data, or DC 
power. The term "cords" refers to AC power cords. 

The basic insulation on each wire shall be rated for at least the maximum voltage to which the 
wire is connected, and for at least the temperature it attains. Additionally, the insulation should 
be rated for the maximum voltage of nearby conductors and wire to which each wire may be 
exposed.  Insulating tubing, sleeving, and tape shall be rated for at least the maximum voltage 
against which it insulates, and for at least the temperature it attains. Power and signal wires 
should be routed separately within a chassis. 
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Wires shall be routed away from sharp edges, screw threads, burrs, moving parts, etc. Holes 
through which wires are routed shall have smooth, well-rounded surfaces, or shall have a 
bushing. Clamps for guides used for routing or wiring shall have smooth, well-rounded edges. 
Pressures exerted by such clamps should not cause cold-flow or otherwise deform the basic 
insulation.  

9.4.2.1 FLEXIBLE CABLES 

Flexible cables may be used: 

1. Where flexible cables and attachment plugs are furnished by the manufacturer as part of the 
equipment to be mounted in the rack. 

2. For connection of stationary equipment to facilitate their frequent interchange.  

3. To prevent the transmission of mechanical vibration. 

4. Where the fastening means and mechanical connections are specifically designed to permit 
ready removal for maintenance and repair. 

5. For data processing cables approved as part of the data processing system. 

6. For temporary wiring. 

Where breaking or loosening of a circuit connection would render an electric shock or could 
result in a fire, such connection shall be made mechanically secure. Mechanical security of 
connections may be provided by crimped, closed ring or flanged lug, or a wrapping that forms at 
least an open U or by cable clamps, or by cable lacing, insulating tubing, or similar means. 

9.4.2.2 STRAIN RELIEF 

Wiring, cords, or cables shall be provided with strain relief as required to prevent damage. 

Additional insulation may be required when the construction of the strain relief may damage the 
insulation. The use of type NM (Romex) cable clamps on flexible cords and cables is not 
permitted. Use listed or labeled clamps. The use of any metal clamp or other means that may 
cause undue stress on the cables within or external to instrument racks is not allowed. Cord and 
cable support for AC power cable or other heavy duty or large diameter cables must distribute 
the load over a large area of the outer covering of the cable. 

9.4.2.3 SEPARATION OF VOLTAGES 

Insulated conductors of different circuits shall be separated or segregated from uninsulated live 
parts connected to different circuits unless provided with insulation suitable for the highest 
voltage involved. 

Segregation of insulated conductors may be accomplished by clamping, routing, or equivalent 
means that provide permanent separation from insulated or uninsulated live parts of a different 
circuit. 

Loose strands of stranded internal wiring, connected to a wire-binding screw, shall be prevented 
from contacting other uninsulated live parts not always of the same potential and from 
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contacting noncurrent-carrying metal parts. This may be accomplished by use of pressure 
terminal connectors, soldering lugs, crimped eyelets, or soldering all strands of the wire 
together. 

9.4.2.4 OTHER CONCERNS 

Conductors shall not be bundled together in such a way that the temperature rating of the 
conductors is exceeded.  Bundled conductors may require derating of their ampacities.  For 
example, see NEC 310.15(B)(2) and Table 310.15(B)(2)(a) 

Flexible cord should be listed or labeled and used only in continuous lengths without splice or 
tap when initially installed. 

Repairs are permitted if the completed splice retains the insulation, outer sheath properties, and 
usage characteristics of the cord being spliced.  In most instances, the entire length of flexible 
cord should be replaced, in order to assure integrity of the insulation and usage characteristics. 

9.4.3 POWER SWITCHES AND INTERLOCK DEVICES SPECIFIC 
REQUIREMENTS 

For all electrical/electronic enclosures utilizing power switches or interlocks, the following should 
apply: 

1. Interlocks should be utilized where exposed voltages (50 volts or greater) are present in 
equipment and access to the exposed live parts is not controlled (See Section 9.6.4). 

2. Ensure all line-side unprotected contacts are guarded on interlocking contactors or other 
switching equipment. 

3. Be suitable for the conditions, use, and location. 

4. Circuit breakers used for the equipment power switch will be rated for switching under load. 

5. Provide provisions for lockout/tagout requirements. 

9.5 CHASSIS POWER DISTRIBUTION 

Manufacturers are responsible for determining the safety of such chassis and/or enclosures and 
for providing documentation showing how that determination was made. Listed equipment 
should be selected by design when available.  Unlisted commercial equipment and in-house 
fabricated equipment shall be approved by the local AHJ. 

9.5.1 AC POWER DISTRIBUTION 

9.5.1.1 CHASSIS BONDING AND GROUNDING 

Metal chassis shall be effectively bonded to a main grounding point in the rack cabinet where 
necessary to assure electrical continuity and shall have the capacity to conduct safely any fault 
current likely to be imposed on it. (NEC 250.96) 
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In a chassis with ac service connected to it, the grounding terminal of its receptacle shall be 
internally bonded to the chassis frame. (NEC 250.146) 

If solder is used, the connection of the equipment grounding conductor shall not depend on 
solder alone. (NEC 250.8) 

The leakage current of cord connected equipment should be very low. 

9.5.1.2 CONNECTIONS, CONNECTORS, AND COUPLINGS 

Input/output ac power connections to the chassis shall comply with NEC requirements. 

The exposed, noncurrent-carrying, metal parts of panel mount connectors operating at 50 volts 
or greater shall be bonded to the chassis. 

Plugs and sockets for connecting any AC power source shall be NRTL-listed for the application. 
(Ref. ISA-S82.01-1992, Section 6.10.3.a) 

AC power plugs and sockets shall not be used for purposes other than the connection of AC 
power. 

Connectors operating at 50 V or greater shall be listed, rated or recommended for their intended 
use. 

Any connector used to provide power at 50 V or greater shall not allow personnel to make 
inadvertent contact with the power source. 

If plug pins of cord-connected equipment receive a charge from an internal capacitor, the pins 
shall not be capable of rendering an electric shock or electric burn in the normal or the single 
fault condition 5 seconds after disconnection of the supply.  Plug-in type connectors intended to 
be connected and disconnected by hand shall be designed so that the grounding conductor 
connection makes first and breaks last with respect to the other connections. [NEC 250.124(A)].   

The following applies for all AC power connectors within or external to electrical/electronic 
enclosures: 

1. There should be no exposed current-carrying parts except the prongs, blades, or pins. 

2. The connector shall prohibit mating of different voltage or current rating than that for the 
device intended. 

3. All connectors must be protected against overcurrent in accordance with their rated 
ampacity. (NEC 240.5) 

4. Connectors must be NRTL-listed for the application. 

5. Use of MS, PT, or other non-approved connectors is not permitted except when justified to 
and approved by the AHJ. 

If conditions require the use of a non-NRTL listed or labeled connector, such as an "MS" 
(military standard pin and socket type) or "PT" (similar to "MS" but smaller) type, for input/output 
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ac power, a warning label should be affixed next to the connector stating: "WARNING - POWER 
MUST BE REMOVED BEFORE CONNECTING/DISCONNECTING." 

9.5.1.3 TERMINALS/LIVE PARTS 

All terminals/live parts with a potential of 50 volts or greater shall be guarded to protect from 
accidental contact or bringing conductive objects in contact with them (NEC 110.27). Consult 
ANSI/ISA-S82.01-1988, Table 9-1 for spacing information regarding live parts. 

All energized switching and control parts shall be enclosed in effectively grounded metal 
enclosures and shall be secured so that only authorized and qualified persons can have access. 

9.5.2 DC POWER DISTRIBUTION 

Guidelines for dc power distribution include: 

1. The metal chassis or cabinet should not be used as a return path. 

2. High-current analog or switching do power supplies should use separate return paths from 
digital circuits. 

3. All of the guidelines pertaining to ac power such as grounding, proper wire size, high 
voltage, etc. should apply to do circuits as well. 

An accessible terminal charged by an internal capacitor should be below 50 volts within 5 
seconds after interruption of the supply.  

As with ac power, avoid contacting dc parts when working on a live chassis. The use of the 
appropriate class gloves should be considered when performing this type of work. 

9.6 PROTECTIVE DEVICES FOR ENCLOSED ELECTRICAL/ 
ELECTRONIC EQUIPMENT 

This section deals with the various protective devices commonly found in electrical/electronic 
equipment not discussed elsewhere. 

9.6.1 SURGE ARRESTERS 

The more common types of surge arresters used with electronic equipment are the metal oxide 
varistor (MOV), avalanche diodes, and spark gap arresters. The type and electrical rating of the 
surge arrester is generally determined by the requirements of the circuit being protected, and by 
the amplitude and duration of the expected surge. (See ANSI/IEEE C62.11-1987.) 

Metal oxide varistors and avalanche diodes are voltage-dependent devices whose impedance 
changes from a near-open circuit to a highly conductive level when subjected to transient 
voltages above their rated voltages. An MOV is considered "sacrificial" in that a portion of its 
material is literally burned off each time such a surge is encountered. The response time of an 
MOV is limited to approximately 500 picoseconds while avalanche diodes can respond in 
approximately 50 picoseconds. Lead lengths can greatly increase the response times of these 
devices. The normal failure mode of both devices is a short circuit although sustained voltages 
well beyond the rating of the MOV can cause the device to rupture and result in an open circuit. 
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When used at a point on a circuit, a surge arrester should be connected between each 
ungrounded conductor and ground. 

For power line applications, MOV manufacturers recommend a varistor be used with a fuse that 
limits the current below the level that MOV package damage could occur. In general, circuit 
breakers are not recommended for this application since circuit breaker tripping is too slow to 
prevent excessive fault energy. 

Consult the manufacturer's application data sheets for more information. 

9.6.2 FUSES 

Fuses are temperature-sensitive, current-sensing elements that are generally used as short 
circuit protective devices in individual electrical chassis. The fusing characteristic, or opening 
time versus current, must be within the safe time/temperature characteristic of the device being 
protected. 

Designers must carefully consider the load requirements in the fuse selection process, 
particularly when high surge currents may be encountered during initial turn-on. Operating 
time/current characteristics of the various types available can usually be found in fuse 
manufacturers catalogs. A fuse's interrupting current capacity must also be considered when 
connected to a power distribution system having a significant fault current capacity. 

The voltage rating on a fuse shall be equal to or greater than the device's operating voltage. 

In general, cartridge fuses should have a disconnecting means on the supply side, (NEC 
240.40), and shall not be connected in parallel unless factory assembled and listed as a unit 
(NEC 240.8). 

9.6.3 CIRCUIT BREAKERS 

A chassis or cabinet shall not employ circuit breakers as “on/off” switches unless rated for the 
application by the manufacturer. 

9.6.4 POWER INTERLOCK DEVICES 

Cabinets and equipment having potentially dangerous currents and/or voltages present should 
have a means of controlling access, or a power interlock device designed to interrupt the power 
to the cabinet. Provisions should also be made to discharge any stored energy, such as in 
capacitors or inductors, to less than 50 volts within 5 seconds when the safety interlock is 
opened. Interlocks may not be used as a substitute for lockout/tagout. [29 CFR 1910.333(c)]. 

9.7 DISCONNECTING MEANS 

All enclosed electrical/electronic equipment shall be provided with a means for disconnecting it 
from each external or internal operating energy source. This disconnecting means shall 
disconnect all current carrying conductors. 
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9.7.1 GENERAL 

Interlock systems are not a recommended disconnecting means for cabinets and equipment 
having potentially dangerous currents and/or voltages present. (See Section 9.6.4) 

Permanently connected equipment and multi-phase equipment should employ a listed switch or 
circuit breaker as means for disconnection. 

All cord-connected equipment should have one of the following as a disconnecting device: 

1. A switch or circuit breaker, 

2. Plug that can be disconnected without the use of a tool, or 

3. A separable plug, without a locking device, to mate with a socket-outlet in the building 

Where equipment is connected to the source of supply by flexible cords having either an 
attachment or appliance plug, the attachment or appliance plug receptacle may serve as the 
disconnect (NEC 422.33). 

Where a switch is not part of a motor, motor circuit or controller, the disconnecting means 
should be within 50 feet and in sight of the operator and marked as the disconnection device for 
the equipment. 

Where a disconnecting means is not part of the equipment, the disconnecting means should be 
near the equipment, within easy reach of the operator during normal operation of the equipment, 
and marked as the disconnection device for the equipment. 

If a disconnecting device is part of the equipment, locate it as close as practical to the input 
power source. 

9.7.2 EMERGENCY SHUTDOWN 

The emergency shutdown switch should be within arm's reach of the operator, be easily 
identifiable, deenergize all power to all equipment associated with the system, be separate from 
the routine on/ off switch, and be located to protect the employee from moving parts. However, 
the emergency shutdown switch should not disconnect auxiliary circuits necessary for safety 
(such as cooling). 

9.7.3 SPECIAL CONSIDERATIONS 

The disconnecting means should interrupt the source voltage for secondary or remote controlled 
equipment, such as those using thyristor controls. Do not rely on disconnecting the control 
voltage. 
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9.8 MARKING AND LABELING REQUIREMENTS 

9.8.1 GENERAL MARKING REQUIREMENTS 

For all chassis and rack cabinets (electrical, computer, power distribution, etc.), the 
manufacturer's name, trademark, or other descriptive marking of the organization responsible 
for the product should be identified. 

Other markings for power requirements are: 

1. Voltage 

2. Maximum rated current in amperes 

3. Wattage 

4. Frequency 

5. Duration 

6. Duty cycle 

7. Other ratings as specified in the NEC (NEC 110.21) 

9.8.2 HAZARD MARKING REQUIREMENTS 

All enclosures containing exposed energized circuits over 600 volts nominal should be marked 
"Danger High Voltage Keep Out" with a label that is permanent. These areas shall be 
accessible to authorized personnel only. The label shall be placed in a noticeable location on 
the access panel to the enclosure. Mark all other hazards that are associated with the 
equipment. 

9.8.3 OTHER REQUIREMENTS 

All equipment markings shall be of sufficient durability to withstand the environment involved 
and should be large enough to read. 

To obtain the correct chassis load requirements for marking and labeling, monitor individual 
chassis while under load. Many chassis have components that are not energized except under 
certain conditions. 

A normal current draw may be a few amperes, but when the chassis is sourcing current to a 
load, the current draw may be much higher. Individual loads, internal and external, may be 
tabulated and added to determine the chassis current labeling requirements. 

For rack cabinets with power distribution units, the outside of the rack cabinet should be labeled 
with the input parameters of the power distribution system installed within it. 

For rack cabinets without power distribution units the outside of the rack cabinet should be 
labeled with the total current on the combined systems installed within it. 
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9.9 WORKING CLEARANCES 

Clear working space and headroom shall meet the NEC requirements (see Figs. 9-4 and 9-5). 
The clear working space and passageways to this space should not be used for storage. At 
least one entrance of sufficient area shall be provided to give access to working space above 
electrical equipment.  For example, 24 inches may be sufficient in depth and 30 inches in width 
with 6 ½ foot height 

While maintenance, repair or calibration are being performed, personnel should identify clear 
working spaces via suitable means such as "Danger" or "Caution" barrier tape, or barricades to 
keep other personnel from entering the clear working spaces.  

Fig. 9-4. Top View of Equipment Layout in a Room (Drawing is not to scale)

Distance as determined by Figure 2-4 of Section 2.  If 
a chassis is open, measurement is made from the front 
of the chassis to the wall or obstruction. 

Distance as determined by Fig. 2-4 
of Section 2, when power is on, 
24” when power is off. 

No access required.  No 
minimum space 
requirement. 

Cabinet doors 
must open at least 
90º or the door 
must be removed. 

Walls or other 
obstructions 

Access required - with 
power off, 24”; with 
power on, refer to Fig. 
2-4 of Section 2. 

3 Bay 
Equipment 

Rack 

Equipment 3 Bay 
Equipment 

Rack 

Open Chassis 

Operator Space 

Passageway 
24” min. 
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9.10 CABLE/UTILITY MANAGEMENT SYSTEM 

9.10.1 USAGE WITH ENCLOSED ELECTRICAL/ELECTRONIC EQUIPMENT 

In certain locations cable supports and/or enclosures are installed for dedicated usage with 
enclosed electrical/electronic equipment. For these situations it is acceptable for these 
cable/utility management systems to be utilized for the required purposes of the equipment. This 
may include a bundle of cables, hoses, and tubing that is required to be run from the equipment 
console to the unit under test. In these situations the use of a cable/utility management system 
is considered to be a part of custom-made equipment consisting of enclosed electrical/electronic 
equipment, cabling, cable/utility management system, and unit under test with associated 
equipment (See Figure 9-6). 

In cable/utility management systems where cables other than those of the equipment exist, the 
decision should be documented that any risk posed by the situation is acceptable for the 
operation to be performed and to the functions of the existing cables. 

Fig. 9-5. Side View of Equipment Layout in a Room (Drawing is not to scale)

Distance as determined by 
Figure 2-4 of Section 2. 

Distance as determined by 
Figure 2-4 of Section 2. 

Distance as determined by Figure 2-4 of 
Section 2, when the chassis is closed. 

Headroom - 6’6” minimum 

Ceiling, walls, or other 
obstructions 

Equipment 
Rack 

Open 
Chassis 

Writing Surface Operator Space 
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9.10.2 REQUIREMENTS 

An assessment of any hazards identified with the equipment and the operation with which it is 
involved should be performed to assure safe operation of components in the cable/utility 
management system. Where any cable/utility runs include hazardous fluids or pressurized 
gases, the utilization of these utilities with the cables involved must be determined to be safe. 

Metallic cable/utility management systems that support electrical conductors shall be grounded 
or bonded to the equipment. Grounding integrity should be checked by inspection by a qualified 
worker for all components with exposed metal parts.  This inspection should be documented.  
Where cable/utility management systems are installed exclusively for electrical/electronic 
equipment usage and where these trays are metallic and not grounded or bonded, approved 
documentation shall exist stating the reason for not grounding or bonding the system (See 
Section 9.3.1). 

Figure 9-6 
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Equipment cable/utility runs installed in cable/utility management systems should be visually 
inspected periodically. These inspections should be performed at the time of installation and any 
interval specified in the equipment documentation. Any inspection should, as a minimum, 
consist of: 

1. A visual check for the integrity of cable jackets and visible shields; 

2. A check for the integrity of all utility hoses by looking and listening for leaks; 

3. A visual check on all securing devices used to hold the bundle on the tray to assure the 
bundle is positioned properly and no damage has occurred; 

4. A visual inspection on all bends for signs of pinching, cutting, exceeding minimum cable 
bending radius, or other damage; and 

5. Documentation of all results of any inspection. 

Supports shall be provided to prevent stress and physical damage to cables where they enter or 
exit cable/utility management systems. 

9.11 ELECTRICAL SAFETY REQUIREMENTS FOR TESTER 
FACILITIES 

The following is not intended to encompass all of the electrical design requirements which must 
be considered in planning electrical systems for facilities intended to accommodate testers. The 
information provided should, however, provide a guide to understanding for personnel who 
would be tasked with specifying facility electrical safety necessary to the testing environment. 

Provisions for an adequate number of receptacle outlets and associated branch circuits to 
accommodate cord and plug connected equipment, testers, etc., in a facility must also be 
considered in specifying the electrical requirements. 

For equipment that cannot tolerate power interruption, consideration should be given to the use 
of a continuously operating or standby uninterruptible power supply (UPS) or a generator. 

9.11.1 AMPACITY OF FACILITY WIRING AND DISTRIBUTION EQUIPMENT 

Consideration must be given to accommodating the anticipated load demand which may occur 
as a result of power supplied to the various possible combinations of electrical equipment 
connected to a particular branch circuit (See Section 9.4). 

9.11.2 FACILITY GROUNDING AT TEMPORARY OR REMOTE SITES 

Proper grounding is considered crucial to providing the safest possible electrical installation, 
from the standpoint of maximizing the safety of facility occupants and minimizing property 
damage and loss. 

Designs for equipment to be used at temporary or remote sites must take into consideration the 
same grounding issues which may not be accommodated in the same manner as for permanent 
facility power wiring (See Section 9.3 and NEC Article 527). 
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9.11.3 FACILITY LIGHTNING PROTECTION 

Lightning protection is required for facilities which will house enclosed electrical/electronic 
equipment while such equipment is involved with radioactive, explosive, and similarly hazardous 
materials or for facilities that are considered valuable or house valuable contents.   

9.11.4 SURGE PROTECTION 

In addition to facility lightning protection, the effects of surges resulting from lightning strikes to 
power distribution systems may be lessened by the use of lightning arrestors and suppressors 
installed at strategic points in the supply system to the facility. An assessment is necessary, 
addressing the consequences of lightning-induced surges, in order to determine the degree to 
which protection should be provided. 

For additional information see Section 9.6.1. 

9.12 ENCLOSED POWER ELECTRONICS 

Power electronics equipment is equipment that uses electronic components and subsystems to 
control significant amounts of electrical energy. Examples of power electronics systems include: 

1. Power supplies and modulators for laser systems; 

2. Accelerators, magnets, x-ray systems, and other research equipment; 

3. Radio and radar transmitters; 

4. Variable speed motor drives; and 

5. Induction heating systems. 

All applicable portions of this section should be addressed due to the hazards involved with this 
type of equipment. 

9.12.1 ENCLOSURES 

Power electronics equipment should be constructed in all-metal enclosures for containment of 
fire, high energy, and electromagnetic radiation hazards. 

The enclosures should support the housed equipment, provide strength to brace conductors 
against short circuit forces, and protect housed equipment against physical damage. 

It is usually easier to provide barriers to protect the electronics enclosure from collision and 
missile hazards rather than strengthening the enclosure itself. 

9.12.2 COMPONENT CLEARANCES 

Enclosures must provide adequate clearance from energized parts. The required clearances 
depend on the shape of the conductor, the surface characteristics of the conductor and 
enclosure, the voltage characteristics, environmental conditions, and creepage. The breakdown 
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strength along the surface of supporting insulators may require larger clearances than 
breakdown in air. 

All power electronics enclosures shall provide adequate room for access to parts and 
subsystems for expected maintenance and modification. Consideration should be given to 
handling provisions for heavy parts and subsystems, access to test points and calibration 
adjustments, and work clearances for safe access to enclosure interiors. 

Safe work on high-voltage equipment requires installation of manual grounding devices on 
exposed high-voltage conductors. Enclosure size shall provide adequate room to safely apply 
and remove grounding devices, and permit grounding devices to remain in place without 
interfering with expected work.  (See Section 10.10.1.2) 

Enclosures shall be sized to allow cables to be installed and routed without infringing on 
required clearances from high-voltage conductors. 

Subassemblies, circuits, and related equipment should be segregated to the extent possible to 
minimize the possibility of a fault in one device damaging another. 

9.12.3 INSTRUMENTATION 

Power electronics systems can involve fast pulses, high frequencies and high currents and it is 
common for the voltage difference between ground in one circuit and ground in another circuit to 
differ substantially. This difference can be hundreds or thousands of volts. Wire and cable shall 
be insulated to withstand these potentials. Surge arrester and capacitor protection maybe used 
to control these potentials. DC circuits connected to coils, solenoid valves and other inductive 
components should be tested for induced voltages and appropriate protection for circuits should 
be provided. 

9.12.4 GENERAL 

Test points needed for adjustment and diagnosis should be installed on the front panel or other 
appropriate location of power electronic systems to facilitate their use without exposure hazard 
to employees in the area. 

Currents generated only during fault conditions or those introducing noise or data errors shall 
not be considered objectionable currents.  However, Bonding and grounding may be altered to 
reduce the noise or data errors, in accordance with provisions of NEC 250.96(B).  Conductors, 
bus bars, and internal wiring should be insulated in the event objects are dropped into the 
equipment. 

Automatic discharge devices are not a substitute for grounding devices used for personnel 
protection. Grounding points shall be located in the system and physically arranged to permit 
the attachment of adequate grounding devices for the protection of personnel working on the 
system. 

These grounding points shall be capable of carrying the short-circuit current to which they may 
be subjected and applied using methods appropriate for the voltages or currents involved. 
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9.13 NON-IONIZING RADIATION 

9.13.1 ELECTROMAGNETIC RADIATION 

Human exposure to electromagnetic (EM) radiation at certain power-density levels can be 
hazardous. The hazards are generally regarded to be associated with the heating of biological 
tissue, which occurs when EM radiation is absorbed by a body. This heating is essentially 
similar to the cooking process in a microwave oven. Use caution where EM sources are being 
used with the shielding altered or removed. 

When working with EM radiation, it is recommended that the emitted radiation levels be 
estimated by equations and measured by radiation hazard monitors. 

EM radiation-safe levels have been established by the Institute of Electrical and Electronics 
Engineers and are documented in the IEEE standard - C95.1-1999.  Also, see Section 10.8.4. 

Exposure to hazardous levels of EM radiation can be lessened by maintaining as much distance 
as possible from the source. Power density is reduced by a factor the square of the distance 
from the source (e.g., a factor of 4 for 2 times the distance). 

9.13.2 ELECTROMAGNETIC RADIATION THREAT TO ELECTROEXPLOSIVE 
DEVICES 

Designers of enclosed electrical/electronic equipment must consider the possible effects on 
nearby EED of electromagnetic radiation (EMR); i.e., radio frequency (RF) energy, emitted by 
that equipment. 

Energy induced into an EED by the electromagnetic field resulting from such emissions may be 
adequate to cause the device to initiate detonation. 

Factors which should be taken into account in assessing concerns for possible EMR emissions 
are: 

1. Wiring, shielding, and sensitivity  

2. Proximity 

3. Frequency of the emissions causing coupling of electrical energy  

4. Power density 

5. Type of emission modulation 

Possible measures to mitigate the threat of EMR emissions include: 

1. Enclosure and signal line shielding and grounding to prevent leakage of EMR from the 
equipment. 

2. Designed-in physical separation or barrier that would ensure that the power density of the 
electromagnetic field is inadequate to cause detonation of an EED at the closest possible 
distance to the emission source within the equipment. 
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3. Filter, or provide ferrite beads for, signal lines from the equipment which may conduct EMR 
emissions into EED circuitry or secondarily radiate EMR in the proximity of an EED thus 
causing a threat of detonation. 

4. Ensure that the minimal power necessary is used to operate circuitry capable of producing 
EMR. 

5. Label the equipment capable of emitting EMR to indicate the minimum separation distance 
to be maintained between the equipment and an EED or EEDs. 

6. Use a safety factor in design for EMR reduction; e.g., only 1/10 of the energy that would 
initiate an EED is allowed. 
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10.0 RESEARCH & DEVELOPMENT 
The DOE complex engages in a variety of research & development (R&D) activities that often 
incorporate the design and use of special or unusual apparatus and equipment in its facilities. 

10.1 PURPOSE 

Requirements of existing electrical codes, recognized industry standards, and DOE Orders do 
not specifically address these types of apparatus. Even with these specialized R&D needs, the 
workplace must be maintained free of known hazards that cause, or are likely to cause, death or 
serious injury. Special efforts must therefore be made to ensure adequate electrical safety 
beginning with design and continuing through development, fabrication and construction, 
modification, installation, inspection, testing, operation, and maintenance of R&D electrical 
apparatus and facilities. This section provides guidelines to complement existing electrical 
codes and recognized industry standards in conformance with DOE Orders and OSHA 
requirements. 

Because of the differences in R&D program requirements in the DOE complex and the 
unpredictability of R&D activities, it is impractical to establish a single set of electrical safety 
requirements to be applied uniformly. General electrical safety guidelines, however, apply 
across the DOE complex. 

This section contains safety criteria for the DOE complex in the design, development, fabrication 
and construction, modification, installation, inspection, testing, operation, and maintenance of 
R&D electrical apparatus and facilities. Personnel safety shall be the primary consideration. 
When conflicts between electrical codes, recognized industry standards, DOE Orders, or 
regulations arise, the requirement that addresses the particular hazard and provides the greater 
personnel safety protection shall govern. 

10.2 SCOPE 

This section addresses R&D electrical systems which are not specifically addressed elsewhere 
in the Electrical Safety Handbook. The electrical environment of the DOE complex is extremely 
varied, ranging from low-voltage electronic circuits to common office and industrial electrical 
systems to large, high-voltage power distribution systems to high-voltage/low-current and low-
voltage/highcurrent systems associated with R&D programs. Electrical systems of all types are 
an integral part of R&D operations and associated support work. 

10.3 COMPLIANCE WITH OSHA 

It is important to note that special types of work on R&D electrical systems (e.g., electronic 
circuits) are considered electrical work, and therefore the work shall follow electrical safety 
requirements. 
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Consistent with other sections of this document, electrical systems and equipment and all 
design, development, fabrication and construction, modification, installation, inspection, testing, 
operation, and maintenance shall be in accordance with applicable electrical requirements. 
Specific attention shall be focused on the electrical regulations of OSHA, including: 

1. 29 CFR 1910.137 

2. 29 CFR 1910.147 

3. 29 CFR 1910.269 

4. 29 CFR 1910.301-399 

5. 29 CFR 1926.401-449. 

10.4 STANDARDIZED SAFETY PRACTICES AND PROCEDURES 

Standardized safety practices shall be developed for performing electrical work. These practices 
should be consistent with the other electrical safety-related work practices noted elsewhere in 
this document. 

10.5 EQUIPMENT NOT LISTED BY A NATIONALLY RECOGNIZED 
TESTING LABORATORY 

10.5.1 HAZARDS 

Electrical equipment is considered to be acceptable either by being listed by an NRTL, 
designed, manufactured, and tested according to nationally recognized standards, or approved 
by AHJ-determined criteria. Refer to Section 2.5, Approval of Electrical Equipment. 

Procurement and use of equipment not listed by an NRTL should be reviewed by the AHJ. The 
extensive testing involved in the listing process usually cannot be duplicated at the user facility, 
and many of the tests are destructive in nature. The AHJ should develop an examination 
acceptance process to ensure appropriate confidence in the safety of the product. 

See Section 9.0, Enclosed Electrical/Electronic Equipment, for additional guidance. Also see UL 
508 and applicable ANSI and IEEE documents. 

10.5.2 DESIGN AND CONSTRUCTION 

Equipment should be constructed such that: 

1. There is adequate protection from fire, electric shock, or injury to personnel during normal 
use or servicing. 

2. Normal use or servicing will not cause the components or materials to exceed electrical, 
mechanical, or temperature limits. 

3. The components, wiring, and other internal parts are protected from being displaced or 
damaged. 
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NRTL-listed parts and UL-recognized components should be used wherever possible. An 
assembly of recognized components is not equal to a listed product, but more readily enables 
an independent evaluation of the assembly. 

All equipment not listed by a NRTL should be constructed according to applicable standards, 
such as UL, ISA, ANSI, and IEEE. Equipment for which specific standards are unavailable 
should be constructed according to the principles of established standards, as determined by 
the AHJ. 

Equipment should be examined for safety as extensively as possible. Areas of consideration 
include but are not limited to: 

1. Failure modes 

2. Heat effects 

3. Magnetic effects 

4. Grounding and bonding 

5. Guarding of live parts 

6. Leakage currents 

7. Dielectric testing 

8. Access to serviceable parts 

9. Overcurrent and overtemperature protection 

10. Clearances and spacing 

11. Interlocks 

12. Design and procedural documentation 

13. Signage, labels, and administrative controls 

14. Mechanical motion 

15. Stored energy 
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Documentation should be developed to substantiate the acceptance of any equipment. Such 
documentation should include but not be limited to: 

1. Tests performed 

2. Conditions of acceptability 

3. Applicable standards to which the equipment was evaluated 

4. Limitations of approved use, if any. 

10.6 OPERATION AND MAINTENANCE 

Maintenance procedures and schedules should be developed for R&D equipment. Electrical 
equipment shall be checked, cleaned, and maintained on a schedule and in a manner based on 
its application and use. Additional information is referenced in Section 3.0, Electrical Preventive 
Maintenance. 

10.7 EMPLOYEE QUALIFICATIONS 

This section provides guidance for determining the qualification process for persons involved 
with specialized electrical equipment, configurations or work tasks associated with experiments. 
The guidance provided in this section is in addition to the minimum qualifications described in 
Section 2.8, Training and Qualifications of Qualified Workers. 

10.7.1 HAZARDS 

The hazards associated with R&D equipment are sometimes unique because the equipment 
itself is unique. These hazards are sometimes made worse because of an uncommon design or 
the fact that it may be one of a kind. Special efforts are thus necessary to identify all the 
potential hazards that may be present in a specific unique design. These hazards should be 
identified and a plan developed to mitigate the associated risk. Personnel working on R&D 
equipment shall be qualified to work on this equipment, depending on its unique safety 
problems. 

10.7.2 ADDITIONAL QUALIFICATIONS 

Personnel assigned to tasks involving R&D equipment shall be apprised of the hazards 
identified in Section 10.7.1. It is suggested that they participate in developing mitigation plans to 
reduce the risks associated with the hazards. 

A list of additional experience qualifications should be developed by the appropriate personnel 
including the workers. This list should identify specific training requirements necessary for 
unusual equipment or tasks. 

10.8 GENERIC R&D EQUIPMENT 

There are many possible types of electrical ac and dc power source hazards in complex R&D 
systems and the various design philosophies preclude establishing hazard classifications based 
on voltage alone. 



DOE-HDBK-1092-2004 

10-5 

10.8.1 POWER SOURCES 

10.8.1.1 HAZARDS 

1. Internal component failure can cause excessive voltages. Internal component open-circuit 
failure in capacitor banks and Marx generators can result in full voltages across components 
that may not be appropriately discharged in the usual manner. 

2. Internal component shorts in capacitor banks and Marx generators can result in excessive 
fault current, causing extreme heat, overpressurization of capacitor enclosures, and rupture. 

3. Overloading or improper cooling of power supplies can cause excessive temperature rise. 

4. Output circuits and components can remain energized after input power is interrupted. 

5. Auxiliary and control power circuits can remain energized after the main power circuit is 
interrupted. 

6. When power supplies serve more than one experiment, errors made when switching 
between experiments may create hazards to personnel. 

7. R&D electrical apparatus may contain large amounts of stored energy, requiring fault 
analysis. 

8. Liquid coolant leaking from R&D electrical equipment may pose an electrical hazard to 
personnel. 

10.8.1.2 DESIGN AND CONSTRUCTION 

In design and construction of R&D equipment, it is important to remember the following 
cautions: 

1. Install only components essential to the power supply within the power-supply enclosure. 

2. Provide appropriate separation between high-voltage components and low-voltage supply 
and/or control circuits. 

3. Provide to personnel a visible indicator that the power supply is energized. 

4. Minimize the number of control stations and provide an emergency shutdown switch where 
needed. 

5. Where possible, avoid multiple-input power sources. 

6. Apply a label containing emergency shutdown instructions to equipment that is remotely 
controlled or unattended while energized. 
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10.8.1.3 OPERATION AND MAINTENANCE 

Before working in a power-supply enclosure or an associated equipment enclosure, see 
Sections 2 and 7. Personnel should take the following precautions: 

1. Implement lockout/tagout. 

2. Check for auxiliary power circuits that could still be energized. 

3. Inspect automatic shorting devices to verify proper operation. 

4. Short the power supply from terminal to terminal and terminal to ground with grounding 
hooks. 

10.8.2 CONDITIONS OF LOW VOLTAGE AND HIGH CURRENT 

10.8.2.1 HAZARDS 

It is usual for R&D facilities to have equipment that operates at less than 50 V. Although this 
equipment is generally regarded as nonhazardous, it is considered hazardous when high 
currents are involved. Examples of such equipment are a power supply rated 3 kA at 25 V, a 
magnet power supply with rated output of 200 A at 40 V, and a bus bar carrying 1 kA at 5 V. 

Though there is a low probability of electric shock at voltages less than 50 V (See Figure 10-1), 
there is a hazard due to arcing and heating in case of an accidental fault. For example, a tool 
could drop onto the terminals and initiate an arc, causing severe burns. 
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10.8.2.2 DESIGN AND CONSTRUCTION 

A circuit operating at 50 V or less shall be treated as a hazardous circuit if the power in it can 
create electrical shocks, burns, or an explosion due to electric arcs.  Observe all of the following 
rules for such circuits: 

1. Provide protective covers and/or barriers over terminals and other live parts to protect 
personnel. 

2. By suitable marking, identify the hazard at the power source and at appropriate places. 

Figure 10-1. Process for the analysis of circuit hazards. 
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3. Consider magnetic forces in both normal-operation and short-circuit conditions. Use 
conductors that have appropriate physical strength and are adequately braced and 
supported to prevent hazardous movement.   

4. Inductive circuits may create high-voltage hazards when interrupted.  Careful circuit design 
will include a method to bleed off power  safely should an interruption occur. 

10.8.2.3 OPERATION AND MAINTENANCE 

Follow these guidelines for working on circuits operating at 50 V or less that are treated as 
hazardous: 

1. Work on such circuits when they are de-energized. 

2. If it is essential to work on or near energized low-voltage, high-current circuits, observe the 
safety rules as if the circuits were operating at more than 50 V. Refer to Section 2.1.2, 
"Considerations for Working on Energized Systems and Equipment" and 2.13.4, "Safe 
Energized Work (Hot Work)." 

10.8.3 CONDITIONS OF HIGH VOLTAGE AND LOW CURRENT 

10.8.3.1 HAZARDS 

When the output current of high-voltage supplies is below 5 mA, the shock hazard to personnel 
is low. Where combustible atmospheres or mixtures exists, the hazard of ignition from a spark 
may exist. High-voltage supplies (ac or dc) can present the following hazards: 

1. Faults, lightning, or switching transients can cause voltage surges in excess of the normal 
ratings. 

2. Internal component failure can cause excessive voltages on external metering circuits and 
low-voltage auxiliary control circuits. 

3. Overcurrent protective devices such as fuses and circuit breakers for conventional 
applications may not adequately limit or interrupt the total inductive energy and fault currents 
in highly inductive dc systems. 

4. Stored energy in long cable runs can be an unexpected hazard. Safety instructions should 
be in place to ensure proper discharge of this energy. 

5. Secondary hazards such as startle or involuntary reactions from contact with high-voltage 
low-current systems may result in a fall or entanglement with equipment. 

10.8.3.2 DESIGN CONSIDERATIONS 

Personnel in R&D labs may encounter energized parts in a variety of configurations, locations, 
and under environmental conditions that are not usual for most electrical power personnel. 
Sometimes the equipment can be designed to incorporate mitigation of the hazards associated 
with working on such equipment. If not, then safe operating procedures must be developed and 
used. 
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10.8.3.3 SAFETY PRACTICES 

An analysis of high-voltage circuits should be performed by a qualified person before work 
begins unless all exposed energized parts are guarded as required for high-voltage work. The 
analysis must include fault conditions where circuit current could rise above the nominal rated 
value as explained here and shown graphically in Figure 10-1. Depending on the results of the 
analysis, any of the following may apply: 

1. If the analysis concludes that the current is above 5 mA or energy is above 10 joules, 
then the work is considered to be energized work and should be performed in 
accordance with Section 2, "General Requirements" and/or Section 7, "Work In Excess 
of 600 Volts." 

2. If the analysis concludes that the current is between 0.5 mA and 5 mA and between 0.25 
and 10 joules, then the worker may be exposed to a secondary hazard (e.g., startle 
reaction) that must be mitigated. 

3. If the analysis concludes that the current is below 0.5 mA and below 0.25 joules, then 
the worker exposure is minimal and no special precautions are required. 

High-voltage supplies that use rated connectors and cables where there are no exposed 
energized parts are not considered hazards. Connections shall not be made or broken with the 
power supply energized unless they are designed and rated for this type of duty (e.g., load-
break elbows). Inspect cables and connectors for damage and do not use if they are damaged. 
Exposed high-voltage parts must be guarded to avoid accidental contact. 

10.8.4 RADIO-FREQUENCY/ MICROWAVE RADIATION AND FIELDS 

The DOE complex conducts R&D programs that involve sources of radio-frequency/microwave 
(RFMW) nonionizing electromagnetic radiation. Devices that may produce RFMW radiation 
include telecommunications and radar equipment, industrial equipment such as radio-frequency 
heaters, and scientific and medical equipment such as magnetic resonance imagers and 
klystron tubes. The nationally recognized consensus standard for personnel exposure to radio-
frequency radiation is ANSI/IEEE C95.1(1999), Electromagnetic Fields, Safety Levels with 
Respect to Human Exposure to Radio Frequency. 

10.8.4.1 HAZARDS 

1. RF amplifiers frequently use dc high-voltage power sources.  

2. There may be x-ray hazards (when supply voltage exceeds 10 kV and there are 
evacuated components). 

3. Currents maybe induced in conductive objects or metal structures that are not part of the 
RF structure. 

4. RF currents can cause severe burns. 

5. Falls from towers may result from RF burns from antennas. 

6. Electromagnetic interference may cause equipment to malfunction. 
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7. Electromagnetic fields may cause unintended ignition of explosives, fuel, and ordnance. 

8. Grounding and bonding conductors that are adequate for dc and power frequencies may 
develop substantial voltage when fast pulses and radio frequency currents are present, 
due to inductance and skin effect. 

10.8.4.2 DESIGN AND CONSTRUCTION 

Engineering control in accordance with ANS/IEEE C95.1 (1999) should be the primary method 
used to restrict exposure whenever practical. If engineering controls are not practical, work-time 
limits, based on the averaging intervals and other work-practice and administrative controls, 
must be used. 

1. Warning Signs. Signs commensurate with the RFMW level must be used to warn 
personnel of RFMW hazards. These signs must be posted on access panels of RFMW 
enclosures and at entrances to and inside regulated areas. 

2. Access Limitation. Access can be limited by controls such as barriers, interlocks, 
administrative controls or other means. The operation supervisor controls access to 
regulated areas and must approve nonroutine entry of personnel into these places. 
When practical, sources of RFMW radiation should be switched off when not in use. 

3. Shielding. Shielding that encloses the radiating equipment or provides a barrier between 
the equipment and the worker may be used to protect personnel; the shielding design 
must account for the frequency and strength of the field. 

4. Interlocks. Chamber or oven-type equipment that uses microwave radiation must have 
interlocks designed to (1) prevent generation of the radiation unless the chamber is 
sealed and (2) shut off such equipment if the door is opened. 

5. Lockout/Tagout. The design shall incorporate features that allow the equipment to be 
locked out and tagged out for servicing. 

6. PPE. PPE such as eyewear is not readily available and is generally not a useful option 
as protection against RFMW radiation and fields. Protection must therefore be achieved 
by other means. 

10.8.4.2.1 EXEMPTIONS FROM RFMW EXPOSURE LIMITS 

The following items are exempt from the RFMW exposure limits; however, their manufacture is 
subject to Federal RFMW emission standards: 

1. Cellular phones and two-way pagers and PDAs 

2. Two-way, hand-held radios and walkie-talkies that broadcast between 10 kHz and 1 
GHz and emit less than 7 W 

3. Microwave ovens used for heating food 

4. Video display terminals. 
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10.8.4.2.2 EXPOSURE CRITERIA FOR PULSED RFMW RADIATION 

The basic considerations for peak-power exposure limits are consistent with ANSI/IEEE C95.1 
(1999) as follows: 

1. For more than five pulses in the averaging time and for pulse durations exceeding 100 
milliseconds, normal time averaging applies and the time-averaged power densities 
should not exceed the Maximum Permissible Exposure (MPE) given in Table 10-1 for 
controlled and Table 10-2 for uncontrolled environments, per IEEE/ANSI C95.1 (1999). 

2. For intermittent pulse sources with no more than five pulses during the averaging time, 
the peak power density for any of the pulses should not exceed the limit given by the 
following equation. 

This limits the specific absorption (SA) of each pulse to SA=28.8 joules/kg (whole-body 
or spatial average), or SA=144 joules/kg for 5 pulses. 

For intermittent pulse sources with no more than five pulses during the averaging time, 
the single-pulse SA of < 28.8 joules/kg, though higher than the threshold for auditory 
effect (clicking), is three orders of magnitude lower than the SAs that produce RF-
induced unconsciousness. 

3. Maximum E field for any of the pulses should be no more than 100 kV/m. This peak E-
field limit is prescribed to eliminate the possibility of air breakdown or spark discharges, 
which occur at 2,900 V/m. A large safety factor is applied to account for local field 
enhancements where nominally lower fields may result in arcing discharges. 
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Table 10-1. Controlled Environment Exposure Limits 

Part A Electromagnetic Fieldsa 

1 
Frequency 

range 
(MHz) 

2 
Electric Field 
strength (E) 

(v/m) 

3 
Magnetic Field 

strength (H) 
(A/m) 

4 
Power density (S) 

E-field, H-field 
(mW/cm2) 

5 
Averaging 

time 
|E|2, |H|2, or S 

(minutes) 
0.003-0.1 61.4 163 (100, 1,000,000)b 6 

0.1-3.0 61.4 16.3/ƒc (100, 10,000/ƒ2)b 6 
3-30 1842/ƒ 16.3/ƒ (180/ƒ2, 10,000/ƒ2)b 6 

30-100 61.4 16.3/ƒ (180/ƒ2, 10,000/ƒ2)b 6 
100-300 61.4 0.163 1.0 6 

300-3,000 — — ƒ/300 6 
3,000-15,000 — — 10 6 

15,000-300,000 — — 10 616,000 ƒ1.2 

 

Part B Introduced and contact RF Currentsd 

Frequency range Maximum current (mA) Contact 
 Through both feet Through each foot  

0.003-0.1 MHz 2,000 ƒ 1,000 ƒ 1,000 ƒ 

0.1-100 MHz 200 100 100 

a. The exposure values in terms of electric and magnetic field strength are the values 
obtained by spatially averaging values over an area equivalent to the vertical cross 
section of the human body (projected area). 

b. These plane-wave equivalent power density values, although not appropriate for 
near-field conditions, are commonly used as a convenient comparison with MPEs 
at higher frequencies and are displayed on some instruments in use. 

c. The ƒ = frequency in MHz. 

d. It should be noted that the current limits given in this table may not adequately 
protect against startle reactions and burns caused by transient discharges when 
contacting an energized object. 

NEC Article 527, Temporary Installations, requires removal of temporary wiring upon 
completion of the experiment for which it was installed. 

An overly strict interpretation can obstruct the scientific objectives of the R&D configuration, 
but if a liberal interpretation is allowed, there is a possibility that unsafe wiring methods will be 
used. The AHJ must consider programmatic needs without sacrificing personnel safety. 
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Table 10-2. Uncontrolled Environment Exposure Limits 
Part A Electromagnetic Fieldsa 

5 
Averaging 

Time 
(minutes) 

1 
Frequency 

range 
(MHz) 

2 
Electric Field 
strength (E) 

(v/m) 

3 
Magnetic 

Field 
strength (H)

(A/m) 

4 
Power density (S)

E-field, H-field 
(mW/cm2) 

|E|2, S |H|2 

0.003-0.1 61.4 163 (100, 1,000,000)b 6  6   
0.1-1.34 61.4 16.3/ƒc (100, 10,000/ƒ2)b 6  6   
1.34-3.0 823.8/ƒ 16.3/ƒ (180/ƒ2, 10,000/ƒ2)b ƒ2/0.3  6 
3.0-30 823.8/ƒ 16.3/ƒ (180/ƒ2, 10,000/ƒ2)b 30  6 
30-100 27.5 158.3/ƒ1.668 (0.2,940,000/ƒ6.336)b 30 0.0636ƒ 1.337 

100-300 27.5 0.0729 0.2 30  30 
300-3,000 — — ƒ/1,500 30  — 

3,000-15,000 — — ƒ/1,500 90,000/ƒ  — 
15,000-300,000 — — 10 616,000/ƒ1.2  — 

 

Part B Introduced and contact RF Currentsd 

Frequency range Maximum current (mA) Contact 
 Through both feet Through each foot  

0.003-0.1 MHz 900 ƒ 450 ƒ 450 ƒ 

0.1-100 MHz 90 45 45 

a. The exposure values in terms of electric and magnetic field strength are the 
values obtained by spatially averaging values over an area equivalent to the 
vertical cross section of the human body (projected area). 

b. These plane-wave equivalent power density values, although not appropriate for 
near-field conditions, are commonly used as a convenient comparison with MPEs 
at higher frequencies and are displayed on some instruments in use. 

c. The ƒ = frequency in MHz. 

d. It should be noted that the current limits given in this table may not adequately 
protect against startle reactions and burns caused by transient discharges when 
contacting an energized object. 

10.9 METHODS 

10.9.1 WIRING METHODS 

10.9.1.1 HAZARDS 

Unsafe wiring methods can cause electrical injury or fire hazards. 
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R&D work may require the use of wiring methods that are not anticipated in the NEC. These 
methods may not be consistent with normal commercial and industrial wiring methods, and 
should be reviewed by the AHJ for approval. 

10.9.1.2 DESIGN AND CONSTRUCTION 

10.9.1.2.1 DESIGN AND CONSTRUCTION AS AN INTEGRAL PART OF EQUIPMENT 

If the AHJ determines that wiring is an integral part of an apparatus (e.g., instrumentation 
interconnections), then the wiring methods used should be evaluated by the AHJ as 
providing safe operating conditions. This evaluation may be based on a combination of 
standards and engineering documentation where appropriate. Such an evaluation should 
consist of an analysis of all stresses imposed on any electrical conductive elements, 
including, but not limited to electrical, magnetic, heating, and physical damage potential. 
The wiring methods selected must mitigate to the greatest practical extent any undesired 
effects of a failure sequence. 

If cable trays are used as mechanical support for experimental circuits, they should be solely 
dedicated to this use and appropriately labeled. Any such use must be analyzed for detrimental 
heating effects of the proposed configuration. 

10.9.1.2.2 POWER SUPPLY INTERFACE BETWEEN UTILITY SYSTEMS AND R&D 
EQUIPMENT 

Utility supply voltages should be brought as near to the utilization equipment as possible using 
NEC-compliant wiring methods. 

Any temporary wiring methods used (e.g., extension cords) should be approved by the AHJ for 
a specified limited time. 

Flexible cords and cables should be routed in a manner to minimize tripping hazards. 

The conventional use of cable trays is defined in NEC Article 392. If power cables are placed in 
a cable tray used for control and signal cables, separation is advised but not always required.  
According to NEC Article 392.6(E), multiconductor cables rated at 600 volts or less are 
permitted to be installed in the same cable tray.  This presumes the cables are listed, having a 
minimum rating of 300 volts.  However, cables rated over 600 volts require separation from 
those rated at 600 volts or less, per Article 392.6(F).  Communications cables are required to be 
separated from light or power conductors by at least 2 inches, in accordance with NEC Article 
800.52(A)(2).  

Certain experimental configurations or physical constraints may require the unconventional 
application of cable trays. Only the AHJ may approve these unconventional applications. If 
deemed necessary, enhanced fire protection or other safety measures shall be used to ensure 
safety to personnel and equipment. 

For coaxial, heliax, and specialty cables used for experimental R&D equipment, where NEC 
tray-rated cable types are not available which meet the technical requirements of the 
installation, the non-tray-rated cables shall be permitted with the approval of the AHJ. If deemed 
necessary, enhanced fire protection or other safety measures shall be used to ensure safety to 
personnel and equipment. 
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When metallic cable tray is being used, it shall be bonded to the equipment grounding system, 
but should not be relied upon to provide the equipment ground. The experimental equipment 
must be appropriately grounded by some other method. 

10.9.1.3 OPERATION AND MAINTENANCE 

The operation and maintenance of R&D systems which use wiring methods that are not 
anticipated by the NEC require special considerations from all personnel. The AHJ evaluation 
for safe operating conditions must include a review of unique features in the engineering 
documentation. 

10.9.2 UNCONVENTIONAL PRACTICES 

R&D performed by DOE contractors often incorporates the design of specialized equipment 
resulting in the need for specialized grounding and the use of materials and components in an 
unconventional manner. Even with these experimental needs and special design 
considerations, the maximum safety of personnel and equipment still needs to be ensured. The 
practice of using materials or components for purposes other than originally designed needs 
special consideration in their use, identification, personnel protection, and equipment protection. 

10.9.2.1 GROUNDING 

10.9.2.1.1 HAZARDS 

The lack of proper grounding can cause electrical shock and/or burns to personnel. The NEC 
and NESC define legally-required grounding. To mitigate potential hazards, grounding shall be 
provided in accordance with the NEC and NESC. 

10.9.2.1.2 DESIGN AND CONSTRUCTION 

NEC, Article 250, "Grounding" notes that grounds also provide: 

1. Voltage limitation in case of lightning, line surges, or unintentional contact with higher 
voltage lines 

2. Stability of voltage to ground under normal operation 

3. Facilitated overcurrent device operation in case of ground faults 

4. A path to conductive objects that will limit the voltage to ground. 

In R&D work there is one additional function for grounds: a common reference plane or system 
ground return for electronic devices, circuits, and systems. (See Section 9.3) It is recognized 
that such grounds are essential in some cases to control: 

1. Noise associated with the primary power system: 

a. Incoming on the line 

b. Outgoing from local equipment 

2. Ground wire noise 
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3. Circuit coupling 

a. Ground loop (shared circuit return) 

b. Magnetic, capacitive, or electro-magnetic. 

If system return impedances are low enough, then simple radio-frequency chokes can be used 
to limit this noise with no effect on the safety function. 

A 50-microhenry choke will add 1/50 of an ohm at 60 Hz, but will look like 2 ohms at 7.5 kHz 
and 30 ohms at 100 kHz. Such an RF choke will serve to discriminate against noise on the 
ground circuit. 

An inexpensive RF choke may be installed in the safety ground by: 

1. Pulling the green ground wire 20 feet longer than required. 

2. Coiling the extra length on a 6-inch diameter (about 12 turns). 

3. Securing it tightly wound with cable ties. 

4. Connecting it into the circuit. 

These actions satisfy the NEC requirement for a continuous ground and noise isolation is also 
enhanced. 

Whatever scheme is used, the ground of experimental equipment shall be connected to the 
same ground as the facilities' electrical system to ensure equal potential. 

For practices involving hazardous materials, such as explosives, the grounding shall also 
comply with the requirements of Section 5.0, Special Occupancies. 

10.9.2.1.3 NOISE COUPLING MECHANISMS. 

Grounding can reduce the interference in the five types of coupling mechanisms listed here. 

1. Conductive Coupling. (Source and load wired together) It is sometimes practical to provide a 
separate return path for both the source and the load. If the system layout allows this, then 
conductive coupling cannot occur between these two, as is shown in Figures 10-2 and 10-3. 

2. Capacitive Coupling. (High-impedance proximity coupling) The technique for increasing 
resistance to capacitive coupling among cables is to ground one end of the shield to produce 
the shortest, most direct shunt path back to the source of the coupled current as is shown in 
Figures 10-4 and 10-5. 

Caution: It is possible to inadvertently increase coupling between source and load if the shield 
ground does not properly shunt the current coupled onto the shield. 
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Figure 10-2. Arc currents through the process power supply return (existing ground) develop 
a voltage that appears in series with the process controls because they share that return. 

Figure 10-3. It has been possible to install a separate return conductor for the power supply. The arc 
currents no longer appear in series with the process controls. There is no conductive coupling. 
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3. Inductive Coupling. (Near-field, low-impedance loop-to-loop coupling) The technique for 
increasing resistance to magnetic coupling in shielded cables is to ground both ends of the 
shield to an effective signal return ground as is shown in Figures 10-6 and 10-7. 

4. System Signal Returns. Each installation will require individual analysis and treatment. A 
single ground poses no problem, but multiple grounds can result in a ground loop. These can 
upset the proper functioning of instruments. A signal isolator offers a way of overcoming the 
problem. 

5. Instrumentation Grounding2. Equipment that is used to implement a control instrumentation 
strategy (see Figure 10-8) makes use of a common signal ground as a reference for analog 
signals. Any additional grounds that are introduced into the control circuit will almost 
certainly cause ground loops to occur. 

A typical process instrumentation loop is shown in Figure 10-8. It is a DC system that operates 
at a specific voltage (24 volts in this case) to a master ground reference called a signal ground. 
The instrumentation signal varies within the range of 4-20 mA, depending upon the value of the 
variable (pressure, temperature, etc.) seen by the sensor. A precisely calibrated circuit takes 
this mA signal and converts it into a form that can be used by a process-control computer, PLC, 

                                                 

2 The information in this section and figures 10-8 and 10-9 is reprinted with permission from the September 
1991 issue of EC&M magazine © 1991 Intertec Publishing Corporation. All rights reserved. 

Figure 10-4. Capacitance between 
circuit 1 and circuit 2 is allowing 
current to be transferred into circuit 
2 via an electric field. This current 
flows through Z2, the impedance of 
circuit 2, and develops an 
interfering voltage. 

Figure 10-5. A shield has been 
interposed between circuit 1 and circuit 
2. The coupling will be reduced as it 
shunts the coupled current around Z2 
instead of through it. The interfering 
voltage could be increased instead of 
decreased if not properly shunted. 
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dedicated instrument, or whatever controller that supervises the system. In this example, the 
mA signal is converted to a 1-5 V signal for a chart recorder. At 4 mA, the voltage measured by 
the recorder is 250 x.004 = 1 V. At 20 mA, the measured voltage is 5 V. Normally, the recorder 
scale is calibrated so the voltage reads directly in °F, psi, etc. 

In order to minimize the danger of introducing ground loops into this complicated network of 
sensitive equipment, a dedicated instrumentation system ground bus is usually employed. This 
bus ultimately receives grounds from the signal common, the do power supply common, the 
cabinet ground, and the instrumentation ac power ground. The bus is tied to earth via the 
building ground and the plant ground grid. Figure 10-9 shows the typical way in which 
interconnection of these various grounds is accomplished. 

The cabinet ground is a safety ground that protects equipment and personnel from accidental 
shock hazards while providing a direct drain line for any static charges or electromagnetic 
interference (EMI) that may affect the cabinets. The cabinet ground remains separate from the do 
signal ground until it terminates at the master ground bus. 

Figure 10-6. The pulse power supply, its cable, load, and return form a transmitting loop 
which couples into the loop formed by the controller, its multiconductor cabling, 1/0 and 
return. Note that in actual installations these loops can be very large and very close. 



DOE-HDBK-1092-2004 

10-20 

Eliminating grounds is not feasible for some instruments, such as thermocouples and some 
analyzers, because they require a ground to obtain accurate measurements. Also, some 
instruments must be grounded to ensure personnel safety. 

When grounds cannot be eliminated, the solution to instrumentation ground loops lies in signal 
isolators. These devices break the galvanic path (dc continuity) between all grounds while 
allowing the analog signal to continue throughout the loop. An isolator also eliminates the noise of 
ac continuity (common-mode voltage)3. 

10.9.2.1.4 OPERATION AND MAINTENANCE 

Before starting each operation (experiment, test, etc.) the exposed portions of the grounding 
system should be visually checked for any damage and to determine that all necessary 
connections have been made. If more than one operation is conducted every day, then visual 
checks should be performed only at the beginning of each shift, if the grounding system will be 
needed during that shift. The adequacy of the grounding system should be verified annually. It is 
recommended that the grounding impedance within the equipment be maintained at 0.25 ohms or 
less. (See IEEE 1100). 

                                                 

3 Much of the information above came from the article entitled Causes and Cures of Instrumentation Ground 
Loops, by Pat Power, Moore Industries, Houston, TX. 

Figure 10-7. Intentional returns have been installed for both the pulse power supply and 
the controller right in the trays for the cables. Both loops have been reduced to small 
cross sections, reducing inductive coupling. Any electromagnetic (far field) radiation 
being generated by the pulse power supply and its cabling will also be reduced. 
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10.9.2.2 MATERIALS USED IN AN UNCONVENTIONAL MANNER 

The practice of using materials or components for purposes other than originally designed needs 
special safety considerations in use, identification, personnel protection, and equipment 
protection. 

10.9.2.2.1 HAZARDS 

The use of materials for something other than their original design criteria has the potential for 
providing an additional hazard, especially to personnel unfamiliar with the research apparatus. 
Personnel may assume that the material is used as originally designed and can unknowingly 
expose themselves to hazards unless special precautions are followed. 

Some examples of items used in an unconventional manner are: 

1. Copper pipe used as an electrical conductor 

2. Insulated flexible copper pipe used as an electrical conductor 

3. Specially designed high-voltage or high-current connectors 

4. Specially designed high-voltage or high-current switches 

Figure 10-8. Typical Process Instrument Loop.
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5. Water column used as a high-voltage resistor 

6. Standard coax cable used in special high-voltage pulsed circuits 

7. Water column used as a charged-particle beam attenuator 

8. Commercial cable tray used as a mechanical support for experimental apparatus. 

10.9.2.2.2 DESIGN AND CONSTRUCTION 

During design, special consideration should be given to installing interlocks and protective 
barriers. Signs warning of the hazards should be posted to help prevent unsuspecting personnel 
from being injured. 

10.9.2.2.3 OPERATION AND MAINTENANCE 

Appropriate safety procedures and training should be part of the process to qualify personnel. 
The procedures should describe the methods used to promote safe work practices relating to 
work on energized circuits in accordance with Section 2.1.2, Considerations for Working on 
Energized Systems and Equipment, Section 2.13, Work Practices, and 29 CFR 1910.331-335. 

Figure 10-9. Typical control instrumentation ground system. 
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10.9.3 WORK ON ENERGIZED OR DE-ENERGIZED ELECTRICAL EQUIPMENT 

Unless explicitly stated otherwise in this section, all work on energized/de-energized equipment 
will conform to Section 2.0, "General Requirements." 

10.10  REQUIREMENTS FOR SPECIFIC R&D EQUIPMENT 

Electrical equipment and components used in research may pose hazards not commonly found 
in industrial or commercial facilities. Special precautions are required to design, operate, repair, 
and maintain such equipment. Electrical safety and personnel safety circuits (e.g., interlocks) 
are covered in this section as a guide to reduce or eliminate associated hazards. Training and 
experience in the specialized equipment are necessary to maintain a safe workplace. 

All personnel involved with research electrical equipment should be trained and be familiar with 
the hazards they may encounter in the workplace. Only qualified electrical personnel should 
design, install, repair, or maintain electrical research equipment or components. Safety-related 
design, operation, and maintenance techniques should be incorporated into all new or modified 
equipment. Existing equipment should be modified when necessary to ensure safety. 
Equipment for which specific standards are not available should be constructed according to the 
principles of established standards, as determined by the AHJ. 

Capacitors and inductors are used in research apparatus in special configurations as well as in 
their standard configurations. The design, operation, and maintenance of research apparatus 
using capacitors and inductors in these special configurations require that special consideration 
be given to the safety of both personnel and equipment. 

10.10.1 CAPACITORS 

This section covers capacitors that are used in the following typical R&D applications: 

1. Energy storage 

2. Voltage multipliers 

3. Filters 

4. Isolators 

10.10.1.1 HAZARDS 

Examples of capacitor hazards include: 

1. Capacitors may store and accumulate a dangerous residual charge after the equipment has 
been de-energized. Grounding capacitors in series may transfer rather than discharge the 
stored energy. 

2. A hazard exists when a capacitor is subjected to high currents that may cause heating and 
explosion. 
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3. When capacitors are used to store large amounts of energy, internal failure of one capacitor 
in a bank frequently results in explosion when all other capacitors in the bank discharge into 
the fault. Approximately 104 joules is the threshold energy for explosive failure of metal cans. 

4. High-voltage cables should be treated as capacitors since they have the capability to store 
energy. 

5. The liquid dielectric and combustion products of liquid dielectric in capacitors may be toxic. 

6. Because of the phenomenon of "dielectric absorption," not all the charge in a capacitor is 
dissipated when it is short-circuited for a short time. 

7. A dangerously high voltage can exist across the impedance of a few feet of grounding cable 
at the moment of contact with a charged capacitor. 

8. Discharging a capacitor by means of a grounding hook can cause an electric arc at the point 
of contact. (See 10.10.1.2.3). 

9. Internal faults may rupture capacitor containers. Rupture of a capacitor can create a fire 
hazard. PCB dielectric fluids may release toxic gases when decomposed by fire or the heat 
of an electric arc. 

10. Fuses are generally used to preclude the discharge of energy from a capacitor bank into a 
faulted individual capacitor. Improperly sized fuses for this application may explode. 

10.10.1.2 DESIGN AND CONSTRUCTION 

The following cautions in design and construction should be considered: 

1. Isolate capacitor banks by elevation, barriers, or enclosures to preclude accidental contact 
with charged terminals, conductors, cases, or support structures. 

2. Interlock the circuit breakers or switches used to connect power to capacitors. 

3. Provide capacitors with current-limiting devices. 

4. Design safety devices to withstand the mechanical forces caused by the large currents. 

5. Provide bleeder resistors on all capacitors not having discharge devices. 

6. Design the discharge-time-constant of current-limited shorting and grounding devices to be 
as small as practicable. 

7. Provide suitable grounding. 

10.10.1.2.1 AUTOMATIC DISCHARGE DEVICES 

1. Use permanently connected bleeder resistors when practical. 

2. Have separate bleeders when capacitors are in series. 
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3. Use automatic shorting devices that operate when the equipment is de-energized or when 
the enclosure is opened, which discharges the capacitor to safe voltage (50 V or less) in 
less time than is needed for personnel to gain access to the voltage terminals. It must never 
be longer than 5 minutes. 

4. For Class C equipment with stored energy greater than 10 J, provide an automatic, 
mechanical discharging device that functions when normal access ports are opened. 

5. Ensure that discharge devices are contained locally within protective barriers to ensure 
wiring integrity. They should be in plain view of the person entering the protective barrier so 
that the individual can verify proper functioning of the devices. 

6. Provide protection against the hazard of the discharge itself. 

10.10.1.2.2 SAFETY GROUNDING 

1. Fully visible, manual grounding devices should be provided to render capacitors safe while 
work is being performed. 

2. Grounding points must be clearly marked. 

3. Prevent transferring charges to other capacitors. 

10.10.1.2.3 GROUND HOOKS 

1. Conductor terminations should be soldered or terminated in an approved crimped lug. All 
conductor terminations must be strain-relieved within 15 cm. 

2. Ground hooks must be grounded and impedance should be less than 0.1 ohms to ground. 

3. The cable conductor must be clearly visible through its insulation. 

4. A cable conductor size of at least #2 AWG should be used, and the conductor shall be 
capable of carrying the available fault current of the system. 

5. Ground hooks shall be used in sufficient number to adequately ground all designated points. 

6. Permanently installed ground hooks must be permanently grounded and stored in a manner 
to ensure that they are used. 

10.10.1.2.4 DISCHARGE EQUIPMENT WITH STORED ENERGY IN EXCESS OF 10 JOULES 

1. A discharge point with an impedance capable of limiting the current to 500A or less should 
be provided. 

2. The discharge point must be identified with a unique marker (example: yellow circular 
marker with a red slash), and should be labeled "HI Z PT" in large legible letters. 

3. A properly installed grounding hook should first be connected to the current-limiting 
discharge point and then to a low-impedance discharge point (< 0.1 ohm) that is identified 
by a unique marker (example: yellow circular marker). 
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4. The grounding hooks should be left on all of these low-impedance points during the time of 
safe access. 

5. The low-impedance points shall be provided whether or not the HI-Z current-limiting points 
are needed. 

6. Voltage indicators that are visible from all normal entry points should be provided. 

10.10.1.2.5 FUSING 

1. Capacitors connected in parallel should be individually fused, when possible. 

2. Caution must be used in the placement of automatic discharge safety devices with respect 
to fuses. If the discharge will flow through the fuses, a prominent warning sign should be 
placed at each entry indicating that each capacitor must be manually grounded before work 
can begin. 

3. Special knowledge is required for high-voltage and high-energy fusing. 

10.10.1.3 OPERATION AND MAINTENANCE 

1. The protective devices (interlocks) shall not be bypassed unless by qualified electrical 
personnel when inspecting, adjusting, or working on the equipment. Proper procedures 
need to be followed when bypassing interlocks. 

2. Procedures should be established for tagging the interlock and logging its location and 
the time when bypassed and restored. Written approval shall be obtained from an 
appropriate authority before bypassing an interlock . 

3. Only qualified electrical personnel (those trained in the proper handling and storage of 
power capacitors and hazard recognition) shall be assigned the task of 
servicing/installing such units. 

4. Proper PPE shall be used when working with capacitors. 

5. Access to capacitor areas shall be restricted until all capacitors have been discharged, 
shorted, and grounded. 

6. Any residual charge from capacitors shall be removed by grounding the terminals before 
servicing or removal. 

7. Automatic discharge and grounding devices should not be relied upon. 

8. Grounding hooks shall be inspected before each use. 

9. Capacitor cases should be considered "charged."  

10. Protective devices should be tested periodically.  

11. All uninstalled capacitors capable of storing 5 joules or greater shall be short-circuited 
with a conductor no smaller than #14 AWG. 
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12. A capacitor that develops an internal open circuit may retain substantial charge internally 
even though the terminals are short-circuited. Such a capacitor can be hazardous to 
transport, because the damaged internal wiring may reconnect and discharge the 
capacitor through the short-circuiting wires. Any capacitor that shows a significant 
change in capacitance after a fault may have this problem. Action should be taken to 
minimize this hazard when it is discovered. 

10.10.2 INDUCTORS 

This section covers inductors as well as electromagnets and coils that are used in the following 
typical applications: 

1. Energy storage 

2. Inductors used as impedance devices in a pulsed system with capacitors 

3. Electromagnets and coils that produce magnetic fields to guide or confine charged particles 

4. Inductors used in do power supplies 

5. Nuclear Magnetic Resonance (NMR), Electron Paramagnetic Resonance (EPR), and 
Magnetic Susceptibility Systems. 

10.10.2.1 HAZARDS 

Examples of Inductor hazards include: 

1. Overheating due to overloads, insufficient cooling, or failure of the cooling system could 
cause damage to the inductor and possible rupture of the cooling system. 

2. Electromagnets and superconductive magnets may produce large external force fields that 
may affect the proper operation of the protective instrumentation and controls. 

3. Magnetic fields could attract nearby magnetic material, including tools and surgical implants, 
causing injury or damage by impact. 

4. Whenever a magnet is suddenly de-energized, production of large eddy currents in adjacent 
conductive material can cause excessive heating and hazardous voltages. This state may 
cause the release or ejection of magnetic objects. 

5. The worker should be cognizant of potential health hazards. 

6. Interruption of current in a magnet can cause uncontrolled release of stored energy. 
Engineered safety systems may be required to safely dissipate stored energy. Large 
amounts of stored energy can be released in the event of a "quench" in a superconducting 
magnet. 

 

10.10.2.2 DESIGN AND CONSTRUCTION 

The following should be considered: 
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1. Provide sensing devices (temperature, coolant-flow) that are interlocked with the power 
source. 

2. Fabricate protective enclosures from materials not adversely affected by external 
electromagnetic fields. Researchers should consider building a nonferrous barrier designed 
to prevent accidental attraction of iron objects and prevent damage to the cryostat. This is 
especially important for superconducting magnet systems. 

3. Provide equipment supports and bracing adequate to withstand the forces generated during 
fault conditions. 

4. Appropriately ground electrical supply circuits and magnetic cores and provide adequate 
fault protection. 

5. Provide means for safely dissipating stored energy when excitation is interrupted or a fault 
occurs. 

6. Provide appropriate warning signs to prevent persons with pacemakers or similar devices 
from entering areas with fields of greater than 0.001 Tesla. 

7. Personnel exposure to magnetic fields of greater than 0.1 Tesla should be restricted. 

8. When a magnet circuit includes switching devices that may not be able to interrupt the 
magnet current and safely dissipate the stored energy, provide a dump resistor connected 
directly across the magnet terminals that is sized to limit the voltage to a safe level during 
the discharge and safely dissipate the stored energy. 

10.10.2.3 OPERATION AND MAINTENANCE 

Verify that any inductor is de-energized before disconnecting the leads or checking continuity or 
resistance. 

10.10.3 ELECTRICAL CONDUCTORS AND CONNECTORS 

The conductors and connectors covered here are only those used in unconventional 
applications. 

10.10.3.1 HAZARDS 

Examples of hazards are as follows: 

1. Metallic cooling-water pipes that are also used as electrical conductors present shock 
hazards (i.e., they may not be readily recognizable as electrical conductors). 

2. Improper application or installation of connectors can result in overheating, arcing, and 
shock hazards. 

3. Hazardous induced voltages and arcing can result from inadequate separation between 
high- and low-voltage cables. 

4. Use of an improper cable for a given type of installation (routing) can result in a fire hazard. 
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10.10.3.2 DESIGN AND CONSTRUCTION 

When working with special conductors and connectors for R&D applications, the following 
guidelines shall be implemented for design and construction: 

1. Select cables that are listed by an NRTL for a given type of installation (such as in conduits, 
trays, underground, or in an enclosure) whenever possible. Since cables used for R&D are 
sometimes unique (such as some coaxial cables), they may not be available as NRTL listed. 
In that case, obtain AHJ approval. 

2. Where liquid- or gas-cooled conductors are used, sensing devices (temperature or coolant-
flow) shall be provided for alarm purposes or equipment shutdown if the cooling system 
malfunctions. Provide adequate labeling, insulation, or other protection for metallic cooling-
water piping used as electrical conductors. 

3. Provide engineering calculations to support overrating of conductors for any application. 
Avoid conductor loops (wide spacing) between high-current supply and return conductors to 
prevent voltage and current induction in adjacent circuits or structural members. 

4. Ground coaxial cable shielding when possible. If test conditions require an ungrounded 
shield, provide barriers and warning signs to notify personnel that the shield is ungrounded 
and should be assumed to be energized. Provide suitable routing and additional protection 
for coaxial cables used in pulsed-power applications where the braid of the coaxial cable 
rises to high voltage levels. 

10.10.3.3 OPERATION AND MAINTENANCE 

Cable connectors and connections should be checked after installation, periodically, and should 
be tightened as necessary. Special attention should be given to aluminum cable connections. 

Ensure that charges are not built up on equipment that has been disconnected, such as vacuum 
feed through systems. 

10.10.4 INDUCTION AND DIELECTRIC HEATING EQUIPMENT 

This section describes electrical hazards associated with induction heating, RF equipment, and 
microwave equipment used in research. The hazards are mainly associated with high-
power/high-frequency RF generators, waveguides and conductors, and the working coils 
producing high temperatures. 

10.10.4.1 HAZARDS 

1. RF power as high as 50 kW and frequency in the tens of kHz range to hundreds of MHz is 
supplied from the RF and microwave generators. Being close to or making contact with an 
unprotected coil, conductors or waveguide opening may result in severe body burns. 

2. Dangerous voltages are present inside the power generators. 

3. Dangerous levels of RF energy may be present in the laboratory. 
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10.10.4.2 DESIGN AND CONSTRUCTION 

1. The heating coils, sources of high-frequency energy, and other live parts outside the 
generator cabinet must be shielded or guarded to prevent access or contact. 

2. The heating coil should have its cold (outside) lead properly grounded. 

3. A coaxial cable of correct impedance and adequate construction may be desirable to deliver 
the RF power to the coil in order to prevent the leakage of the RF energy in the laboratory. 

10.10.4.3 OPERATION AND MAINTENANCE 

1. Shielding must be maintained to minimize RFMW radiation. 

2. Wearing metallic objects when operating or maintaining the induction heating system is 
prohibited. 

3. Posting suitable warnings to indicate equipment hazards. 

10.10.5 LASERS AND X-RAY EQUIPMENT 

This section is applicable to laser systems and x-ray equipment used in research. Both fixed 
and portable equipment are covered regardless of input voltage. Only electrical hazards are 
addressed in this subsection. Refer to ANSI Z136.1 for laser hazards and 29 CFR 1910.306 (f) 
for x-ray hazards. 

10.10.5.1 HAZARDS 

1. Dangerous voltages are present inside the equipment. 

2. Implosion hazards may exist with the covers removed. 

3. Energy storage devices may present a hazard due to a residual charge even when the 
system is de-energized 

4. Dangerous voltages can exist across the impedance of the grounding conductor during 
operation. 

5. Failure of interlocks and safety devices may allow access to energized parts. 
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DESIGN OF SAFE ELECTRICAL EQUIPMENT FOR RESEARCH 

by 

J,  L.  Rand, R. W .  Leep, and W .  A. Bradley 

PART 1 ,  GENERAL HIGH-VOLTAGE TECHNOLOGY 

ABSTRACT 

Design information needed by research personnel 
engaged in the construction and operati on of experimen- 
t a l  apparatus is  presented w i t h  emphasis on e lec t r ica l  
safety.  figures, charts,  and tables are used t o  pre- 
sent reference d a t a .  

I. INTRODUCTION 

Research and development work requires the construct i on and operation of 

a wide variety of experimental apparatus. In most cases, the research scien- 

t i s t  charged with building an experimental device i s  a spec ia l i s t  in a partic- 

ular discipline. He cannot necessarily be expected t o  have the e lec t r ica l  and 

mechanical expertise required to  build a complex piece of equipment tha t  will 

operate rel iably and safely under a l l  conditions and tha t  will also conform t o  

numerous building and construction codes. Consequently, engineers, techn i-  

cians, and safety special is ts  are employed t o  ass is t  the sc ient i s t  who has 

f ina l  responsibili ty for his equipment. A wel'l-built device i s  inherently 

safer  t h a n  one t h a t  requires continual troubleshooting and repair.  

This manual i s  intended t o  help the research sc ient i s t  who has limited 

knowledge i n  the electr ical  area, particularly in high-voltage design. I t  

presents the fundamental concepts and basic data needed t o  assemble s a f e ,  

rel iable  equipment in a practical manner. The figures,  charts,  and tables  

have been taken from standard texts and handboolcs. Comments and suggestions 



have been gathered from people with many years of practical experience in 

building and operating experimental equipment. Books have been written on 
every subject covered in th is  manual, and the user should consult the 

references l isted t o  o b t a i n  a more complete discussion. 

11. HIGH-VOLTAGE EQUIPMENT 

Good practice in the design of high-voltage equipment requires an as-. 

sessrnent of the electrical and mechanical stresses imposed on components and 

materials used in the equipment. The following discussion provides information 

t o  ass i s t  in evaluating these stresses without requiring a 1 i terature search 

f o r  the various formulas and ratings.  We assume that most high-voltage equip- 

ment will be built and operated by qualified people in a research laboratory 

environment. The safety of these people depends on trouble-free performance 

of the equipment, proper training, and an understanding o f  the possible haz- 

ards. 

A. Electrical Stress in Dielectrics 

The e l ec t r i c  f ie ld  s t ress  within dielectr ic  materials must be limited to  

prevent breakdown. Maximum limits are fixed by the dielectr ic  strength of the I 

materials involved. Electric f i e ld  strengths can be calculated from the geom- 

e t ry  of the conductors and insulators. Figure 1 gives formulas for  calculat- 

ing the maximum electrical s t ress  in common geometries. See Appendix A, Figs .  

A1-A3, for  additional configurations and charts. 

B .  Conductor Spacing with Air Dielectric 

Sufficient spacing must be mai ntai ned between conductors, o r  conductors 

and grounded structures, t o  prevent breakdown of the insulating medium and con- 

sequent arcing. With a i r  as the insulating material, the minimum safe spacing 

required i s  several times the distance implied by the d ie lec t r ic  strength of 

a i r ,  which i s  29 kV/cm (75 kV/in.) a t  standard temperature (25 '~)  and sea 
level pressure. High temperature or decreased pressure will reduce the in- 

sulating property of a i r .  For example, a 2.54-cm (1-in.) point gap in a warm 

piece of equipment ( 6 0 ' ~  i s  not uncommon) at  10s Alamos, New Mexico*, will 

break down at  less than 20 kV. A rule o f  t h u m b  often used a t  Los Alamos i s  
avoid using more than 10 kV/in. when a i r  i s  the insulating medium. Figure 2 

*Elevation - 2.2 km (7200 f t )  
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Fig. 1 .  
Electric s t ress  produced i n  t h e  su r rounding  d ie l ec t r i c  material 
by vol tage applied t o  various conductor configurations . 

J 

shows the  breakdown voltage of a i r  plotted against gap spacing. The lower 

curve shows a recormended minimum spacing for  safe operation a t  a l t i tudes  ilp 

t o  -3000 m (10 000 f t ) .  

Dust and  water vapor in the a i r  generally reduce the breakdown voltage. 

These factors  will affect t h e  elec t r ica l  breakdown between sharp points more 

than between smooth spheres. The surf aces of high-voltage conductors a t t r a c t  
9 dust. When the d u s t  i s  conductive, d ie lec t r ic  spacing is reduced and the sur- 

face i s  e lec t r ica l ly  rougher t h a n  before. Thus, the a i r  surrounding h i g h - v o l t -  
,* 

age apparatus should be kept clean and dry whenever possible. When a i r  f i l -  

t e r s  are impractical for dust removal, solid insulating material or additional 
spacing s h o u l d  be considered. The following are formulas for  calculating the 

Electric Stress E at  any point in a dielectric between two electrodes, auoss which a voltage V 
is applied. is the force on unit charge placed at the point. I t  is equal to the voltage gradient, 
i.e. E 

fn 
R 
LLI 
n 
Z 
-1 
> 
0 

= - dvldx E is measured in kV/cm. 

Electrode 
Configuration 

Concentric Cy iinders 

@ 
Equal Parallel Cylinders, or Wires 

0"0 A B 

CvlinderlPlane 

Em = Maximum Electric Srress 
Max. Stress f = Field Divergence Factor = 
Mean Srress 

Em occurs at  surface of inner cylinder 

v Em =. - 
R ( 5 1 )  

r l n  - f = 
R 

In - 
R 

The optimum ratio o f  - = e, is 

the smallest R for specified V and Em 

V Ve 
E m = - = -  r R 

Em occurs at points A & B 
V f  

Em =- 
D 

f =  ,/m 
2 in[$ + 1 .iJw 

Em occurs at point A 
V f  

Em =- D JF? 
In [P + 1 +JF%] 



t BREAKDOWN VOLTAGE AT 2 S 0 C /  / j 

100 - - - 
1 - 
Y - 
Y - 

- 

RECOMMENDED MINIMUM SPAC 
ALTITUDE < 3000m ( v  10,000 ft. 

I 

0.25 cm 25 25 250 
0.1 0 in. 1 .O 10 100 

ELECTRODE SPACING 

Fig .  2 .  
( A )  Breakdown vol tage  f o r  po in t  gaps i n  a i r  a t  s tandard temperature 
(25OC) and pressure (760 mm Hg) . ( B )  Recommended mi nimurn conductor 
spacing f o r  a l t i t u d e s  up to  3000 rn (10 000 f t ) ;  includes s a f e t y  f a c t o r .  

e l e c t r i c a l  breakdown f i e l d  f o r  comnon conductor geometries i n  a i r .  The correc-  

t i o n  f a c t o r  S used i n  t h e  fol lowing formulas may be obtained from Fig. 3. 

P a r a l l e l  P l a t e s  (Uniform F ie ld )  

where Eb = Breakdown f i e l d  (kV/crn); 

S = ~ e r n ~ e r a t u r e - p r & s u r e  co r rec t ion  f a c t o r  ( F i g .  3) ;  S = 1 a t  760 mn Hg 

and  25'~; and 
d = Conductor spacing (cm); i t  must be 1 a rger  than  0.01 cm. 
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Concentric Cylinders 

where 

Ec = Corona onset f ie ld  (kV/cm), 

and 
r = Radius of inner conductor 

(cm). 
Equal Parallel Cylinders 

where r = Radius of conductor (cm). 
C.  Corona Discharge 

Corona discharge i s  a familiar 

phenomenon wherever conductors sur- 

SEA LEVEL - 
1500m(-5000 ft.) 

3 0 0 0 m  (-I0,OOOR.l- 

250 2 

BREAKDOWN CORRECTION FACTOR S 

rounded by a i r ,  gas, o r  liquid insu- 
la t ing media are raised to  potential F i g .  3 .  

levels of about 12 kV or higher. A t  Correction factor variation for  
pressure and  temoerature. 

th i s  potential ,  the electrostat ic  
f i e l d  becomes concentrated near the conductor to  a value large enough to ion- 

i z e  the surrounding material. The required potential level depends on the 
conductor shape, surface i rregular i t ies ,  and spacing between the conductor and 
a ground plane o r  a conductor of opposite polarity. When the insulating medi- 
um i s  a i r ,  corona can be seen as a bluish glow surrounding the conductor, and 
a hissing sound i s  produced by the discharge current flowing through the ion- 
ized a i r .  This discharge current produces ozone and oxides of nitrogen, and 

in the presence of moisture, nitrous acid may form on surfaces near the dis- 

charge path. Many insulation materials are 'att'acked by t h i s  acid, and even- 

tua l ly  a surface track fai lure may be produced. A white deposit i s  often 
. found on insulators and metal surf aces at  the point of corona leakage. 

Because' corona discharge begins at  points of maximum e lec t r i c  f i e ld  con- 

centration, conductors in high-vol tage apparatus should be smooth and shaped 
to  avoid sharp corners wherever possible. The corona shields seen on high- 

voltage equipment are conducting metal shapes geometrically designed t o  avoid 



excessive voltage gradients at c ircui t  connecting points. Figure 4 shows the 

principle involved i n  preventing corona discharge a t  a high-vo1 tage bushing. I 

D. Point and S ~ h e r e  G ~ D  Breakdown Potentials 

Figure 5 shows how conductor shape i nf 1 uences breakdown vo1 tage for  the 

simple case of points versus spherical surfaces. The voltage required t o  
break down a 1-cm a i r  gap between sharp points is about 12 kV. Where spheres 

of 1-cm diam are used as electrodes, the 1-cm gap breaks down a t  27 kV, and 

with 2-cm or larger spheres a t  32 kV. This improvement i s  mostly due t o  
reduction of the electrostat ic  f i e ld  in the a i r  adjacent t o  the conductors, 

thus inhibiting corona discharge. Small spheres are no better than points a t  

voltage levels above 50 kV.  To use a 5-cm spacing at 50 kV, spheres o f  15-cm 

diam or larger are required. The data presented in Fig. 5 are based on a i r  a t  
sea level pressure and 25 '~  temperature. Practical designs should include a 
sa fe ty . f  actor of 3 or more. 

E .  Characteristics of Insulating Materials 
~ ~- 

1 .  Thickness Required. Variou 

voltage equipment are l is ted i n  Append 

can be used t o  estimate the conductor 
than a i r .  The dielectr ic  strength 

l i s ted  i s  the maximum potential gradi- 

ent tha t  the material can withstand 

without breakdown. The dielectr ic  

strength of a materi a1 i s  usually mea- 

sured in a uniform e lec t r ic  f ie ld ,  

such as the f i e ld  between two parall el 

W I ~ W T  WIELD WITH SHIELD 

s insulating materials used in h i g h -  

ix Tables B-I and B-11. These tables 

spacing required for  insul ators other 

~d' I 10 100 
ELECTRODE SPACING (em) 

F i g .  4. Fig. 5. 
Corona shield attached t o  high-voltage Breakdown voltage for sharp points 
conductor reduces the s tress  concentra- and several sphere sizes used as 
tion on a i r  surrounding a c i rcui t  con- electrodes i n  a i r  a t  25OC and sea 
nection p o i n t .  1 eve1 pressure (760 mm Hg) .l 



f l a t  p la tes  separated 2.5 mm (0.1 i n . ) .  Uniform f i e ld s  are the exception 

rather than the ru le  in assembled devices, and ' the  d i e l ec t r i c  strength values 

quoted should be reduced by an appropriate safe ty  fac tor .  I n  a i r  and high- 

qua l i ty  d i e l e c t r i c  o i l s  a design safety factor  of 6 t o  8 i s  appropriate. 

2. Gases. The insulating gases SF6 ( su l fu r  hexzfluoride) and 

CC12F2 (Freon 1 2 )  have a d i e l ec t r i c  strength about 2.4 times the strength 

of a i r .  They are commonly used at  pressures of several atmospheres t o  reduce 

the required electrode spacing in switches and other devices. Paschen ' s Law 

s t a t e s  t h a t  the product of electrode spacing and pressure i s  approximately 

constant f o r  a given gas a t  constant temperature. Thus, .c lose  electrode spac- 

ing at  h i  gh voltages may be achieved by increasing the surrounding d i e l e c t r i c  

gas press ure. 

Although high-dielectr ic strength gases may be mixed with a i r ,  maximum 

voltage hold-off can be achieved by using pure d i e l ec t r i c  gas. When pure 

SF6 i s  used, the containing vessel must be purged t o  eliminate a i r . '  T h i s  

may be done by flushing the chamber several times with SF6 or by vacuum 

pumping and back-fi l l ing.  

Another precaution i s  to  avoid e lec t r i ca l ly .  overstressing SF6. Incip- 

ient  corona discharge can decompose the SF6 gas in to  a number of corrosive 

or toxic compounds. These compounds 

may at tack d i e l e c t r i c  materi a1 s and 

cause equi.pment f a i l u r e .  This problem 

i s  espec ia l ly  subt le  in pulsed equip- 

ment, where peak voltages may approach 
OUTER BRAID 

the breakdown strength of the gas. (USUALLY GROUNDED) 

CLAMP AND GROUND WIRE 
3. Liquids. Liquid insul a- 

POLYETHYLENE CONTAINER 

t o r s  a re  a lso  used t o  decrease the 

spacing required between conductors 
HIGH -VOLTAGE 

and thus reduce the physical s i z e  of INNER CONDUCTOR 

hi gh-vol tage equipment. Liquids a lso  

provide a convenient. heat t r ans fe r  
5 

mechan i  sm fo r  h i  gh-power equipment , 
arc  quenching in switches, and a meth- r 
od fo r  excluding a i r  in spaces t ha t  

F i g .  6. 
are  d i f f i c u l t  t o  insula te  with so l id  Termination of h i  gh-vol tage pulse 

mater ia ls .  Figure 6 shows the use of cable i n  an o i l  bath. 
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an oil  bath t o  prevent arcing a t  a cable termination point. 

Liquid insulators must be kept pure. Any contamination by dissolved 

minerals o r  gases, particulate matter, o r  gas bubbles will reduce the break- 

down voltage. Water in dielectr ic  oi l  a t  a concentration of 50 parts per m f  1- 
k 

lion can reduce the breakdown voltage t o  25% of normal. A11 insulating o i l s  

can dissolve about 10% by volume of a i r  at  atmospheric pressure. Both water n 

'vapor and oxygen in the a i r  are undesirable contaminants, and o i l - f i l l ed  appa- 

ratus should be sealed. Some insulating o i l s  will dissolve rubber, p las t ic ,  

or varnish, and compatibil i.ty of materials must be considered. References 1 

and 2 contain data on density, viscosity, chemical properties, and other char- 

ac ter i s t ics  that are important in choosing the best oil  for  a part icular  ser- 

vice. 

4.  Solids. Solid insulating materials are used in high voltage equip- 

ment t o  support bus bars or other conductors, t o  prevent accidental contact;, 

and t o  reduce the required spacing of conductors. The materials most often 

used are l i s ted  in Appendix B. Because the predominant f a i lu re  mechanism fo r  

many materials i s  the formation of a conductive pathway along the surface be- 

tween points of high potential difference, Appendix B also presents a table of 
comparative tracking indices. The materials with h i g h  index numbers are more 1 

res is tant  to  tracking than those with low index numbers. 

Breakdown voltages through sol id insulators or across the i r  surf aces are,  

a t  best,  poorly defined parameters. Breakdown voltage for  solid materials i s  

influenced by practically every physical factor that can be imagined t o  be 

re1 evant , i ncl uding 

a temper a t  ure, 

humidity, 

a t e s t  duration, 

a whether dc or ac, 

0 frequency i f  ac, 

0 area of t e s t  electrodes, 

a discharges in the ambient medium (usually a i r  or o i l ) ,  

8 discharges in cavities within the insulation, 

o polarity if there i s  assymetry of the electrodes, 

pressure on the electrodes, and 

a recent appl ica t i  ons of mechanical s t ress .  



The values given in Appendix B should be used as comparative rough e s t i -  

mates of each mater i a1 ' s abil i t y  t o  withstand electr ical  s t ress .  High temper- 

atures reduce insulating qua1  i t y  and 1 ife expectancy of a7 1 sol id insulators. 

The temperature limits shown are approximate values used in achieving a prac- 

t ica l  operating 'life. Chapter 10 of Ref. 3 presents a discussion of tempera- 

ture effects . 
Generally, the mechanical properties and cost of materials wi 11 be more 

important in the design of equipment t h a n  the dielectr ic  strength attainable 

with a given material. Solid materials are most often used in sheet form for  

conductor separation or in simple geometric shapes as conductor supports. The 

thickness required i s  usually several times the value implied from laboratory 

t e s t s  of dielectr ic  strength. The maximum voltage a given insulator can with- 

stand cannot be proportionately increased indefinitely simply by increasing 

i t s  thickness. Generally, the withstand voltage increases as the square root 

of thickness. For example, two 1 ayers of tape rated at  9000 V wi 11 hold off 

about 12 000 V ,  not 18 000 . V .  Ordinary building wire has 10 t o  20 times the 

insulation thickness required for i t s  rated voltage, mainly t o  provide mechan- 

i cal protection. 

A solid insulator will often f a i l  after a long period of sat isfactory 

service. Figure 7 shows photographs of the progressive mechanisms called 

tracking and treeing, which cause such fai lures .  Treeing i s  often s tar ted by 

tiny voids or imperfections i n  t he  solid material. Several layers of dielec- 

t r i c  materi a1 wi 11 improve the insulator 's  resistance t o  treeing by interrupt- 

ing the progressive treeing p a t h  and isolating imperfections within layers. 

'Tracking i s  caused by a discharge current f.lowing across the insula tor ' s  sur- 

face in the boundary layer between solid material and  the surrounding a i r  o r  

liquid medium. In either case, a conductive track of burned or carbonized ma- 

te r ia l  i s  produced, which is  e lectr ical  ly equivalent t o  a r e s i s t i  ve connection 

between the conductors. For practical designs the safe procedure i s  to  use 

several times the minimum. insulator thickness 1 isted in withstand voltage 

tables and t o  always use the more stringent ac values of d ie lec t r ic  strength 
5 

when selecting insulators. Good practice on porcelain line insulators used to '  

(r 
support power 1 ines requires a dry f1 ashover r a t i  ng (breakdown voltage across 

the insulator) 3 to  5 times the normal operating voltage and a surface track- 

ing path twice the shor!est a i r  gap distance. 
2 



( a >  
Tree-like discharge channels 
i n  polymethyl methacrylate. 

(b)  
Tracking produced by a high-voltage 
discharge over the surface of a phe- 
nol formaldehyde-bonded paper board. 

( c >  
Tracking on a high-voltage bushing caused by water 
droplets i n  the o i l  i? which i t  was used. 

Fig. 7. 
Tracking and t reeing produced by high-voltage discharge w i t h i n  
so l id  material ( a )  and across the surface (b and c ) .  

Note: Photographs reproduced from Ref. 2 ,  p. 146. 
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The porcelain used for insulators does not track, b u t  d i r t  accumul ated on  the 

surface can cause a low resistance path t o  'form. 

Electrical systems always contain some inductive elements, and voltage 

transients will be generated whenever current in the system changes rapidly. 

These voltage pulses, or transients, can be several times the system operating 

voltage. Flashovers often occur when the apparatus i s  turned off following a 
successful operating period at rated vo1 tage . 

5. Vacuum. Evacuated chambers are used in a wide variety of experi- 

mental apparatus i nc1 uding hi gh-vol t age switches , spectrometers , spark gaps, 

and part ic le  accelerators. In a high-vacuum environment there are few gas 

molecules or other materials to  be ionized. A conductive path may be created 

by a high-electric f ie ld  pulling electrons out of the electrodes or by other 

mechani srns providing current carriers in the electrode space. Electrical ly,  a 

highly evacuated space behaves as a very good insulator. The nominal dielec- 

t r i c  strength of vacuum varies with the metal used for  electrodes, the shape 

of the electrodes, and the voltage wave form. 

Much research has been done on the conductive mechanism and on materials 

for electr ical  construction in vacuum. Chapter 4 of Ref. 3 i s  an up-to-date 

sumnary of th i s  subject. No electrical safety hazards are unique t o  high- 

voltage equipment in the vacuum environment. The major  problem i s  cleanliness 

and the selection of materials that will n o t  out-gas molecules into the vacuum. 

Dielectri c strength wi 11 be reduced by any leak that provides current-carrier 

ions. Figure 8 gives a vacuum breakdown criterion derived from charge carr ier  

energy considerations. This curve can be used for practical designs. 

Fl as hover across solid insulators in vacuum i s  an important consi deration 

in the design of any high-vacuum, high-voltage device. The vacuum chamber m u s t  

be constructed of an insulating material, or the conductors must be insulated 
with bushings where they pass through the wall of a metall i c  vessel. Breakdown 

voltage across the surface of the insulator depends primarily on the insulating 

materi a1 , not on the electrode material. Table I shows the breakdown voltage 

measured in vacuum with various insulator and electrode materials. Polystyrene 

i s  c lear ly the best material with a measured breakdown strength of 75 k V  across 
a 2.2-cm long-cylinder. This strength i s  much lower than the theoretical value 

expected for a vacuum gap with no sol id materi a1 in between (400-1200 k~/cm) .  



- POSSIBLE BREAKDOWN 
REGION 

- 
- 

REGION - 

TABLE 1 

BRWOOUN VOLTAGES FOR OIFFEREHT ELECTRODE 

AN0 IHSUtATCR WITERIALS IN VANUM~ 

w lo5 Insulators used were 2.2-no-long cylinders with butt j o i n t  
'i 

C) 

at the electrodes.  
0 ' lo4 

Electrode Insulator Breakdown 
b 

Material Material Voltage (kV) 

1 o3 Capper Polystyrene 7 5 

Cower Tef 1 on 50 
1 o2 Copper Steat i te  50 

lo-= I O - ~  10-1 t 10 lo2 lo3 Copper Pyrex glass  44.5 

ELECTRODE SPACING (cm) Stainless  s tee l  Pyrex glass 44.0 
Copper Soda 1 fme g lass  40 

Fig. 8 .  copper ~ i r c o n i G  dfoxfde 40 
Kil patri  c '  s vacuum breakdown c r i t e r i a .  Aluninum Pyrex glass  39.0 

Graph shows voltage applied across a 
gap vs electrode spacing. 

F. Coaxial Cable for  High Voltage 

1. General Characteristics. Sheathed cable i s  used extensively for  

power 1 i ne service, fo r  interconnecting experimental apparatus, and fo r  carry- 

ing high-voltage pulse currents in laboratory work. Special types of high- 

voltage coaxial cable designed fo r  low inductance and minimum overall size are 

available for  pulse work. Cables with voltage ratings from 10 kV to  400 kV 

may be obtained. Maximum electrostat ic  s t ress  occurs at  the outer surface of 

the inner conductor. Insul a t i  ng materi a1 between the cy1 inders i s usually 

solid f lexible  plast ic ,  foamed plast ic ,  or oil-impregnated paper. 

In proper 1y terminated coaxial cables, the magnetic f i e ld  i s  constrained 

t o  the volume between the inner and the outer conductors, and there i s  almost 

no external force on the cable. Consequently, coax provides a good nonwhipping 

transmission 'line for  pulsed high current-s. A l i s t  of coaxi a1 cables and the i r  

character is t ics  i s  given in Table 11. 

2.  Air Gap Problem. Air must be excluded if  the full-voltage capabil- 

i t y  of the cable insulating material i s  t o  be realized. Air gaps  may be cre- 

ated t h r o u g h  manufacturing flaws within the cable or produced when a coaxi a1 

cable i s  terminated. Figure 9 shows the problem that develops i n  coaxial 

cable when a layer of a i r  i s  present.4 The a i r  layer forms the d ie l ec t r i c  

for  one capacitor, and the solid insulation forms the dielectr ic  fo r  another. 

Because the two capacitors are in series across the high voltage, the voltage 

will divide w i t h  the largest voltage across the smaller of the two capacitors. ; 



The smaller capacitor i s  usually the 

a i r  d i e l ec t r i c  capacitor, and the 

e l e c t r i c  s t r e s s  developed may exceed 
? 

the a i r  breakdown voltage. When t h i s  

s occurs, ionization of the a i r  iayer 
leads t o  a corona discharge current ,  

erosion of the so l id  insulating mate- 

r i a l ,  and eventual f a i l u r e  of the  

cable. 

In some cables a carbon-loaded 

semiconducting paper or polymer 

layer i s  applied a t  the conductor- 

insulat ion in terface  to  avoid a i r  

gaps and t o  cover any sharp imper- 

fect ions  on the  metal conductor. I t  

also increases the apparent surf ace 

area of the  inner conductor, thereby 

reducing the  e l e c t r i c  s t r e s s .  Modern 

cable manufacturers use vacuum i m -  

pregnation, heat treatment, and spe- 

c ia l  extrusion techniques t o  produce 
r e l i a b l e  cables. Thick o i l  or grease 

may be used t o  displace a i r  in f ab r i -  

HIGH STRESS EQU I POTENTIAL 

3 INNER 
CONDUCTOR 

[L 
INSULATION 

W 

I 
V) 

4 OUTER 
LL CONDUCTOR 

Oo 
I 

5 lo 15 EQUIVALENT 
L (cm) - CIRCUIT 

Fig. 9 .  
Air g a p  created by simple method of 
terminating a h i  gh-vo7 t a g e  cab1 e can 
cause flashover. See App. C f o r  more 
detai 1 and  information on designing 
graded terminations .5 

cating some types of cable. 

3. Terminating. The a i r  gap problem returns when the cable must be 

terminated. When the  outer conductor i s  peeled back t o  make a connection, an 

a i r  gap i s  created,  as shown in Fig. 9. No matter how f a r  back the outer  con- 

ductor is removed, there i s  always a high-stress region where the  braid leaves 

the insula t ion.  The cable i s  l i ke ly  t o  f a i l  a t  t h i s  po in t  well below i t s  

rated voltage . Speci a1 1 y desi gned materi a1 s and procedures are empl oyed t o  

exclude a i r  from the gap and d i s t r i bu t e  e l ec t r i c a l  s t r e s s  on the surrounding 
@ 

a i r .  The theory behind these procedures i s  too complex f o r  description here 

.. but can be found in Appendix C .  Kits of premolded rubber shapes, conductive 
tape,  paper, and grease or o i l  are sold with ins t ruct ions  f o r  proper applica- 

t ion t o  a l l  s izes  of high-voltage cable. 



TABLE I i  
SOHE MEASURE0 CHARACTERISTICS OF COAXIAL CA8LESc 

Solid Center Conductor Cables 

Braided Center Conductor Cables 

8/59 (14/13) 50 
8/ 142 55 

Type 4 (P14-4) 26 
17/14 36 

17/14 H V  Graded 47 

19/14 49 
19/14 HV Graded 54 

19/17 17 
YK198 (Belden) 28 

Resistancea Cdpacltance Average Insuldtfon Y" (ohms/ft) !pF/ft) Thickness ( tn. ) (kV) 

Qata taken i n  the frequency range 12-64 kHz. 

bThls value f s calculated and represents  the voltage on the cable t h a t  glves a maximun f i e l d  (Em) 
equal to  250 kV/an (25 W/m). 

CReference G .  P. Boicourt, *Electr icnl  Character is t ics  of Coaxial Cable," Los Alamos S c i e n t i f i c  Labora- 
t o r y  report  LA-3318 (19651. 

For practical work in the laboratory the graph of flashover voltage vs 

peel-back length for the 100-kV cable shown in Fig. 9 can be used t o  estimate 

the voltage a given cable will withstand when terminated in a i r .  Cables used 

a t  peak voltages over 50 kV should be terminated with a s t ress  cone k i t  or by 

some other method that relieves the f ie ld  concentration in the surrounding 

a i r .  One method comnonly used on large laboratory equipment i s  immersion of 

the ent i re  cable termination i n  an o i l  bath as shown in Fig. 6. 

G. High-Vol tage Capacitors 

1. Shock Hazard. Any capacitor charged t o  300 V with a stored energy 

of 30 J o r  more i s  considered lethal.  A t  an operating level of 10 kV,  a 0.2-VF 
capacitor contains 10 3 and must be respected. Energy storage capacitors range 

from 1 t o  100 F and operate between 3 and 100 kV. Stored energy i s  usually 

between 100 and 3000 J per capacitor. Table I11 shows the energy stored in 

capacitors fo r  several sizes and charging voltages . i 



TABLE 111 
ENERGY STOIED I N  CAPACiTOR 

Capacitors Joules 8 
(uF) \r = IUwb ZOkV bUkV IWkY 

2. Mechanical Damage Hazard. A capacitor charged t o  the 100-5 level 

has available energy equivalent t o  a 22-caliber r i f l e  bullet and can do sig- 

n i f  icant damage. The energy storage capacitors are designed for  low internal 

inductance and can produce peak discharge currents of 100 kA or more. The 

energy released in a short-circuit discharge can cause explosion, f i r e ,  and 

serious injury t o  unprotected personnel . 
3. Hand1 ing Energy Storage Capacitors. S t r i c t  technical and adminis- 

t ra t ive  procedures should be established for  people working with hi gh-vol t age  

energy storage capacitors. These innocent-looking devices can s tore  a lethal 

charge indefinitely,  even when completely disconnected. Some types can gener- 

ate  an appreci ab1 e charge f rom re1 axati on of internal die1 ec t r i  c s t r e s s  af ter  

they are discharged and removed from service. Capacitors with p las t ic  dielec- 

t r i c  are especially prone to th i s .  Appendix D gives measured charge recovery 

data on several energy storage capacitor types. A1 1 out-of-service energy 

storage capacitors must be kept short-circuited with a metal strap or  heavy 

wire a t  a l l  times. 

Special care mus t  be taken when defunct energy storage capacitors are 

opened for examination. Large capacitors have been known t o  f a i l  in a manner 

that  leaves one or more fo i l  packs isolated and charged within the unit .  This 
-, 

condition i s  an unexpected shock hazard t o  anyone cutting i n t o  the capacitor, 

even though a shorting s trap i s  connected t o  the un i t ' s  terminals. - 
H .  High-Voltage Resistors 

1. Solid Type. Specially designed res is tors  are required i n  c i rcui t s  

operating a t  voltage levels higher than a few kv.  Ordinary carbon res is tors  



used in e lectronic  work will not do the job. Wire-wound r e s i s to r s  have been 

used in  some applications, but d i f f i cu l t i e s  w i t h  corona discharge and heat 

diss ipat ion favor the use of a deposited r e s i s t i ve  fi lm on a ceramic sub- 

s t r a t e .  Resistance values from 1800R t o  20000 Mi? are available.  See Tables 

E-I t o  E-IV in Appendix E . ~  
The composition-carbon or pyrolytic precision film i s  usually deposited as 

a helix on a ceramic tube. Careful handling i s  necessary t o  avoid scratching 

the surface o r  breaking the ceramic tube. Good cooling a i r  flow i s  required t o  
avoid ho t  spots during transient overload conditions. A power s a f e ty  f ac to r  

of two or  more should be used in design; tha t  i s ,  a 2-W r e s i s to r  where 1 W of 

heat d iss ipat ion i s  expected. Also, the  rnanufacturerfs recomnended temperature 

derat i  ng fac tor  should not be overlooked. The composi ti on-carbon f i lm r e s i s to r  

will  sa fe ly  diss ipate  rated power a t  25 '~  b u t  will d iss ipate  only 1/2-rated 

power a t  62.5'~ and zero power a t  1 0 0 ~ ~ .  These ra t ings  are for  sea level 

a i r  pressure and must be fur ther  derated for  higher a1 t i tudes .  The pyrolytic- 

a l loy  r e s i s to r s  are rated fo r  full-load operation a t  8 5 ' ~  and derate t o  zero 

1 oad a t  1 5 0 ~ ~ .  

2. Liquid Resistors. When the high-voltage application requires peri- 

odic diss ipat ion of a large amount of energy, such as dumping the charge from 
' 

a capacitor bank, the l iquid or e l ec t ro ly t i c  r e s i s to r  should be considered. 

The l iquid r e s i s to r  has the advantage tha t  a large heat capacity can be ob- 

tained by using a water-salt solution as the r e s i s t i ve  material .  One l i t e r  of 

water a t  room temperature (25 '~)  can absorb more than 300 kJ without boil- 

ing. Figure 10 shows some data obtained on a l iquid r e s i s to r  developed f o r  

the Scyl 1 ac thermonuclear experimental machine a t  the Los A 1  amos Sc i en t i f i c  

Laboratory (LASL) . 7 

Problems with 1 iquid res i s to rs  are resistance change from heating and 

applied voltage, a possible open c i r cu i t  because of l iquid evaporation or  leak- 

age, and lack of a ready cormercial source. These r e s i s to r s ,  as they a r e  b u i l t  

a t  LASL, are 1 arge devices mounted ver t i  ca1 l y  t o  f a c i l i t a t e  adding e lec t ro l f le  

as needed. They should be mounted in clear view of the equipment operator. 

I.  Mechanical Considerations 

1. Conductor Support. High-vol tage apparatus usually requires r i g id  

support f o r  the current-carrying conductors t o  provide i  nsul a t i  on and mechani- 

cal strength.  Although operating currents may be small, the peak current pulse 
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Fig. 10. 
Scyllac liquid resistor. (Adapted from Ref.7 ).  



available under short-circuit conditions may be in t'he kilampere range, and 

large electromagnetic forces can develop between the conductors. Any hiah- 

voltage device storing or transmitting energy of 100 J or more should be bui l t  
with conductors and supporting hardware designed t o  withstand the s t r e s s  of a r 

1 arge current pulse. 
2. Electromagnetic Force Between Conductors. The mechanical force C 

between two current-carrying conductors is  

where d i s  i n  meters and 

I s  in meters, or 

4.51 I a 
F=? * x pounds, 

where 

d = conductor spacing in inches ( I  i n .  = 2.54 cm), 
1 = conductor length in inches, 

I, = current in the conductors in amperes, and 
! 

I2 = current in the conductors in amperes. 
As an example, the force i s  about 0.3 N/m (0.02 pounds per foot )  for  conductors 
spaced 6.35 mn (1/4 in.) carrying 100 A. If the short-circuit or pulse current 
is 10 kA, conductors spaced 6.35 rnrn (1/4 in . )  apart will experience a force of 
3154 N/m (216 pounds per foot )  of length. This i s  force enough t o  break insu- 

1 ators, bend metals, and break connections not securely bolted. 
Short-circuit current depends on several factors,  including stored energy 

available, source impedance, and how the short c i rcui t  i s  applied. In most 
situations the stored energy will be dissipated as heat in an arc a t  the point 
of contact, b u t  the  force tending t o  move the conductors can be destructive. 
The current and forces in any situation can be calculated if  the c i r cu i t  res is -  

tance and inductance are known. However, time i s  saved if you know that  any 
high-vo1 tage device w i t h  appreciable energy storage can produce destructi  ve 
electromagnetic forces and that  current busses must be built  as strong as pos- -I, 

s i b l e  within the limits of economics and available space. Long loose wires 
draped f r m  one component to another should be avoided, and f lexible  cable 
should be t i ed  t o  the supporting rack or clamped down. Figure 11 shows several 



Open bus used on c a p a c i t o r  bank. Sup- Coaxial cabi es  u a r a i  1 e l  connected f o r  
p o r t  s t r u c t u r e  i s  f i b e r  g l a s s .  300-kV, 60-kA p u l s e  on 8-beam C02 l a s e r .  

Cables l e a v i n g  Marx bank 300-kV p u l s e  I n s u l a t e d  w i r e  suppor ted  by po lye thy-  
g e n e r a t o r .  Note po lye thy lene  s u p p o r t  l e n e / p h e n o l i c  s u p p o r t s .  300-kV, 16-kA 
s p a c e r s  and door i n t e r l o c k .  p u l s e .  

u I n s u l a t e d  w i r e  connec t ions  t o  i n - l i n e  Coaxi a1 cab1 e  t e r m i n a t i o n  on 1  a s e r  
l a s e r  a m p l i f i e r .  Note c a s t o r  o i l -  a m p l i f i e r .  18-kV, 5-kA p u l s e .  

- f i l l e d  boo ts  t o  p r e v e n t  corona d i s -  
charge  a t  hi  gtt-vol t a g e  t e rmina l  . 

Fig.  11. 
Examples o f  high-vol t a g e  bus and cab1 e  i n s t a l l  a t i o n .  

1 9  



examples of well-built bus and cable instal la t ions.  Appendix C contains design , 
: informat i on on force between conductors in various configurations . 

3 .  Equipment Enclosures. H i  gh-vol tage equipment must be properly en- 

closed t o  protect operating personnel from electr ical  shock under normal oper- .- 
ating conditions and from flying debris, burns, o r  smoke inhalation when things 

go wrong. High-voltage switchgear for  power l ines  i s  usually mounted in sheet - 
metal cabinets and placed inside locked fences we11 o u t  of reach. The same 

precautionary measures should apply t o  1 aboratory equi p e n t .  If the experimen- 

t a l  device is  small, a sheet metal box with properly i nterlocked access doors 

i s  acceptable. When the equipment i s  large, walk-in enclosures are required 

with locked doors and interlock systems t o  shut off power and t o  discharge ca- 

pacitors or other energy storage devices when a door i s  opened. The Kirk key 

interlock system i s  widely used and recomnended for  th i s  service. Fi,gure 12 

shows typical equipment enclosures. 7 

Polynethyl-methacrylate acrylic plast ic ,  better known as Plexiglas or 

Lucite, i s  often used in sheet form for  construction of experimental apparatus. 

These sheets are eas i ly  worked, have good insulating properties, and are  t rans-  

parent. They are useful as windows and protective covers on high-voltage 

equipment b u t  should n o t  be used as the major part of a large high-voltage 

equipment enclosure. This material will soften at  70 t o  1 0 0 ~ ~  and wil l  b u r n  

sl owly. I t s  i nsul ating properties are degraded by rnechani cal s t ress  or  surf ace 

imperf ect i  ons that may be produced by cleaning solvents. High-strength gl ass 

in a metal framework i s  recommended f o r  large equipment enclosures where 

appearance' and transparency are important. 

4. Equipment Support Racks. Hi gh-vol tage experimental work usually 

involves the stacking of capacitors, mounting of switches, and physical ar- 

ranging o f  electronic equipment, such as power supplies and monitoring devices. 

Various types of standard equipment mounting racks may be purchased from manu- 

f acturers or fabricated local ly  t o  su i t  the need. Figure 13 shows some of the  -, 
/ hardware used. UsuaTly the equipment support structure will  be connected 

t o  the ground side of a current conducting system. 

5. Nongrounded Racks. Special hazards exis t  when the rack i s  insu- v 

1 ated from ground and operated at  a high voltage. Such racks should be paint- 

ed a dis t inct ive color, identified by prominent caution signs, and t reated as 

part of the hi gh-potenti a1 network. Operating personnel should be i nstructed 

t o  use extra precautionary measures when working around these racks. No one 



Magnet f i e 1  d reversing switch, Erook- 
haven National Laboratory, Upton, New 

- York. Note !tey-operated and el e c t r i c a l  
i n t e r l o c k s  on the  access door. 

Enclosure f o r  portable 35-kV, 25-kVA, 
r e c t i f i e r  power supply, Plasma Physics 
Laboratory, James Forrestal  Research 
Center, Princeton,  New Jersey.  Note 
locked access doors, recessed voltmete 
w i t h  p l a s t i c  window and read i ly  acces- 
si bl e main power c i r c u i t  breaker. 

F i  
H i  gh-vo1 t age  equipment enclosures w i t h  

Res is tor  bank used i n  t he  r i p p l e  f i l t e r  
c i r c u i t  of t h e  r ing  magnet supply,  zero- 
gradient  synchrotron, Argonne National 
Laboratory, Argonne, I l l i n o i s .  

Portable 20-kV power supply f o r  experi - 
mental use. Zero-gradient synchrotron.  
Argonne Laboratory, Argonne, I l l i n o i s .  
Note warning lamp on top  o f  cab ine t .  

12. 
t t e r l  ock systems, warni nq s i g n s ,  e t ~ . ~  



Capaci t o r  bank, bevatron, Lawrence Current-limiting and grounding resis-  
Radiation Laboratory, Berkeley, Cal i -  tors  used w i t h  pulsed supply capacitor 
fornia. Twelve se ts  of five 1-PF, bank  to  provide RF heating plate 
25 000-V capacitors i n  parallel con- supply, PI asma Physics Laboratory, 
nected t o  output cables through h i g h -  James Forrestal Research Center, 
voltage fuses. Bleeder resis tors  are Princeton, New Jersey. 
provided and an automatic discharge 
relay operates when the bank i s  de- 
energi zed. Manual groundi n g  i s  
achieved by a grounding hook w i t h  cur- " 

rent-limiting resis tors  in transparent 
high-strength tubes. Electrical inter-  
locks are  provided on the access doors. 

F i g .  13. 
Typical equipment support racks 

should touch or climb upon these racks until he has touched the rack with an a 

appropriate grounding hook and attached a clamp-on grounding device perma- 

nently connected to the building ground system. Before removing the ground 

straps and returning the equipment to  service, operating personnel should make 



sure tha t  crowbars, ladders, crane hooks, or other tools have n o t  been l e f t  i n  

contact with the rack. 

- 111. HIGH-VOLTAGE SAFETY AND HAZARD CHECK LISTS 

Before p1 acing any new high-vol tage apparatus into service, a thorough - review should be made with the safety check l i s t  and 1 i s t  of hazards below. 

Safety Check List 
o Are written Operating Procedures posted at  the control point? 

o Are al l  involved personnel instructed and trained? 
o Are written emergency procedures posted? 
o Are 1 if esaving procedures posted? 
o Are warning signs posted? 
o Are all  out-of-servi ce capacitors strapped? 

o I s  there an overvoltage protective c i rcui t  for monocyclic opera- 
t i  on? 

o Are cr i t ica l  components easily monitored, both visually and by 
instruments? 

o Are shorting hooks accessible for  short-circuiting a17 capacitors? 

o Are interlocks used at a71 equipment enclosure entrances? 
o Are there adequate barricades against f lak  and flaming liquids? 
o Has radi a t i  on shielding been consi dered? 
o Have ground loops been el iminated? 
o Are liquid levels i n  liquid resis tors  and oi l  baths eas i ly  checked? 
o Has f i r e  detection and extinguishing been provided for?  
o Are enclosures grounded? 

List  of Hazards 

Fire: 

o A n  arc through plast ic  containers. 

o Arcing across flammable dielectrics . 
o Exploding capacitor (shorted capacjtor absorbing charge from 

others in bank). 

o Loose joints i n  ground plane conductors (can cause an arc in 
unexpected locations).  

o Arcs between groups of capacitors (from timing er rors ) .  

o Fireballs f r m  breakdown i n  o i l .  



Electric Shock: 

o Metering c i rcu i t s  rising t o  a high voltage from malfunction. 

o Instruments at  h i g h  potenti a1 from an ungrounded rack or enclosure. - 
o Sneak paths in g r o u n d  loops. 

o Charge buildup on capacitors af ter  discharge. - 
o Charged capacitors. 

o Unstrapped, out-of-service capacitors. 

o Instruments pulsed to  high-voltage by inductance i n  ground 

c i rcu i t s .  

o Ungrounded enclosures. 

Radiation: 

o X ray and uv from high-energy discharges. 

o X ray from h i  gh-vol tage vacuum devices. 

Other: 

o Flying fragments from exploding capacitors o r  apparatus. 

o Molten metal from arcs or short c i rcu i t s .  

o Toxic gas release from breakdown of dielectr ics .  



DESIGN OF SAFE ELECTRICAL EQUIPMENT FOR RESEARCH 

PART 2. MARX GENERATORS AND CAPACITOR BANKS 

ABSTRACT 

Genera1 information on the construction and use of 
Marx generators and high-voltage capacitor energy storage 
banks i s  presented with emphasis on e lectr ical  safety. 

I .  MARX GENERATORS 

- The Marx bank, or modified Marx generator, i s  a cormnonly used source of 

hi gh-vol tage pulses. Comnerci ally built  machines are available in ratings 

from 15 kV a t  50 J t o  2 MV at 10 MJ. User-built machines are common in re-  

search laboratories. The basic circui t  i s  shown in Fig. 14. Many modifica- 

tions and variations of th is  c ircui t  have been developed for  special purposes 

such as pulse-charging capacitor banks, shock-heating plasma, pulsing 1 asers, 

and tes t ing  materi a ls .  The switches shown may be spark gaps, ignitrons,  vacu- 

um tubes, or  solid-state devices depending on the service and voltage o u t p u t  
required. When simple spark gaps are used, the charging supply i s  turned on 

and the voltage allowed to build up until one gap breaks down. A11 gaps will 

then be over-volted and  will f i r e  very quickly. The resulting discharge o f  

al l  capacitors in series across the output terminals produces the desired 

pu1 se. Triggered (3-element) spark gaps and various mechanical arrangements 

o f  the capacitors are used to  improve o u t p u t  pulse r i s e  time. Reference 8 

describes many variations of the basic c i rcui t .  The physical size of these 

devices ranges from portable units t o  1 arge permanent machines (15 rn t a l l  ) i n  

high-voltage laboratories. Charging power sources usually r u n  between 15-kV 

and 200-kV open c i rcui t  potenti a1 . 



Operation of the Marx generator 

requires connection t o  the charging 
CHARGING 

power supply for a time sufficient t o  
charge a11 the storage capacitors ( C , ,  ,---,-,PUCSE OUT - 

I 

C2, . . . C n )  t o  the,ir rated voltage 

followed by triggering t o  produce the 

output pulse. When the gaps are fired Fiu. 14.  
a1 1 capacitors will discharge through Basic c i rcui t  f o r  iarx-type pulse gen- - 

erator . Switches may be spark gaps, the switches and the load. The vacuum tubes, or solid-state electronic 
voltage i s  essentially n times the devices. 

source voltage ( V ) ,  and the design re- 

quires components and containment rated for  the high voltage ( n V ) .  
The Marx generator i s  inherently a trouble-free, high-vol tage pulse sup- 

ply as long as i t  i s  functioning properly. Because t h e  energy storage capaci- 

tors  are connected in parallel by the charging resistors or inductors and the 

charging source should contain a bleeder resis tor ,  there will normally be zero 

charge on the capacit0r.s when the supply i s  off. However, if the bank f a i l s  

t o  f i r e ,  one or more of the capacitors can be l e f t  charged and ready to  yield 

a lethal shock t o  t h e  person troubleshooting the apparatus. Precautions must ' 
be taken d u r i n g  design and construction to minimize component fa i lures  and t o  
provide a safe means of discharging the individual capacitors before trouble- 

shooting. If one of the resistors should open, the bank will not f i r e ,  and one 

or  more capacitors will be l e f t  in the charged condition. The operator must 
then make sure each and every capacitor in the bank i s  discharged before pro-  

ceeding t o  'locate and  repair the open c i rcui t .  To assure that every capacitor 

i s  discharged, he must short-circuit the terminals of each capacitor a t  the 

capacitor. 

Figure 15 shows a shorting hook designed for a typical capacitor com- 

monly used i n  -Marx generators and energy storage banks. The builder should 

design appropriate shorting hooks for  the capacitors used in his particular 

bank. When very 1 arge capacitors are discharged, a reliable current-limiting 

res is tor  should be bui l t  into the shorting hook t o  avoid melting o r  exploding -- 
the shorting hook. 

Sane of the smaller Marx banks are constructed so that  the capacitor 

terminals are impossible t o  reach. In these cases the method shown in Fig. 16 

can be used t o  b r i n g  the individual capacitor terminals o u t  t o  a safe  and 



- 
PHENOLIC 1/4' BRASS 
HANDLE 

FLEXIBLE CONDUCTOR 
(BRAID OR WIRE 

F i g .  15. 
Shorting hook for  one type of energy 
storage capacitor. Brass rod provides 
a low-resistance "hard" discharge p a t h .  
W i t h  very large capacitors,  a r e s i s t o r  
may be incorporated i n  the discharge 
path t o  provide a current-l imiting 
discharge or " so f t  dump" charac te r i s t i c .  

. - . . . . - 

MANUALLY OPERATED SHORTING 
BAR, OR HIGH-VOLTAGE RELAY. 

F i g .  16. 
Inaccessible capaci to r s  i n  the  Marx 
generator can be connected t o  short- 
ing points for  grounding and' discharge 
by manually o r  automatically operated 
devices . 

conveni ent location f o r  shorting and grounding. Hi gh-vol tage relays energized 
by the charging power supply can also be incorporated in to  the system design 

t o  automatically shor t -c i rcui t  each capacitor when the power supply i s  s h u t  

o f f .  However, these relays should not be re l i ed  on as the f i na l  hard short  

before equi p e n t  servicing. Conductors used between the capacitor terminals 

and short ing point must not carry the normal output pulse current .  These -- 
conductors must also be heavy enough to  carry the  shor t -c i rcui t  current  of t he  

capacitor.  

Special problems ex i s t  when the modified Marx bank i s  used t o  pulse- 
charge large capacitor banks. Here the  Marx generator provides a convenient 

l ink between a power source of 10 t o  20 k V  -and the storage capacitor bank op- 

era t ing at perhaps 100 kV or more. The Marx bank s tores  charge a t  a re la-  
t i v e l y  l o w  voltage unti l  i t  i s  transferred t o  the high-voltage capacitor bank. 

Inductors are used in place of the r e s i s t o r s  shown in  Fig. 14. The charging 

power source i s  connected t o  the Marx generator by .a switch t ha t  i s  opened 

when t h e  Marx bank capacitors have reached t h e i r  rated voltage. W i t h  t he  



switch open, there i s  n o  discharge p a t h  for the Marx bank capacitors except 

t h e  normal path t o  the load. In this  case, t h e  Marx bank  may be l e f t  with a 
parti a1 charge on each capacitor at the end of the pulse charge. To a l lev ia te  

th is  condition, a bleeder resis tor  can usually be designed w i t h  a discharge 

time constant that will not adversely affect the operation. Alternatively, a 
time delay relay can be used to connect a bleeder resis tor  a t  a se t  time af te r  

the switch opens. 

11. PARALLEL CAPACITOR ENERGY STORAGE BANKS 

These banks are composed of many large capacitors charged and discharged 

in paral lel .  Energy stored i s  usually between 0.1 MJ and 10 MJ. High currents 

and f a s t  pulse r i se  times require 1 ow-inductance transmission systems (usually 

parallel p1 ate 1 ines or coax cables in paral lel)  and  low-inductance switches. 

Crowbar switches. may be used t o  prolong the current pulse t o  the load beyond 

the natural period of the source-load circui t .  

Design -considerations must include the possibi l i ty  of 

(1 )  high-voltage reversal on the capacitors in case of crowbar switch 

fa i lu re ,  

( 2 )  dumping a 1 arge amount of energy into a shorted capacitor, 

( 3 )  simil ar dumping through f i r ing  malfunctions, and 

( 4 )  high mechanical stresses on the 1 oad current conductors. 

The.  charging power supply is  often a monocyclic network and r e c t i f i e r  

capable of charging the capacitor bank t o  several times i t s  rated voltage 

(Fig. 17). The monocyclic network i s  essentially a series resonant c i rcui t  

t ied  t o  the ac power l ine that  produces a constant current o u t p u t .  The design 

of these systems must assure that  the load i s  never removed from an energized 

monocyclic network. If a switch or 

some other connector opens before the 

monocycl i c  network i s  turned o f f ,  dan- MONOC~~IC SWITCH 

gerously high voltages will be pro- 

duced. Fast acting over-vol tage de- I 
n 

_O 

tectors  must be used a t  the r ec t i f i e r  

o u t p u t  t o  sense such a condition and 
Fig. 17. to t r i p  the ac c i rcui t  breaker feeding M o n o c v c ~ i c  used to 

the monocyclic network. paci tors (sing1 e phase). See ~ppen- 
dix D for further discussion. 



The use of a series switch between a rnonocycl i c  network-type power supply I 

and the capacitor b a n k  increases t h e  hazards i n  two ways. F i r s t ,  the power 

supply becomes a potenti a1 source of extremely high voltage i f  the switch opens - 
before the monocycl i c  network is  de-energized. Second, the capacitor bank ;s 

-- isolated from the power supply, has no discharge path back through the power 
supply, and can thus be l e f t  in a charged condition. 

Bleeder resis tors  (as described for  Marx bank capacitors) can be applied 

t o  storage banks also. Some type of automatic discharge system must be in- 

cluded in large energy storage banks because the capacitors can generate a 

charge when l e f t  with terminals open-circuited (see Appendix D ) .  All of  the 

precautions discussed in Part I ,  Sec. G ,  should be observed in the design and 

construction of energy storage banks. "Elements of Energy Storage Capacitor 

Banks ," reproduced in Appendix D, contains i nformati on and practi ca1 sugges- 

tions that  should be considered in designing energy storage banks. 



ELECTRIC STRESS IN TYPICAL HIGH-VOLTAGE 
CONFIGURATIONS 

T h i s  materi a1 i s  adapted from Cul ham Laboratories Design Information Manual, 
Vol. 1 ,  Index No. 110, by P. J. Rogers. 

t 

Fig .  A-1 . 
Electric s t r e s s  formulas. E lec t r i c  s t r e s s  E a t  any point in a d i e l e c t r i c  between 
two elect rodes ,  across which a voltage V i s  applied, i s  t h e  f o r c e  on u n i t  charge 
placed a t  the  p o i n t .  I t  i s  equal t o  the voltage gradient ,  i .e . ,  E = -dv/dx. 
E i s  measured i n  kV/cm. 
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on electrode configurations. Dependence of t h e  ra t io  f = mean stress 
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APPENDIX B 

INSULATING MATERIALS 

TABLE 8-1 

Material 

Gases - 
Air (760 mn Hg, 25'~) 

SU lf ur hexaf 1 uori de (SF6) 
Freon 12 (CC12F2) 

Hydrogen 
Carbon dioxlde 
N l  trogen 
He1 i urn 

Liqufds 

Water (resistance = 40 kn 

APPROXIMATE RATINGS FOR INSULATING MATERIALS 

Re1 at ive 
Dielectric 

Dielectric Strength Cons tant 
'?/mi l - k V /cm 

7 
060 Hz 

between points 1 crn apart) 
Mineral oil loo0 

Transf onner oil 1000 
Castor o i l  (dielectric strength 84 

measured by L Div., LASL) 

Silicone of1 1000 
Transil o i l  300 
Parafin wax 1000 

Askarels (nonflamnable, toxic) 900 

Solids - 
ABS 350-500 

Acrylics (plexiglas, Lucite) 

( T h i n ,  up to 25 ails) 
(Bulk, over 25 mils) 

Cellulose acetate 
Cellulose nitrate 
Epoxy (glass f i l i e r )  
Epoxy encapsul ant 
Fluorocarbon (FEP) 
Me1 mine 
Nylon 
Paper (Kraft) 

Temperature 
Lirnlt 
(OCt 



APPROXIMATE RATINGS FOR INSULATING MATERIALS 

TABLE B-1 (cont) 

Material 

Phenolic 

Mica filler 

Glass filler 

Polycarbonate 

Polyethylene 

Polystyrene 

Genera 1 purpose 

Thin film 

High impact 

Pol yvinylchloride (PVC) 

S i  1 i cones 

Silicone varnish 
M i c a  (Ruby) 

Ceramics 

Magnesi urn silicate 

A1 umi na 
Titania rutile 

Porcelain 

Titanate 

Steatite 

Glass 

Soft, 1 ead-soda 

Hard, borosili cate 

Tef 1 on (PTFE) 

Thickness 12 mi 1 s 

Thickness 12-18 mils 

Plastic tubing 

Polyethylene 

Synthetic resin, Vartex No. 54 

Vinyl, type VS 

Fiber 

Polyester film (2-mil Mylar) 
Quartz, fused 

Resinous sheet and tape, 

heat sealing 

Rubber, hard 
modified 

Dielectric Strength 
v / m l l  - kV/cm - 

Re1 ative 
Dielectric 
Constant 
@60 Hz 

Temperature 
Limit 
(OC) 



APPROXIMATE RATINGS FOR INSULATING MATERIALS 

Material 

Shellac 

Vinyl chloride 

TABLE B-1 (cont) - 
Relative 

Dielectric Temperature 
Dielectric Strength Constant Limit 
v / m l  I - kV/crn - 860 Hz (OC) 

Combined materials 

Adhesive tapes 

7 mil glass cloth 3000a 

11 mil cotton cloth 2500-3000a 

9.5 mil Acetate 7000~ 

2.5 mil Mylar 5500~ 

3.5 mil Mylar 8000a 

6 mil Silicone varnish 

treated glass cloth 5500a 

7 mil vinyl, pressure sensit ive 9000a 

10 mil vinyl, pressure sensit ive 70 OOoa 
20 mil vinyl, pressure sensitive 15 0 0 0 ~  

Laminated plas t ic  

Sheets 1/32'' to 1" 100-700 

S i l  i cone-glass 1 aminated 

Plas t ic  sheets 1 60 -5 80 

Polyester laminates 

10 mil 850-1 300 335-512 4.2-5.1 105-150 

40 mil 550-875 21 7-345 4.2-5.1 105-150 

Varnished tubing and sleeving 1500-7000 590-2756 220 

S i1 l cone rubber-gl ass 

Cloth tubing, grade A 1500 -8000 3150 200 

Silicone resin-coated glass cloth 

4 mil 900 354 2.9-3.5 2 50 

1 0  mil 750 295 . 2.9-3.5 250 

Varnished cambric 

5 t o  15 mils 

Varnished canvas duck 

16 mil 

40 mil 

Varnished glass cloth 
3 mil 

30 m i 7  

- 

Dielectric strength shownis to ta l  withstand for  thickness given. These tapes are heat 
curing. 



Mzteri a1 

Varnished Silk 

2 mil 
8 mil 

Varnished Paper 
1 mil 
10 mil 

15 mil 

Teflon Coated Glass Cloth 
3 mil 

10 mil 

APPROXIMATE RATINGS FOR INSULATING MATERIALS 

TABLE B-1 (cont) 

Dielectric Strength 
T/mi 7 kV/cm - - 

Re1 at i  ve 
Dielectric Temperature 
Constant Limit 

@60 Hz (OC) 

\ .  

NOTE: Values given in t h i s  table are taken from Refs. 10-13 l i s ted  a t  the end of the 
Appendixes and from other standard reference handbooks. 



TABLE 8-11 

COMPARATIVE TRACKING INDICES OF SOME INSULATING MATERIALS 

Resin F i l l e r  o r  reinforcement CTI 

Phenolic Paper cot ton f a b r i c ,  

nylon fabr ic ,  wood, rubber 80-120 

Polycarbonate 

Phenolic Asbestos paper o r  fabric ,  

g lass  f a b r i c  

Polyphenylene oxide 120-220 

Phenolic-epoxide Mica 

Epoxi de* S i l i c a  and alumina or  

g lass  f a b r i c  o r  f i b e r  

Butyl rubber-PVC copoiymer 

Alkyd Mineral or  g lass  f a b r i c  

Polystyrene 

Various polyesters  

S i l i con  r e s i n  

Polyamide f i l m  

Me1 ami ne 

Urea formaldehyde 

Glass f a b r i c  

Glass Fabric 

Glass o r  asbestos f i b e r  

Wood f lour  

Dial ly l  phthalate  Glass f i b e r  

Nylon Glass f i b e r  

Me1 ami ne Glass f i b e r  300-500 

A1 kyd Mineral 

Butyl rubber 

Rigid PVC 

Urea formaldehyde 

Epoxi de 

S i l i c o n e  rubber 

Acetal r e s i n  

Asbestos 500-700 

Polypropylene 

Polyester  Glass f i b e r  

Polynethyl methacrylate g rea te r  

than 700 

Polyethylene Unfilled or  carbon f i l l e d  

Poly te t ra f  1 uorethyl ene 

*This t a b l e  does not include a l i c y c l i c  epoxide r e s i n s  with hydrated alumina f i l l e r ,  
which have a very high CTI. 

Measured according t o  BS 3781. Based on data provided by the  E l e c t r i c a l  Research 
Association and by GEC Ltd. From Ref. 2, p. 78. 
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APPENDIX C 

CALCULATION OF ELECTRICAL AND MECHANICAL STRESS 
I 

Z 
I .  ELECTRIC STRESS IN COMPOSITE DIELECTRICS 

If two different-sized capacitors are connected i n  ser ies  across a voltage 

source, each will receive the same quantity of charge ( Q ) .  The voltage ( V )  
Q across each capacitor will be ?. Thus, the smaller capacitor will be 

charged t o  a higher voltage than the larger capacitor. When two metal p l a t e s  

are separated by two layers of insulating material, the same kind of voltage 

division is observed. Figure C-1 shows a capacitor formed by two metal plates,  

M and N ,  with two layers of dielectr ic  material, A and B, in between. Because 

the potenti a1 drop i n  a die1 ec t r ic  equals potenti a1 gradient times thickness, 

all  points on surface L are at the same potential. If a thin metal f o i l  were 

inserted between the dielectr ic  layers, i t  would n o t  a l te r  the e l ec t r i c  f i e ld  

in the d ie lec t r ics .  Thus, the assembly can be treated as two capacitors con- 

nected in series.  The size of each capacitor will be determined by the dielec- 

t r i c  constant and thickness of the material used. 

The following example calculation (Fig. C-2) shows the e l ec t r i c  s t r e s s  or 

potenti a1 gradients produced when a layer of glass plus a 1 ayer of paper are 

used as insulation between two metal plates. Assume that  each metal plate i s  

40 cm by 40 cm and the space between i s  f i l l e d  w i t h  a glass plate 5-mn thick 

and a paper layer 1-mn thick. The d ie lec t r ic  constant ( K  ) for  glass i s  
9 

5.5, and K for  paper i s  2.0. 
P 

Neglecting any fringing flux, calculate the capacitance and the potential 

gradient in each dielectr ic  in kilovolts per millimeter resulting from a 
L 

GLASS 

(b) 



potential difference of 10 k V  between the plates. From the formula for  paral- 
lel  plite capacitors, 

8.854 aK x lo-'' C = ,- farads (F) 

where a = plate area in square meters, d = spacing i n  meters, and 

K = die lec t r ic  constant of material between the plates. 

12 - 8.854 x 0.4 x 0.4 x 2 x 10- 
= 2.833 10-9F Then C - 

P 0.007 

12 
and C = 8.854 X 0.4 X 0.4 X 5.5 X 10- = 10-9F. 

9 0.005 

Because C and C are in series across 10 kV, the voltage across the paper 
P 9 

i s  

- 
Vp - 

1-559 = 3.548 kV,  and the voltage across the glass i s  + 7.559 

These voltages are represented graphically in Fig. C-2 ( c )  . 
3'548 3.548 kV/mn. Potenti a1 gradient i n  the paper d ie lec t r ic  = --,- = 

6.452 = 1.290 kV/mn. Potenti a1 gradient in the glass d ie lec t r ic  = -5- 

The e l e c t r i c  s t ress  on the t h i n  layer of paper i s  much more severe than t h e  

e l e c t r i c  s t ress  on the glass.  

If  the paper i s  removed, a .001-m a i r  gap i s  introduced, then 

cg = 1.559 x 1 o-' as before, 
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i - - 
'air 1. :ygX = 5.24 k V ,  and + 1 .SS-/ 

I 1 ELE- r 
- A I R  GAP; K-1 .0  

SOL10 INSULATION 

1' ELECTRODE 
I 

Electric s t ress  in the a i r  gap = 5.24 kV/mn. t!r 

Electric s t ress  in the glass = 0.95 kV/mm. F i g .  C-3. 

T h i s  simple example shows how e lec t r i c  Stress intensification in 
an a i r  gap. 

s t ress  has been increased in the 1-mm ai r  

space by changing the dielectr ic  material from paper t o  a i r .  When equal 

thickness dielectr ics  are in ser ies ,  e l ec t r i c  s t ress  or potential gradient 

will be larger in the medium of lower d ie lec t r ic  constant. Because a i r  has a 

d ie lec t r ic  constant of 1.0 and most solid insulators have a d ie lec t r ic  con- 

s tant  between 2 and 8, an a i r  gap w i l l  generally be severely stressed and a 

breakdown o r  arc may be produced. In Fig. C-3, the s t ress  in the a i r  gap is 

given by 

- - Ksolid 
'air d + X ( K  - 1 '  sol id K a i r  

for  the example problem. 

When the gap distance X i s  much smaller than the plate separation d ,  the 

s t r e s s  in the a i r  gap approaches 

When two conductors are separated by solid insulating material, a i r  must be 

excluded because nearly a l l  o f  the voltage applied could appear across the a i r  
* - 

gap 



CABLE GRADING 
INSULAllON \ LAYER \%!%h 

OUTERCONWCTOR 
(PROBABLY GROUNDED) 

Fig. C-4. Fig. C-5. 
Flashover characteristics 'of a 100-kV Basic grading arrangement. 
coaxial cable terminated by peeling 
back the outer conductor. 

TI. HIGH-VOLTAGE COAXIAL CABLE TERMINATIONS 

A. Introduction 
- --- 

The need for effective cable termination design i s  i l lustrated by Fig. 

C-4. This figure shows the simplest of terminations: the outer conductor 

peeled back t o  a sui table  length. The cable i s  a 100-kV pulse type, b u t  the 

lowest curve on the graph shows that  a positive pulse will make the termina- 

tion flashover well below 100 k V  regardless of the peel-back length. The 

cause i s  excessive e lec t r ic  s t ress  in the a i r  at the outer (grounded) conduc- 

to r ,  where the equipotenti a1 1 ines are concentrated. 

B. Voltage Grading 

Figure C-5 shows a coaxial cable peeled back to  a suitable length L with 

a semiconductive layer of material added between the cable sheath and a metal 

current collector at  the cable 's  end. This grading layer can be e i ther  a l iq- 

uid (water, mineral o i l ,  or castor o i l )  or a solid.  

The termination can be represented as a chain of capacitors as shown in 

Fig. C-6. Here the high voltage will be divided. across the s t r ing  of capaci- 

tors ,  'and the net effect  i s  to spread out the equipotenti a1 l ines shown concen- 

t ra ted in Fig. C-4. The graphs in Fig. C-6 show calculated values of potential 

and s t r e s s  distribution (from transmission l ine theory) for  sine wave voltages. 

The ungraded termination has 80% of the to ta l  applied voltage acting on the a i r  

adjacent t o  the f i r s t  1% of the peel-back length. The 0.64-cm layer of water 
assumed f o r  the graded case improves the distribution to  80% of the to t a l  vol- 

tage over 60% of the to ta l  length. 



TERM1 NATION REPRESENTED BY A 
CHAIN OF CAPACITORS 

UNGRADED (Q = 1.81 - 
UNGRADED %4 3 

1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 02 0 
X 

C-- x 
L t-- 

k 
POTENTIAL Dl STRI BUT1 0 N STlaESS DlSTRi BUTION 

Fig. C-6. 
E f f e c t  o f  capacitive 1 ayer g r a d i n g  . 

Water has been chosen as the grading layer for  th i s  i l lus t ra t ion  because 

i t  has a very high dielectr ic  constant of 80, and a thin layer i s  effect ive.  

a =?/e for the capacitive representation. 

When liquids other t h a n  water are used, a thicker layer i s  required for the 

same effect  . Water has several advantages. 
o High permittivity ( K  = 80) 

Hi gh die1 ectr i  c strength ( 50 kV/cm) 
Makes intimate contact with cable insulation and conductors, ex- 

cl udes a i r ,  and makes tolerances less  c r i t i ca l  
Cheap and easy t o  rep1 ace 



TERMINATION REPRESENTED BY 
CHAIN OF IMPEDANCES 

v=v~- L ---V=O 

I R  R x 4  I 

I 1  

CABLE INNER CONDUCTOR V 

V 

> 
20 - 

1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0 
X -- x 
L 

-- 
L 

POTENTIAL DISTRI BUTION STRESS DISTRIBUTION 

Fig. C-7. 
Effect of resistance layer grading. 

o Can be made suitably conductive by additives 

o High r e s i s t i v i t y  

o Hi gh thermal capacity 

Dielectric o i l s  are used extensively a t  LASL (see Figs. 6 and 11 in the t e x t ) .  

Usually the thickness of the liquid grading layer i s  determined by the  s ize of 

container -or boot avail able and the space avail able. 

A high permitt ivity tape i s  available fo r  the grading layer. This i s  a 

self-amalgamating elastomer tape in which the high permittivity i s  produced by 

a f i l l i n g  of very small metallic disks insulated from each other and oriented 

so that  they are a71 parallel t o  one plane. Permittivities up t o  70 can be 
% 

produced in t h i s  way. 
C, 

The cable termination can also be represented as a chain of impedances as 

i n  Fig.- C-7. Here the high s t ress  i s  relieved by distributing the voltage 
i 

across a res i s t ive  voltage divider. The theoretical improvement obtained by 



applying a layer of material with re- 

s i s t i v i t y  of 10 k /cm is  within 1C% 

o f  the ideal linear distribution. 
* Materials available for the re- 

s i s t i  ve grading layer are semicon- .. 
d 

ducti ng PVC or polyethylene, water 

with additives, and the various cloth 

tapes and rubber compounds sold in 

cable terminating and splicing kits.  

Many types of cable have a layer of 

semiconducting plastic between the 
BUFFER POLYETHYLENE insulation and outer conductor. Wa- ( STRESS CONE) 

0 5 
t e r  solutions that can be used are - 

c rn 

1 . potassi um dichromate, 1 g / l i te r  
3 of water z2 x 10 R-cm, and F i g .  C-8. 

2. copper sulfate,  0.3 g / l i te r  Stress-cone termination for  
4 100=kV cab1 e .  =10 Rocm. 

When resis t ive terminations are used, power dissipation must be consi dered. 

The heat produced will be 

where V = voltage applied and RT = total  grading resistance. 

When a water solution i s  used, the gas released by electrolysis will equal 

If service i s  continuous, the gas evolved and water make-up requirements are a 
problem, and other 1 i qui ds or solid materi a1 s should be consi dered. 

C. Buffer Terminat ions (Stress Cones) 
a 

The stress  cone i s  another form of capacitive grading used t o  reduce the 

-, high s t r e s s  in the air  at the end of the cable's outer conductor. A fundamen- - 
t a l  form of s t ress  cone terminator i s  shown in Fig. C-8. Here a polyethylene 

cone i s  slipped over the cable's polyethylene u p  t o  the end of the outer con- 

ductor. The polyethylene cone provides a properly shaped surface t o  support 



a layer of conductive paste labeled "conducting profile" in Fig.C-8. This con- 
ductive surface spreads the equipotential l ines in the same way tha t  a corona 

shield spreads them at a bushing or connecting point (see Fig. 4 in the  t e x t ) .  

Specially designed ki ts  of insulating and semiconducting rubber pieces 

with tape, connectors, and complete i nstructi ons are sold by hi gh-vol tage cab1 e 
and hardware suppliers. A typical k i t  designed for  35-kV power l i n e  service 

carries a tested impulse-withstand voltage rating of 265 kV. This k i t  produces 

a termination 10 cm in diameter and 66 cm long for  outdoor service.  Smaller 

terminations are available f o r  indoor service. Grease and/or oi l  supplied with 

these k i t s  i s  used t o  prevent a i r  from being trapped between the mating sur- 

faces. 

111. ELECTROMAGNETIC FORCE BETWEEN CONDUCTORS* 

When the currents flowing in two adjacent conductors are in the  sane d i -  

rection, the force i s  one of a t t ract ion,  and when i n  the opposite direct ion,  

one of re  pul si  on.  
The force between two conductors carrying current 

where I = ampere and d = meters. 

By definit ion the ampere i s  the current tha t ,  flowing in two s t r a igh t ,  

parallel  conductors of in f in i t e  length, of negl ible circular cross section, and 

p7 aced a t  a distance of one meter from each other in a vacuum, produces between 

the conductors a force of 2 x 10" newton per meter 1 ength. 

In English units,  the electrmagnetic force developed between two s t ra ight  

parallel  conductors of circular cross section and length R carrying currents o f  

I1 and I2 amperes, respectively, may be calculated from 

* This rnateri a i  is adapted from Cul ham Laboratories Design Information Manual, 
Vo1. 1, Index No. 103 by L. W .  Sharpe and 0. E. Shelton. 
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where F = the force of attraction or 

repulsion i n  pounds, 
2 = length of conductors in 

inches, - 

d = axial distance between 4 

conductors i n  inches, and 

I = current in amperes. 

Also F = 2.04 x 1112 x # x  lom8 , - 

where F i s  i n  kg's, Rand d in cms. - 

For conductors of rectangular - 
cross section, a correction factor K - 

i s  i ntroduced and the formula becomes 
- 

F = 4.5 x I , I ~  x 4 x K x etc.. - 

Values of K are obtained from Fig. C-9 

curves . 
d - a  

d - a has to be calcu- late2ihe Fig .  C-9. Then the value of K may be read from Shape factor for  rectangular 
copper conductors. 

the curve fo r  the correct ra t io  

- a , where 
b 

a = the width of bar or group of bars, 

b = the depth, and 

d = the spacing between center 1 ines as i nd.icated i n  Fig. C-9. 

The effect of conductor shape decreases rapidly with increased spacing and 

i s  a maximum for  t h i n  s t r i p  conductors. I t  i s  practically neglible f o r  bars o f  

square cross section, and for  circular conductors K i s  unity. 
The mechanical force exerted between magnetic flux and a current-carrying 

conductor i s  also present inside the conductor i t s e l f  and i s  called the pinch 
effect .  The force between the infinitesimal filaments of the conductor i s  one 

of attraction so that  a current i n  a conductor tends to contract the conductor. 
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APPENDIX 0 

ENERGY STORAGE CAPACITOR BANKS 

I .  ELEMENTS OF ENERGY STORAGE CAPACITOR BANKS 

i 
E. L. Kmp 

L a r g e  m a g n e t i c  f i e lds  are c o m m o n  l a b o r a t o r y  tools  t o d a y  m a i n l y  b e c a u s e  
of the i n c r e a s e d  i n t e r e s t  i n  t h e r m o n u c i e a r  s e s e a r c h  a n d  plasma propu l s ion .  F i e l d s  
are u s u a l l y  g e n e r a t e d  by p a s s i n g  h i g h  currents t h r o u g h  s o l e n o i d  coils,  w h i c h  r e q u i r e  
l a r g e  a m o u n t s  of p o w e r  d u r i n g  t h e  t i m e  of in t e res t .  The c a p a c i t o r  b a n k ,  t h e  m o s t  
universal s y s t e m  f o r  s t o r i n g  and d e l i v e r i n g  t h i s  p o w e r ,  c a n  d e l i c e t  v e r y  h i g h  
c u r r e n t s  f o r  s h o r t  p e r i o d s  a n d  i s  c h e a p  c o m p a r e d  t o  a h i g h - c u r r e n t  g e n e r a t o r  

The primary componenir in a capacitor bank are the voltages up to 25 kv. Some pressurized models oper- 
capacitor, switch, transmission system, and charging ate at 40 kv. 
system. The pertinent characteristics of each of thesc A vacuum spark gapT has been developed which 
will be discussed. will operate from 100 volts to 20 kv. The vacuum 

gap requires constant pumping and the usual vacuum 
COMPONENTS technology. but the reliability and wide voltage range 
Copaciforr . Energy storage capacitors are rated make it attractive for some low-indyctance banks. 
from I to 100 pf at voltapes between 3 and 100 kv. Spark gaps can also be designed to operate a t  
They usually store between 1 and 3 kilojoules at 
rated voltage. Their intcrnal inductance is less than 
0.1 11h so that they may routinely produce peak dis- 
charge currents of more than 100 kiloampercs. A 
typical guaranteed life is 1,000 shots at the design 
rating. 

Fig. 1 shou-s three typical capacitors. They are a 
100-111 3-kv capacitor. a 15-11f 20-kv capacitor, and 
an  0.8-pf 120-kv unit. 

When thew capacitors fail they usually develop 
an  internal short circuit. If several units arc con- 
nected in parallel, the unit which short-circuits will 
receive all the energy stored in that modulc. Most 
energy storage capacitor cans are able to absorb a 
maximum of 25 kilojoules without rupturing. 
Switches . The capacitor bank switch must hold off 
voltage during the charge cycle. closc with a small 
jitter. and pass l a r g  currents. Historically. spark 
gaps were used for capacitor bank switching. A F i g .  I .  
single 2-ball spark gap was conncctcd in series with Three tupicaZ energy storage capacitors. 
the load. and the bank was charged until the gap was 
overvolted, discharging rhc capacitors into the load. higher voltages. Fig. 2 shows a 4-element spark gap 
Today, a triggcring pin has been added to the 2- which operates from 60  to 100 kv ui th  a maximum 
elemcnt gap, and under proper conditions. the 3- jitter of 10'. ~ e c o n d s . ? ~  I t  resembles the common 3- 
clement "rriggeflron" is an inexpensive. reliable bank electrode gap uith a n  additional triggering elcctrudc. 
switch. Its disadvantage is its limited operating volt- The  center electrode is biased at a potential midway 
age range, I 0  to 15 pcr cent of the maximum. Trig- between the upper and lower tlectrodes. The fourth 
gcrtrons are operated at atmosphcric pressltrc at electrode is the irradiating spark plug. The  gap is 

triggered by driving the centcr electrode to the break- 
E L Kemp IS wtth the LO. Al*mm Sclenllnc LaborlloxY. Unl- down potential of one of the gaps. This trigger pulse venlw of Cnlrfornla. La Alanlm. N M 
The author g r a t ~ f u l l y  . C L ~ W ~ C ( ( . C I  the mnlxlance m d  crlll- the 'park plug gap break down and' 
clrrn~ of the follaw~nl: vcaplr: C. P. Balmur.1. H. K. Jcnnlnm. irradiate both halves of the gap. actually k f o r c  the 
J.  P. MIze. T. M. Pummrn. A t. Srhoncld. Zlllabcth J .  Pohl- 
nun.  M S  Mary E. s m ~ ~ h .  m t c r  electrode reaches the breakdoun point. \'hen 
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Fig. 2. Crosr r r a b n  of a 4-rle~nrnr spark gep 

one-half o l  the gap breaks down, the other half is 
immedjatefy overvolted and follows. 

Spark gaps are reliable and have low jitter. so 
many or them can be used in parallei. Usually. each 
new bank design requires a unique spark gap design. 
and such designs are often unavailable from corn-, 
mercial sources. 

lgnitrons are the only commercially available 
switches suitable for general capacitor bank switch- 
ing. The size A (Iefrl and size D ignitrons shown in 
Fig. 3 are the most popular. The size A is relatively 
incxpensivc. has 3 low inductance, and has recently 

improved for reliable operation above 20 kv: 
The size D is more.ruggcd and will handle large cur- 
rents for milliseconds. 

The size A ignitron is available with a carbon 
anodc o r  a metal anode. The carbon anode model is 
reliable at voltages up to IS  kv, passing pcak cur- 
rents of IS ka (kiloamperes). The metal anode igni- 
tron will operate above 20 kv, passing peak currents 
greater than 100 ka. 

The size A ignitron has less than 0.25-psecond jitter 
when properly trigered. The trigger pulse should be 
over 3 kv and have a rise time comparable to the 
required jitter. The peak trigger currcnt should be 
at least 250 amperes. After 1,000 shots or more. the 
resistance of the ignitor in a metal anode tube will 
drop from its nominal value of 25 lo 50 ohms to 
perhaps 0.1 ohni and make the tube fail to fire when 
the ignitor is triggered. The ignitor resistance can bc 
increased to nearly the original value by applying a 
500- to 1.000-ampere short pulse to the ignitor for 
a few times when there is no voltage on the anode. 

The operating characteristics of a bank will usu- 
ally determine the choice of the switch. Spark gaps 
are indicated for operating voltages above 30 kv. 
They can be designed for low inductance and low 
jitter. but they must be designed for each application. 

lgnitrons will operate reliably below 30  kv. They 
are commercially available and economical. They 

must be mounted vertically and usually require a 
water-cooling clamp. Their inductance is low if the 
mounting is coaxial. Ignitrons are more rugged than 
spark gaps and will sustain accidental short-circuit 
currents without requiring subsequent maintenance. 
Transmission Systems . The transmission system for 
a capacitor bank may be bus work. a coaxial cable 
array, or a parallel plate transmission line, depending 
on the inductance and flexibility of the bank. 

Open bus work is satisfactory where the induct- 
ance of the bank is nor critical. The voltage hold-off 
distance should be conservative.' One accidental dis- 
charge in air will make a true believer of any de- 
signer. 

The bus should be designed for the maximum 
short-circuit current available from the bank. The 
electrical engineer is aware that parallel currents 
attract and opposing currents repel. This should be 
kept firmly in mind when designing bus work for 
capacitor banks. Kiloampere currents will generate 
magnetic fields that play havoc with a bus that is 
not sturdily made. 

Fig. 4 shows a test bank using a bus transmission 
system. This bank stores 25.000 joules at 20 kv and 
delivers 60,000-ampere peak current into an induc- 
tive load. 

Coaxial cables are well suited for capacitor banks 
where the load is flexible and when b e  transmission 
system must have low inductance. The standard types 
of RG-8/U. RG-14/U, RG-I7/U, and RG-19/U 
can be used for voltages between 20 and 100 kv. 
respectively. They will pass pcak currents of 30.000 
amperes a t  a repetition rate of two shots per minute. 
These cables have a nominal high-frequency induct- 
ance of approximately 0.08 ph per foot. 

Some special low-inductance cable has been de- 
veloped for capacitor bank application. It is now 
commercially available and is usually designated by 
its component diameters, type 17/14 being a typica! 
case. This cable has RG-I7/U braid a s  the outer 



conductor and RG-l4/U braid as the inner conduc- 
tor. The central core i s  foamed polyethylene. The 
dielectric between conductors is normal polyethylene. 
It is covered with the usual RG-17/U vinyl jackct. 

This cable has a measured low-frequency induct- 
ance of 0.036 @ per foot with a resistance of ap- 
proximately 1 milliohm per foot. Combinations of 
RG-14/8 and RG-19/14 and other nonstandard 
designations a r t  also available. 

Parallel plate transmission lines can be aesigncd 
for any desired inductance if space is available. 

Thc inductance for a parallel plate transmission 
line is 

where r is the separation distance and w is the width, 
both dimensions in mecca. 

The current flowing iri opposite directions in the 
two parallel plate rransmission lines creates a mag- 
netic pressure which tends to separate the plates. 
The pressure generated by the magnetic field is 

. . 
I is current in amperes and W is the width of the 
plates in meters. 

Although this pressure will last for only a short 
time, its amplitude may be quite large. The problem 
ot holding parallel plate Iincs together often proves 
formidable. 
Charging Syrtoms . ?he simplest charging scheme 
for a capacitor bank is an R-C circuit. When this 
method is used, the charge resistor will dissipate an 
amount of power equal to the power stored in the 
bank. The wattage sating for the charge resistor can 

be computed at one watt per 8 joules of stored energy 
for a reperition rate of 2 shots per minute. ?he power 
dissipated in thc charge resistor and the long charge 
t h e  make the R-C method unsuitable for charging 
largc capacitor banks. 

A constant-current charging system is more desir- 
able. It is efficient in power transfer, while the c h a r p  
time is limited only by the current capacity of the 
power supply. A power supply whose output voltage 
is changing at a constant rate will del~ver a constant 
current into a capacitor bank. 

A motor driven autotransformer In the primary of 
a power supply will provide the dv/dr characteristic. 
The system has one disadvantage: if the bank 
switches fire during the charge cycle, the bank will 
discharge and p n x n t  a low impedance to the power 
supply. The resulting high current will destroy the 
power supply rectifiers unless they are protected by 
a fast circuit breaker in the primary. 

Fig. 5 shows another constant-current circuit often 
called a monocyclic network. The inductor and ca- 
pacitor are in series resonance at the line frequency. 
The network is connected to the primary of the 
power supply and maintains a constant output cur- 
rent independently of the impedance connected to it. 
11 can be showni that at resonance 

where 

x=',,-' 
YC 

(4) 

In this application X is chosen to equal the reflected 
impedance of the power supply. The value of X 
will be 

F i g .  3. 
Siae A und s ize  D 

Fig. 4. 
A capacitor bank connected vith open bus. 



x = V , '  When a monocycIic network is used. the bank 
l'&L.K (') should be protected with an overvoltage detector. 

The constant K, sometimes called the "line power It is also n e s s a w  to turn off the power supply be- 
factor." is a characteristic of the power supply circuit fo" it is isolated from the bank at completion of 

and can be found in a power supply handbook.' The charge. 
inductane and capacitor are chosen to present this Surge charging has several advantages for charg- 

impedance at the line frequency. ?his circuit is ap ing capacitor banks operating at high voltages. It 

plicable in a single-phase or a 3-phase circuit. provides high voltage from a modest supply, and it 
The major disadvantage of the circuit is its tend- charges a bank quickly, keeping the voltage on the 

ency to deliver a constant current into any load, amponenu for a minimum time. 

regardless of the load impedance. This characteristic kf~dified Marx generaton arc usually used to 
will aoduce output voltages that arc several times furgc-charge capacitor banks. The modified circuit 
the rated value if the impedance is high. F~~ uses inductors rather than resistors to minimize power 
example, it will charge a capacitor b a d  to dissipation. The switches are reversed from the usual 
times the rated voltage if the voltage detxtor sysum Marx circuit. This k ~ p s  the load capacitor bank 
fails. This circuit wilt likewise produce a high voltage ~ u n d e d  except wben it is being chargcd, an im- 

if the power supply output sees an opea circuit. poitant safety feature when the bank may store many 
joules at high voltage. The output polarity is oppo- 
site the input polarity. 

Fig. 6 is a schematic of a )-stage modified Marx 
generator which can be used to charge a capacitor 
bank. This circuit uses ipnitrons as switches. With 
the polarities shown, the triggering of the switches is 
automatic after SI triggers. The voltage on CI is 
impressed across Lt and on the ignitor of S2. The 
resistor and capacitor in the ignitor circuit Iimit the 
ignitor current. When S2 fires. it fires S3 in the 
same way. More stages can be used as necessary. 
If a positive output is required. each switch can be 
inverted and the bank charged negative. The ignitor 

L M  capacitor must then hold off the charge voltage dur- 
ing charge. A pulse transformer, to each ignitor will 
also operate in this circuit. Spark gaps are also well 
suited for Macx generator switches. 

CtRCUlTS 

The capacitor bank circuit is usually determined by 
the s k  of the bank, its operating characteristics, and 
the switching system. In large banks, it is necessary 
to isolate each capacitor in some way to prevent it 
from exploding when it short-circuits at the end of 
its life. Exploding wire fuses7 have been used suc- 
cessfully in some applications to protect each ca- 
pacitor, but the inductance of the fuse will some- 
times prevent the use of fuses in low-inductance 
banks. 

The circuit in Fig. 7 can be used for protecting the 
capacitors in a low-inductance bank. An ignitron is 
mounted directly on each capacitor in a coaxial 
housing. The sue A ignitran in such a housing has 
an inductance of approximately 0.02 ph. One or 
mom coaxial cables are used to cany current to the 
load. Each capacitor has its own charging resistor. 
I f  one capacitor fails during the charge cycle. current 
from the other capacitors is limited by the charging 

I b N m  
resistors. If a capacitor fails during discharge, it is 
in parallel with the load, but it is isolated by its cable. 
The impedance of the cable is high compared to the E~ load, so most ol  the bank energy goes into the load. 

1 



This circuit has 'petformed satisfactorily in systems a bus arcs over. there will be shrapnc1 flying wirh 
having over 100 units in parallel. considerable velocity. 

Fig. 7 also $bows a simple triggering method that All entrances to the bank should be interlocked. 
has proved reliable. The capacitors arc  charged nega- All banks should have reliable fail-safe short-circuits 
tivc. When the trigger ignitron is fired, it grounds the on them except when in usc. Short-circuiting hooks 
ignitors. making them positive with respect to  their should be availabic to rcach each capacitor. A n  
cathodes. The firing energy is taken from the storage unshort-circuited energy storage capacitor will re- 
capacitors. ignitor c u m n t  is limited by the resistor c w e r  o lethal charge. They should always bc rhon- 
RI  in each ignitor lead. A large number of ignitrons circuitcd during handling o r  while in storage. 
can be fired in this manner from one trigger ignitron. The fire danger in a bank is acute. Energy storage 

capacitors may be impregnated with mineral oil, 
BANK PARAMETERS castor oil, o r  chlorinated diphcnyl, the first two of 
S i n e  most capacitor bank circuits a r t  simple RLC which are inflammable. If a capacitor shon-circuits 
circuits, their performance can be calculated accu- during discharge, it someiimes ruptures and spews 
rattly. The  energy stored in the bank will be impregnant over a considerable area. If thc impreg- 

nant is flammable. a highly noxious firc may start. 
u = 1/2 CP joules (6)  The fire-fighting personnel should be informed of the 

In most cases, the bank will be designed to  produce hazards in spraying water on a bank which may be 
a maximum current from thc energy stored. charged. 

The peak current will bc Ground currents are always a problem in bank - design. Banks should be grounded at  only one point 

1, - 4: e - ( R l m  CI) to a counterpoise ground with wide. Iow-inductance 
straps. 

where r is the time to the first quarter cycle. 
Expressions for the ringing frequency, the charge REFERENCES 

time, and other incidental characteristics of a bank h,::: ~ D m ~ ~ l . ~ .  Nz 
are well known. York. N. Y.. 901 31. M.T. 1960, pp 207-Y)J 

2. I. L. Tuck. Roct*dlrpr. Second Inlekt lonal  &nfarrncc on 

CAPACITOR BANK SAFETY 
VIC PC~CCIUI U s n  of Ammte ZnerU. UnltM N.tloru. Cenrvs. 
Svllzrrland. vol U. IOU. p IS. 

All energy storage banks are lethal! Adequate per- $rt%k. P ~ ~ ~ & ; % ~ l ~ ~ ~ ~  S ~ % a & t o k  );?&. 
sonnel safety must be the f is t  specification for any :';eE$' AMS- =, p, BOICOUfi, KnnD. Tall- 
bank design. There are several areas where thought- nudge La A I . ~ O S  m n i n c  ~ m r a t o n .  LM ~lmmas.  calif.. 

ful design will eliminate potential hazards. Drc. 1959. 
5 Gurtlnc h r x r  C.p.sltor B a n k  In l'h=-nuclr.r R..e.rch. 

The bank should be in unconfined quanets.  H. K. J * n n m e  rl*C:ficol fholneninp. June l%l. vP. 411-21. 

Visual and manual pans is an 4. Refereme Data tor l l ldlo MIlnRn I n t e r n a t l o ~ l  T r l m h o ~  
and f.lcgr.ph mrp.. New Yor*. N. Y.. foluih .dlllon. I l l &  

necessity. The bank should be barricaded behind vcr ,,. H, Mrr.rlane. uwrmce Rld,.,lmn 
strong walls. Many times when a capacitor fails o r  Ilborarar).. u v . m n .  C.II~,  AU, I, iss6. 
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11. CHARGE BUILDUP IN UNSHORTED PAPER-CASTOR OIL ENERGY STORAGE CAPACITORS 

G. P. Boicourt 

One of the s a f e ty  problems associated with the use of energy storage ca- 

paci tors  i s  the charge buildup in unshorted units  a f t e r  they have been removed 

from a system. T h i s  charge buildup i s  due t o  the re lease  of charge trapped by 

absorption i  n the d ie lec t r i c .  Measurements have been made on four paper-castor 
o i l  capacitors of d i f ferent  types and used in  d i f fe ren t  applications.  One type 

of appl i cation cornonly occurring in control led thermonuclear research involves 

the capacitor being charged in  time tc  and discharged e i t he r  in a crowbarred 

o r  r inging mode followed by period of time tS during which the capacitor i s  

shorted. Three of the  measurements involve capacitors operated in  th is  way. 

In another comnon operati  ng procedure, the  capacitor i s  charged conti nuously a t  

a constant r a t e  and discharged when the desired voltage i s  reached, without 

disconnecting the  power source. In t h i s  case,  as i n  the former, the discharge 

may be e i t h e r  reversing or nonreversing. The four th  measurement was made on a 

unit  used in  t h i s  type of operation with a reversing voltage. 

Figure D-l(a) shows the charge buildup i n  a  75-kV, 1.5-vF capacitor.  This 

uni t  was charged in 10 s t o  75 kV,  discharged immediately and then l e f t  shorted 

f o r  10 s before the cycle was repeated. I t  had been operating i n  t h i s  mode f o r  

24 h before the measurement. The charge buildup reached 4.5 k V  or 6% of oper- 

at ing voltage. 

Figure D-l(b) was taken under the same conditions as fo r  Fig. D-l(a)  ex- 

cept t h a t  i t  was a 0.7-vF, 75-kV capacitor. This par t icular  u n i t  is designed 

t o  operate with a considerably lower d i e l e c t r i c  s t r e s s  than the one used t o  

obta in  Fig. D-1 ( a ) .  

The graph i n  Fig. D-1 ( c )  was obtained from a 10-kV, 180-uF capacitor de- 

signed f o r  high d i e l e c t r i c  s t r e s s  and crowbarred operation. In t h i s  case i t  

was charged t o  10 kV in 10 s ,  f i r e d  in  a crowbarred c i r cu i t  t ha t  kept the vol- 

tage reversal  be low 20%, and then l e f t  shorted fo r  50 s .  The charge buildup 
i s  considerably slower than fo r  the f i r s t  two units but reaches 8% of rated 

voltage . 
The charge buildup i n  a 1.85-P F ,  60-kV capacitor t ha t  had been operated 

w i t h  continuous charge and ringing discharge i s  shown in F i g .  D- l (d ) .  In t h i s  

case the  charge rap id ly  builds up  t o  over 6 kV, greater  than 1G?4 of operating 

voltage. 

51 



No measurements have been made on units operated s t r i c t l y  a t  direct  cur- 

rent; presumably th is  would give r i se  t o  greater charge buildup t h a n  i n  the 

case of F i g .  D - l ( d ) .  

. 1.5p.F 75 kV CAPACITOR 

21 I I I I 13.3 
0 400 800 1200 1600 

MINUTES 

Fig. D-1. 
Charge buildup i n  various sizes o f  high-vo't t a g e  capacitors vs time. 



APPENDIX E 

HIGH-VOLTAGE RESISTORS 

TABLE E-I 
AXIAL-LEAD TYPES 

Peak Nmi nal Nmi nal Nmi nal 
Power voltage Minimum Maximun body body lead 

r a t i n g  r a t i n g  . res i s tance  r e s i s t a n c e  length diameter length 
(W) ( V )  ( a )  (m) ( i n . )  ( i n . )  ( in. 1 -- 

TABLE E-I1 
HIGH-VOLTAGE PROBE RESISTORS 

Peak Nani nal Nmi nal 
voltage Minimum Maximum Standard body body 
r a t i n g  resis tance res i s tance  tolerance length diameter 

r v )  (Mn) (Mn) ( X )  ( in. ) ( i n . )  

Note: Ends tapped f o r  No. 6-32 screw, supplied with 7/8-in.-long solder  lug i f  
specif ied.  

TABLE E-111 

GENERAL TAPPED-CERAMIC-TYPE HIGH-VOLTAGE RESISTORS 

Peak N a i  nal Nani nal 
Power voltage Minimum Maximum body body 

r a t  i ng ra t ing  res i s tance  res i s tance  length diameter 
( W )  - ( V )  (n ) (MQ) ( i n . )  ( in. ) 



TABLE E-I'! 

HIGH-VOLTAGE RESISTORS WITH TERMINALS OF COLLOIDAL SILVER, LUGS, A N D  FERRULES 

Peak N a n i  nal Ncmi nal 
Power voltage Minimum Maximm body body 

ra t  i ng rat ing res i  stance resistance lenoth di meter 
(W) ( V )  ( n) (Mn)  ( in.) ( in . )  

2 5 000 2 500 15 000 1 3/4 5/16 

Note: Ferrule units are usually s l igh t ly  longer fo r  the same power rat ing.  
Two types of ferrules are generally available: one builds up the 
dianeter of the res is tor  proper; the other reduces the diameter of 
the r e s i s to r  body. 

Standard tolerance i s  + 5. + 10, and + 20 per cent. although some of 
the very low resistancF vaTues may nEt be available i n  the 2 5 per 
cent tolerance. 
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Electrical Equipment Field Report
>120 V Checklist
Field report number
Date submitted
Field Rep Name 

1 Equipment Information
1.1 Conditions/Restrictions on use

1.2 Operating environment/Intended use

Approve Reject NA
2 Modifications
2.1 Performance consequences
2.2 Safety consequences
2.3 Change in rating (volts, power, current)
2.4 Cooling alteration
2.5 Additional wiring
2.6 Prior NRTL
2.7 Enclosure
2.8 Other
2.9 Modifications comments

Approve Reject NA
3 General Construction
3.1 Enclosure
3.2 Not damaged
3.3 Complete
3.4 Appropriate construction, design & clearance
3.5 Appropriate material
3.6 No open knockouts or holes
3.7 Other
3.8 General Construction comments

Approve Reject NA
4 Mechanical Assembly
4.1 No loose parts
4.2 Corrosion protection
4.3 Switches, lamp holders, etc. securely mounted
4.4 Other
4.5 Mechanical Assembly comments
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Approve Reject NA
5 Wiring - Internal
5.1 Power supply connections
5.2 Polarity
5.3 Free of sharp edges
5.4 Separate line voltage from other wiring
5.5 Wiring terminals and leads
5.6 Clearance/creepage distance
5.7 High temperatures
5.8 Neat assembly workmanship
5.9 Components used correctly
5.10 Mechanical bracing of conductors
5.11 Overcurrent protection
5.12 Other
5.13 Wiring - Internal comments

Approve Reject NA
6 Strain Relief
6.1 No tension on terminals/connectors
6.2 Correct fittings
6.3 Other
6.4 Strain Relief comments

Approve Reject NA
7 Switches and Controls
7.1 Readily accessible
7.2 Anti-restart (motors)
7.3 Appropriately identified/labeled
7.4 Lockable disconnect (for LOTO)
7.5 Other
7.6 Switches and Controls comments

Approve Reject NA
8 Extension Cords and Power Strips
8.1 Correctly rated
8.2 Undamaged
8.3 Grounding
8.4 Minimize trip hazards
8.5 No daisy chains
8.6 Other
8.7 Extension Cords and Power Strips comments
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Approve Reject NA
9 Bonding and Grounding
9.1 Bonding wires securely terminated
9.2 All non-current-carrying metal properly bonded
9.3 Equipment ground is run with circuit conductors
9.4 Auxiliary grounds: terminators and general condition
9.5 Other
9.6 Bonding and Grounding comments

Approve Reject NA
10 Foreign Power Supplies and Equipment
10.1 Connected to SLAC approved adaptors
10.2 Correct voltage and frequency
10.3 Correct AWG for US system
10.4 Fusing in ungrounded conductors only
10.5 Other
10.6 Foreign Power Supplies and Equipment comments

Approve Reject NA
11 Wiring - Electrical
11.1 Correct wire rating
11.2 Correct insulation type
11.3 Correct connectors
11.4 Strain relief
11.5 Not subject to damage
11.6 Cable shield grounded
11.7 Cable trays and wireways properly installed and grounded
11.8 Other
11.9 Wiring - Electrical comments

Approve Reject NA
12 Tests (may be performed by others as necessary)
12.1 Input current test
12.2 Starting current test
12.3 Leakage current test
12.4 Dielectric breakdown voltage test (HIPOT)
12.5 Temperature test
12.6 Strain relief test
12.7 Capacitor test
12.8 Bonding overload test
12.9 Resistance of ground path test
12.10 Other
12.11 Test comments
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Approve Reject NA
13 Failure Modes
13.1 Effect of single component failure
13.2 Effect of overload
13.3 Effect of ground fault
13.4 Effect of incorrect setting
13.5 Other
13.6 Failure Modes comments

Approve Reject NA
14 Accessibility of Live Parts
14.1 No parts accessible >50 volts and 5 mA or 10 J
14.2 During normal use
14.3 During routine maintenance
14.4 Covers in place; removable only by tool
14.5 Electrically "dead" front panel
14.6 Enclosures accessible without using tools are interlocked
14.7 Interlock (hardware) removes power to accessible parts
14.8 Other
14.9 Accessibility of Live Parts comments

Approve Reject NA
15 Cords and Plugs
15.1 Not frayed
15.2 Not damaged
15.3 Grounding conductor included
15.4 Ampacity for rated current
15.5 Other
15.6 Cords and Plugs comments

Approve Reject NA
16 Insulating Material
16.1 Appropriate mechanical strength and rigidity
16.2 Appropriate flame and smoke properties
16.3 Other
16.4 Insulating Material comments

Electrical Equipment Field Report Page 4 of 6

SLAC Electrical Equpiment Field Report : Greater than 120 V



Approve Reject NA
17 High Voltage (>600 volts)
17.1 Correct connectors
17.2 Stafing means
17.3 Discharge circuit
17.4 Drop switch
17.5 Insulation
17.6 Associated dielectrics
17.7 Other
17.8 High Voltage (>600 volts) comments

Approve Reject NA
18 High Current/Low Voltage (<50 volts and > 1000 VA)
18.1 Over-current devices
18.2 Safe terminal spacing
18.3 Mechanical bracing
18.4 Other
18.5 High Current/Low Voltage (<50 volts and > 1000 VA) comments

19 Other
19.1 Any other hazard areas including non-electrical that may warrant 

further investigation
19.2 Other comments

20 Marking Requirements (Clearly Labeled)
20.1 Hazards
20.2 Restrictions and limitations
20.3 Other
20.4 Marking Requirements (Clearly Labeled) comments

Approve Reject NA
21 Other Information
21.1 Photographs, diagrams, sketches, catalog cut sheets
21.2 Procedures
21.3 Training and qualification of users
21.4 Other
21.5 Other Information comments
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Approve Reject NA



Equipment Inspection Summary
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