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INTRODUCTION

The use of electricity underwater requires a new class of electrical
protection equipment to meet the stringent safety criteria needed to
protect working divers. To meet these requirements the Civil Engineering
Laboratory (CEL) under the sponsorship of the Naval Facilities Engineering
Command, Ocean Facilities Exploratory Development Block Program has
developed a unique and improved ground fault detection and power shutdown
system.

The system is designed to shut down all electrical power to the
load in 10 ms upon sensing a ground fault current. The design of the
system is adaptable to electric power transmission systems up to 100 k¥
of AC power.

This report reviews electrical safety criteria relative to divers
and describes CEL's ground fault detection and protection concept.
Laboratory test results from a breadboard model of the system are also
presented.

BACKGROUND

Electricity can be used safely underwater provided the diver is
protected from shock hazards. Safe current/time relationships are
summarized in the International Electrochemical Commission's (IEC)
report "The Effects of Current Passing Through the Human Body" (Ref 1)
and are shown in Figure 1. The IEC data have been used only for design
objectives. Neither CEL nor the U.S. Navy endorses or accepts the IEC
data as providing safe operating levels for divers using underwater
electric equipment. The U.S. Navy is currently reviewing criteria for
safe use of electricity underwater, but at the time of this writing, no
firm criteria for U.S. Navy usage have been established. A diver protec-
tion system must either limit the fault current to the "let-go-level"” or
interrupt the fault current quickly. The "let-go-current” is defined by
the IEC as '"the maximum current a person can tolerate when holding an
electrode and still let go of this electrode using muscles directly
stimulated by that current."

The application of electric power underwater involves hazards to
people not present in overland uses. Of primary importance is the
reduction in skin contact resistance caused by water absorption. The
nominal dry skin contact resistance of 3500 ohms may drop to 250 ohms in
seawater. This decrease in skin resistance reduces the voltage gradient
required to create a fatal current flow through the body. This voltage
can be applied to the diver directly by physical contact or by the
presence of a strong electric field. In either case it is important to
provide protection circuits that exceed the requirements of overland
use.

In 1971 the British established the Underwater Electrical Safety
Project with the objective of determining methods with which divers
could be protected from electrical shock hazards. This work is sum-
marized by Dr. G. Mole of the Electrical Research Association (ERA) in
his report "The Safer Use of Electrical Equipment Underwater - Guidance




for Methods of Protection" (Ref 2). Three basic concepts for protection
are discussed:

1. Inherently safe underwater power systems
2. Earth (ground) leakage circuit breakers

3. Fail-safe circuit protection

ERA PROTECTION CONCEPTS

Inherently Safe Electrical Power

An inherently safe electric power supply is defined as a system
which "is incapable of delivering a lethal electricl shock under all
adverse conditions, such as leakage and fault" (Ref 3). The design of
the inherently safe system can be based on current-limiting or voltage-
limiting principles. In the current-limiting approach, power is supplied
at a constant current equal to the let-go-level. With voltage limitation,
the voltage supplied divided by the diver's body resistance must not
exceed the let-go-level.

A current-limited DC system was built and tested by the ERA. DC
voltage was chosen for the first system because of the higher let-go-
current level, i.e., 62 mA DC versus 9 mA AC. A block diagram of the
system is given in Figure 2. The 62-mA constant-current supply is
derived from the ship's power system via a constant-voltage/constant-
current converter and is fed to an inverter on the seafloor through the
transmission cable at *25 kVDC. The output of the seafloor inverter is

30 VDC at currents up to 70 amperes, depending upon equipment requirements.

Even with transmission voltages of 25 kVDC in the system, fatal shock is
not possible because the current is limited to the maximum safe level
for DC. With a minimum body resistance, hand-to-hand, of 500 ohms, the
30-VDC potential limits the maximum current through the hands and chest
to less than 62 mA. This 2.5-kW system represents a realistic size to
which future inherently safe power supply designs can be compared. A
detailed description of the design of the individual components is
contained in Reference 4 by Mole and Parr.

From a technical standpoint the proposed power system concept is
valid. The design study shows that a DC inherently safe power supply
would be substantially more complex than originally thought, but feasible.
The complexity results in both higher construction cost and possible
maintenance problems. This design, however, does not prevent the diver
from being shocked, but it does prevent the current level from exceeding
the let-go-level of 62 mA. To prevent the diver from receiving a per-
ceptible shock, a ground current leakage device must be used to shut
down the system for leakage currents of less than 62 mA.

Earth-Leakage Circuit Breaker

A British survey of manufacturers identifed 22 models of earth-
leakage circuit breakers (ELCBs) on the world market (Ref 5). When
installed on the supply circuit, these devices monitor the leakage
current from the line conductor to ground. A typical circuit for one of
the ELCBs is shown in Figure 3. For the configuration shown, the current
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Figure 3. Farth leakage circuit breaker, solid-state-assisted type.

in the line side must equal the current returned in the neutral. If the
currents are not equal, a voltage is induced into the control circuit
and the circuit, breaker trips, turning off the supply voltage.

Results of the British circuit breaker evaluation show that it is
possible to buy off-the-shelf ELCBs that can shut down on as little as
2.5 mA of leakage current in less than 25 ms. Circuit breakers of this
type and sensitivity, however, may be subject to nuisance tripping and,
thus, not be practical for field use.

ERA Fail-Safe Method of Protection

The need for quicker acting, less nuisance tripping and higher
power capabilities in the diver protection systems led to the develop-
ment of the fail-safe concept. This concept allows the load current to
be supplied from any available AC source with the protection system
connected in series between the supply and load. One possible configu-
ration is shown in Figure 4. The sensitivity of the control circuit and
the speed of the solid state switches (triacs) combine to provide a
fail-safe system.

During operation the load is connected to the supply via an isolating
transformer that has a center-tapped secondary. A DC voltage is applied
to the power circuit at the center tap. Any current leakage to ground
also flows through the resistor R, and the voltage drop (VR) is monitored
by the control unit. If VR exceeds a preset level, the control unit

load
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turns on the solid state triacs, which rapidly short out the primary

voltage source. The short circuit current then trips the electro- .
mechanical circuit breaker. This type of protection allows power from ‘
shipboard or commercial mains to be used safely underwater.

The circuit as shown in Figure 4 is capable of shorting the trans-
mission lines in less than 10 ms, followed quickly by a circuit breaker
trip. The fuse opens the circuit only in case of a circuit breaker
failure. The design of the entire safety system is based on fail-safe
criteria. This means the system is designed to shut down all power to
the load upon detecting either a ground fault or a failure of a component
in the detection system. A complete discussion of the design is contained
in Reference 6.

This design offers a high degree of protection to divers using
equipment powered from conventionzl AC sources. Furthermore, this
protection concept is not power-limited as is the inherently safe
approach. It also provides a faster response capability as compared to
ELCBs and reduces nuisance tripping. Nuisance tripping is caused by
changes in distributed capacitance in long cables. Monitoring for DC
leakage currents eliminates the capacitance effects. The design allows
off-the-shelf power conditioning and transmission hardware to be used,
thus making the concept very attractive.

The reliability and speed of the solid state triacs in shorting out
the supply source provide excellent protection for the diver. However,
the triacs must be protected from extended periods of short circuit
current flow. Some design improvements are, therefore, necessary to
decrease circuit breaker trip time to properly protect the triacs.

DEVELOPMENT OF CEL FAIL-SAFE PROTECTION SYSTEM

The ERA fail-safe protection system and the CEL system are both
insulation resistance monitoring devices. They are designed to fail to
a safe condition by shutting down electrical power to the load. The
failure may be a break detected in the electrical insulation of the
protected circuit or a malfunction of the electronics within the device.
Figure 5 shows a block diagram of the CEL concept. The only difference
between the ERA and CEL design revealed by a comparison of Figures 4 and
5 is the relocation of the triacs from the supply side of the transformer H
to the load side. There are, however, major differences in the operational 3
sequence. These significant differences will be discussed as the CEL
concept is described.

As shown in Figure 5, the load is electrically isolated from the
supply and ground by the wye-delta transformer. One side of a DC voltage
supply is connected to a corner of the delta winding. The other side of
the supply is connected to ground (seawater). Should the electrical
insulation of the protected circuit break down, a small DC leakage
current would flow. It is this leakage current that is monitored. If
this current level exceeds a predetermined level, a set of solid state
switches (triacs) are turned on by the ground fault detector (GFD). At
the same time the GFD sends a trip signal to the circuit breaker. The
triacs short the secondary of the transformer, reducing the load voltage
to zero but creating very high short circuit currents in the circuit
breaker and triacs. The circuit breaker then rapidly opens, thus pro-
tecting the triacs from damage.
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Using this system as a starting point, ways to improve its operation
were studied. Two areas were identified that could improve the operation
and reliability of the system. First, the current that the triacs
handle should be kept to a minimum. Normal rating practice for these
devices specifies one cycle or 1/2 cycle surge current with higher
currents allowed for shorter durations. Since the typical circuit
breaker requires 25 ms to open, the triacs could see vp to 1-1/2 cycles
(60 Hz) of surge current. To handle this current, a device with a
higher current rating has to be used. This results in increased cost
and size requirements for the triacs. The high currents also cause
severe arcing of the circuit breaker contacts. This reduces the life
and reliability of the breaker.

One way to solve both of these problems would be to decrease the
time required to open the circuit breaker. Ground fault circuit breakers
from several different manufacturers were purchased for testing. The
purpose of these tests was to determine how the tripping mechanism
worked and how fast it opened a circuit upon detecting its minimum-rated
ground fault current. Using Figure 3 as an example, the ground fault
signal required to trip the breaker was measured between terminals 1 and
2. The circuit breakers were then subjected to a step input signal of
the measured magnitude at the input to their ground fault detection
circuit. The time from application of this signal until the power
contacts opened was measured. The breakers were subjected to this
several times, while the action of the trip mechanisms was observed.

The 58SV series of circuit breakers built by the Siemens Corporation,
Iselen, N.J., was picked as best suited for modification to meet the CEL
system's requirements. This breaker uses the transformer input to the
trip mechanism as shown in Figure 4, but has no built-in solid state
electronics. The breaker is held in the set position by a small bar
that completes the magnetic circuit of a horseshoe magnet. The breaker
exhibited a repeatable opening time of 20 to 26 ms, and the tripping
circuit and mechanical components were accessible for possible modifi-
cations.

As shown in Figure 6 one pole of the horseshoe magnet has a coil
wound around it; this coil is normally hooked to the secondary of the
ground fault detection transformer. A ground fault current creates an
unbalanced current flow in the power leads that form the primary winding
of the transformer. This unbalanced current generates a magnetic flux
in the core and induces a voltage in the transformer secondary and the
trip coil on the pole piece. When the leakage current is sufficient to
form an electromagnet in the coil with poles opposite to the natural
magnet, the shorting bar is released, tripping the circuit breaker. The
input to the trip coil is an AC voltage that allows the electromagnet to
have the correct polarity to trip every other half cycle. This results
in trip times of up to 1 cycle (16.62 ms) plus the time required for the
contacts to open.

A Siemens circuit breaker, model 5S5V4071, rated at 63 amperes, was
modified by: (1) removing the fault transformer core and reconnecting
the power leads; (2) removing the existing coil on the magnet and replacing
it with a new coil having more turns of smaller wire; and (3) adjusting
the trip mechanism spring tension to a point slightly beyond where the
permanent magnet will latch the breaker in the set position. When DC
instead of AC is applied to the coil, an electromagnet is formed, aiding
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the natural magnet in resetting the breaker. When the DC voltage is
removed, the breaker will trip. This modification resulted in a trip
time of 5.5 ¥0.2 ms.

Once it was established that fast, reliable operation could be
obtained from the breaker, a system operational sequence, which over-
= comes the ERA fail-safe system shortcomings, was devised. Instead of

turning on the triacs and the subsequent high current tripping the
circuit breaker, it was decided to open the breaker first and then fire
the triacs. With the circuit breaker open, not only could the high
short circuit currents in the triacs be eliminated, but also the circuit
breaker contacts would not be subjected to severe arcing while opening.
The triacs shorting out the load circuit still provide a low impedance
path to discharge the stored energy in the protected circuit. Should
E the circuit breaker fail to open upon receiving the trip signal, the
] traics would still turn on after a 10-ms delay. The short circuit
current would then blow the main line fuses to open the circuit.

DC Ground Resistance Monitor

The ground resistance is monitored using the circuit shown in
Figure 7. The positive side of a 100-VDC supply is connected to the
secondary of the power transformer through Rl and R2. The negative side
of the supply is connected to ground. If a ground (RG) should develop
in the protected circuit, a voltage would be generated across R2. This
voltage is passed through the impedance matching amplifier at unity gain
into the voltage comparator A2. When no ground exists, A2 is held in
saturation with an output of 15 volts. If the voltage generated by the
ground current in R2 exceeds a predetermined level set by R3, amplifier j
A2 changes state, and a trip signal is sent to the circuit breaker and !
triacs. i

AC Circuit Monitor

The reliability of the ground resistance monitoring circuit depends
upon maintaining a circuit for the ground fault current to flow in. The
DC ground fault circuit is monitored using the schematic shown in Figure
8. A 10-kHz sine wave is superimposed on the 100 VDC being fed to the
secondary of the transformer. Should the DC circuit open or the 10-kHz
oscillator fail, amplifiers A3 and A4 would initiate a trip signal
identical to the ground resistance monitor.

Triac Control Circuit

The triacs are used as solid state switches to short the power
output to the load upon command. Figure 9 shows how they are connected
in the circuit with their associated control circuitry. If the AC and
DC monitors detect no faults, then the normally open switches S1 and S2
are closed. Depressing the momentary switch S6 energizes the electro-
magnet in the circuit breaker and opens S$3, S4, and S5. When S3, S4, y
and S5 open, the triacs' gate voltage is removed, and the triacs open;
at the same time, capacitor Cl charges to -30 VDC. With S6 still de-
pressed, CBl is turned on. Once CBl is set, S6 is released.

A trip signal from either the ground resistance monitor or the AC
circuit monitor removes the voltage to S1 or S2. This removes power
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from the trip coil, allowing the circuit breaker to open. Capacitor Cl
is selected to prevent switches S$3, S4, and S5 from closing for 10 ms.
This allows time for the circuit breaker to open and any arc at the
contacts to subside before the secondary circuit is short circuited. If
CB1 has not opened prior to the triacs being turned on, the short circuit
current will blow the main power fuses. These fuses are selected to

have an 12t rating below the surge current rating of the triacs.

TEST RESULTS

Trip Level Adjustment of Circuit Breaker

The protection system was tested using 208-volt, 3-phase power
supplied from the CEL utility system. A complete schematic of the
protection system and line connections is presented in Figure 10. The
circuit breaker shown is a Siemens ground fault circuit breaker, model
5S5V4071 (modified), rated at 63 amperes. The early tests were conducted
using twenty-one 1,000-watt (21 kW) strip heaters for a load.

The initial conditions for the first test were:

1. Circuit breaker set to trip in 5.5 ms
2. Triacs set for 5.5-ms delay

3. R3 adjusted to trip on 50 kilohms ground resistance (1.65 mA)

A decade resistance box was connected between one power lead and
ground to simulate a fault. The precision resistors in the resistance
box (*1%) allowed the ground resistance to be set at 0 to 10 megohms in
1-ohm increments. With the load disconnected, the circuit breaker trip
point was adjusted by setting the decade box to 50K and turning R3 until
a trip was achieved. The resistance was then increased to 52K and the
circuit breaker reset. The resistance was switched out in 100-ohm steps
until the breaker tripped. This was repeated until the breaker tripped
reliably at 50K *500 ohms.

Resistive Load Tests

The 21-kW load bank was connected into the circuit (decade resistance
set at 750K), and the power turned on. The ground resistance was reduced
to 50K, and the breaker tripped. The primary and secondary line currents
and voltages were recorded on an oscillograph recorder.

With the triacs firing at the same time, the circuit breaker opened
with considerable arcing of the contacts. Current transients with a
peak value of 270 amperes were recorded on the supply side of the trans-
former. At this time it was decided to delay the triacs turn-on for an
additional 4.5 ms, resulting in a total delay of 10 ms. This decision
was made based on the data presented in Figure 1. As shown, the no-danger
DC current level for 10 ms is 1,000 mA. Since the ground resistance
monitor circuit uses 100 VDC supplied through the voltage divider R1 and
R2 having a total resistance of 100K, the leakage current is limited.
Should a fault occur when a diver is in direct contact with the fault
location, the maximum current to the diver would be 8.9 mA DC. This is
well below the danger curve, and is, in fact, less than one-sixth the
let-go-level for DC. The circuit was tested with the new delay time,

13
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and the shutdown was completed with no current or voltage transients in
a total shutdown time of 10 ms (circuit breaker opens in 5.5 ms and the
triacs fire at 10 ms).

A test circuit was then connected in which the protection system
could function normally, but allowed the trip signal to be executed at a
given location on the input voltage sine wave. This was done to determine
if the system was sensitive to tripping on any particular part of the
waveform. It was found that the circuit shutdown time is the same
regardless of when tripped with respect to the input voltage waveform.
The results of this test are shown in Figure 11. These pictures show
the voltage measured across the load.

Inductive Load Tests

The inductive load was a 15-hp, 3-phase, 440-volt electric motor.
To simulate remote operation, 1,000 feet of cable was used to connect
the motor to the ground fault protection system. Another series of
shutdown tests were conducted with the same test circuit used for the
resistive load. Figure 12 shows the load voltage waveform from the time
the trip signal was initiated until after the triacs turned on. Again
the load voltage is zero at 10 ms, and no high transients were observed.

SUMMARY

The CEL ground fault protection system approach can provide divers
a high degree of protection from electrical shock hazards. The system
is designed to shut down on the first insulation breakdown in the pro-
tected circuit. This breakdown is detected by a DC current flow rather
than an AC leakage current. The system as tested tripped on a DC leakage
current of 1.65 mA, which is 35 times less than the DC let-go-level. AC
current leakage on first fault is prevented by the isolation provided by
the output transformer. Should two insulation breaks occur simultaneously,
AC leakage currents could flow for a maximum of 10 ms since the trip
circuit is activated on the first breakdown. The shutdown is accom-
plished by opening the ground fault circuit breaker and then shorting
the protected circuit with the triacs. This provides a low impedance
path to dissipate the energy stored in the protected circuit.

The system is designed to shut itself down if an internal equipment
malfunction occurs. This is done by taking into account the normal
failure mode of components - their de-energized state (loss of power to
electronics) and monitoring the leakage-measuring circuits. The integrity
of the DC circuit is monitored by the 10~kHz signal. Should an open
circuit develop or the 10-kHz signal fail, the system will shut down.

The initial tests performed with small circuit breakers (15-ampere
rating) indicate that this approach is directly applicable to low power
(115-VAC, 15-ampere) systems. These systems could be used in any wet or
electrically hazardous location as well as supplying underwater power.
The operation of this system is as simple as turning on the circuit
breaker.
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Figure 11. VWave shape of voltage to the 21KW resistive load when a ground
fault cccurs at various points on the wave.




Figure 12. Wave shape of voltage to a 15 HP motor through 1000' of cable
when a ground fault occurs at various points of the wave.




CONCLUSIONS

1. Ground fault protection systems based on the CEL fail-safe approach ’
can provide the safety required for diver operation of electrically

powered equipment. Furthermore, this approach should prove to be reliable

under the severe operating environments typical of dive sites. J

2. A breadboard model of a ground fault protection system capable of
supplying 50 kVAC was built and successfully tested.

a. The system trips on resistances to ground of 50 kilohms or less
from any of the three phases.

b. Trip time of the system is 10 ms.

c. Trip time of the ground fault system is not sensitive to polarity
of the input voltage waveform.

d. The trip time of the system does not depend upon how the ground
fault is applied. It can be a slowly decreasing resistance or a direct
short circuit. Shutdown time is 10 ms.

e. No nuisance tripping was observed during the test program.

f. Correct timing between the operation of the circuit breaker and
the turn on of the triacs must be obtained or severe arcing of the
contacts in the circuit breaker results. Circuit shutdown in 10 ms
allows time to open the breaker and then short the load with the triacs,
thus eliminating the arcing.

3. The CEL approach can also be used to protect low power systems,
i.e., lighting or hand tools, in hazardous locations other than under-
water.

PLANS

The major portions of the detection and control circuits have been
developed, but fast-acting high-current ground fault circuit breakers
(100 amperes) are not commercially available. Development of a circuit
breaker to meet CEL system requirements will continue. Subsequently, a
100-kW fail-safe prototype system will be built and tested underwater.
In addition, a hand portable protection system will be built to demon-
strate protection capability at lower power levels.
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