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INTRODUCTION

Heavy movable structures can use many different control system architectures. These include
hardwired electromechanical relays and various programmable electronic control systems such as
the programmable logic controllers (PLCs), direct digital controllers, distributed controllers, or
hybrids of each. The overall bridge control system architectural configuration may include control
sub-systems dedicated to motor drives, hydraulic power units, navigation and signal lights, and
other equipment. The control sub-systems may be separate, stand alone hardwired relays, PLCs,

proprietary electronics, or hybrids.

It is necessary to design the overall bridge control system to include fundamental fail-safe
characteristics regardless of the architecture used. A fail-safe system is one in which the failure of
any component in the system will not prevent unsafe operation of the controlled equipment.!
Typically, this means a fault will still allow equipment to be shutdown. More important, a fault
should not cause the unintended operation of equipment. When analyzing the specific fail-safe
requirements of the application, it may be necessary to exclude some control system architectures

from consideration.

Circuits and programs used for starting and stopping equipment, machinery shutdowns, emergency
stops, interlocks, permissives, and feedback control must be analyzed with regard to cause and

effect for an overall fail-safe control system.

The objective of this paper is to explore different fault scenarios common to control circuits and
systems. The focus is fail-safe control system design for heavy movable structures, and more
specifically for movable bridges. Emergency stop control circuits that are both fail-safe and fault
tolerant are presented. The techniques discussed can be extended to many other control system

applications with success.
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CONTROL SYSTEM ARCHITECTURES

Hardwired Electromechanical Relays

One of the most widely used control systems for all types of applications is the electromechanical
relay control system. Relay control systems date back to the 1800s and remain popular today. An
example of relay control architecture on a movable bridge is shown in Figure 1. Relays use an
electromagnet to switch contacts from open to closed or closed to open (Figure 2). Springs are used
to return the contacts to their de-energized position. Latching relays use dual electromagnetic coils
to drive the contacts to either open or closed states. Latching relay contacts stay in the last position

until the coil of the opposite state is energized.

Future reference to relays in this paper will imply the electromagnetic control relay unless stated
otherwise. The energizing or de-energizing of relays and the switching of the associated electrical
contacts provide a way to implement control logic by controlling and directing the flow of electrical
energy. Fail-safe considerations for relays are primarily an analysis of what happens when a relay

does energize and what happens when it de-energizes.

Electronic Control Systems

Programmable electronic systems include the PLCs (programmable logic controllers), DCSs
(distributed control systems), network field bus types (Profibus, Fieldbus, Hart, etc.), direct digital
or distributed control using mainframe computers, microcomputers, and personal computers. These
digital electronic devices use microprocessor-based hardware to execute software and firmware
application control programs developed by the control system engineer.

The PLCs and DCSs have gained the widest acceptance and use among the electronic control
systems. DCSs are rarely used on movable bridges because their high costs outweigh their benefit
for this type of application. PLCs are widely used on movable bridges (Figures 3 and 4).

The PLC is defined as a digitally operating electronic system designed for use in an industrial
environment that uses a programmable memory for the storage of user-oriented instructions for
implementing specific functions such as logic, sequencing, timing, counting, and arithmetic to
control various types of machines or processes, through digital or analog inputs and outputs.?
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The PLC was developed in the 1970s to be a relay replacement device for discrete control. That is,
control that can be implemented with logic states of “ones” and “zeros,” “on” and “off,” “high” and
“low”, and so forth. In the 1990s, PLC capability expanded to include the more sophisticated
analog control that was previously available only in single loop controllers and distributed control

systems.

Personal computers and microcomputers are advancing steadily in control system usage, but their

reliability and fail-safe diagnostics lag behind the PLCs.

PLCs are developed with rugged hardware, and strict internal microprocessor diagnostics for
software and firmware. Electronic devices do not necessarily fail to a logic state of “zero.” PLCs
are manufactured with built in fail-safe features. The operating system and application software
used in PLCs are rigorously tested for efficiency and the “bloat-ware” commonly found in personal

computers is typically not allowed by the PLC manufacturers.

Today, most movable bridges use PLC control, hardwired relay control, or a hybrid of the two.
Drive systems are being manufactured more commonly with integral microprocessor based
controls. This leads to the possibility that the embedded logic may not necessarily be fail-safe.

The engineer must develop fail-safe features in the relay control schematics, the PLC application
programs and input/output configurations, and the drive system parameters.

Operator Control Stations

The operator control stations found on movable bridges are mostly hardwired hand switches,
pushbuttons, pilot and indicating lights, and alarm displays. Engineering considerations must be
given to the hand switch contact developments, spring returned hand switch contacts, captive key-
lock hand switches, and dual pilot lights when designing the control console for fail-safe features.
Push-to-test indicator lights are good to use when the lights are being used for alarms or to verify
the position of machinery. Knowing that lamps are working is not only a helpful maintenance
feature, but it allows the operator to know if the dark lamp indications are true. Fail-safe
consideration for indicator lights includes using the actual machinery being monitored to give
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positive feedback directly to the indicating light. Using electrical control signals that command the
machinery to also control the indicating lights is an unreliable method of providing feedback to the
operator. Additionally, where a device or piece of machinery travels to opposite positions; such as
a valve (open/closed), a lock (driven/pulled), a leaf (open/closed), a brake (set/released); it is a good
practice to sense both states independently. This provides the operator with an indication that the
machinery is in travel or if it has failed during travel.

CRT (cathode ray tube) based graphical operator interfaces have not been widely used on movable
bridges for several reasons. CRT and flat screen displays require redundancy because they are
fragile when compared to a hardwired control console. Graphical displays on screen are easily
washed out by sunlight that usually floods a control tower through the large windows needed for
operator visibility. If the displays are left on continually without rebooting, screen burn-in will
require their replacement every 2 years. If the displays are turned off between openings, there is a
time delay required to warm up the monitor or to reboot the computer that is driving the graphics
before operating the bridge.

Eventually these obstacles will be overcome and these operator stations will be used on more
movable bridges. For example, LCD displays (liquid crystal display) or gas plasma displays could
make graphical control stations more practical.

Fail-safe design considerations in graphical operator interface stations would include the
performance of all actual control functions in a separate and dedicated PLC. The graphics station
should remain strictly supervisory. With this architecture, fail-safe requirements are reduced to
only needing the proper techniques to communicate between the graphics stations and the PLCs.
The programming techniques of the PLC logic also become critical with this architecture.

FAIL-SAFE CONTROL SYSTEM DESIGN APPROACH

Control systems and devices have changed dramatically over the past 100 years. However, the
fundamentals associated with the control systems required for safe operation and shutdown have not
changed. It does not really matter if the machines, equipment, or processes being controlled are
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chemical plants, power plants, or heavy movable structures. It does not matter if the control system
architecture uses only mechanical devices, only electrical devices, only electronic devices, or if it is
some type of hybrid. What does matter is that the control system is properly engineered to provide
for the safe shut down of the machines and equipment in the event that one or more control system
component fails. A control system must be engineered to achieve shutdown conditions in an
orderly manner with minimum risk of injury or damage to the machines and equipment being

controlled.

There should be no compromise between safety and cost when developing control system designs.
Using fail-safe techniques does not usually require any significant amount of extra labor or
materials. What should be considered instead is the cost of not being fail-safe if there is a failure.

Control system engineers freely adopt proven techniques from similar applications as being a
prudent approach to design. Good engineering practice includes assessing whatever works for a
specific application elsewhere and considering mirroring it in a similar application.> Some
standards require a control system that is both fail-safe and fault tolerant. Generally, control system
standards used for movable bridges do not accept designs where one or two faults of any kind can

cause unintended operations or where a single fault will prevent equipment shutdowns.

Standards and Specifications

There are a few standards available for engineering movable bridge control systems. Guidance is
taken from AASHTO publications (American Association of State Highway and Transportation
Officials).* > The AASHTO, Standard Specifications Jfor Movable Highway Bridges is the
foundation on which the movable bridge is designed. However, AASHTO specifications and
recommendations are somewhat limited in regards to control systems and need to be supplemented
with additional standards. There are many industry standards, definitions, and symbols specifically
dealing with control systems. Those most pertinent are listed as follows:

« AASHTO, Standard Specifications for Movable Highway Bridges, 5™ Edition, American
Association of State and Highway Transportation Officials, Inc., Washington, DC, 1988.



Fail-Safe Control Systems for Heavy Movable Structures

AASHTO, Movable Bridge Inspection, Evaluation, and Maintenance Manual, 1* Edition,
American Association of State and Highway Transportation Officials, Inc., Washington, DC,

1998.

Code of Federal Regulations-CFR Title 33, Parts 118- Navigation and Navigable Waters.

FHWA, Manual on Uniform Traffic Control Devices (MUTCD), Federal Highway Administrator
1988.

ISA, Instrumentation Symbols and Identification (ANSI/ISA-5.1, 1984), International Society
for Measurement and Control, Research Triangle Park, NC, revised 1992.

ISA, Application of Safety Instrumented Systems for the Process Industries (ANSI/ISA-
84.01, 1996), International Society for Measurement and Control, Research Triangle Park,
NC, 1996.

ISA, Identification of Emergency Shutdown Systems and Controls That Are Critical to
Maintaining Safety in Process Industries (ANSI/ISA-91.01, 1995), International Society for
Measurement and Control, Research Triangle Park, NC, 1995.

JIC, Electrical Standards for General Purpose Machine Tools and Mass Production
Equipment, (EGP-1-67 and EMP-1-67), Joint Industrial Council, McLean, VA, 1967.

NEMA, Industrial Control and Systems: Control Circuit and Pilot Devices, ( NEMA ICS 7),
National Electrical Manufacturers Association, Roslyn, VA, 1993.

NEMA, Programmable Controller Standard ,( NEMA ICS 3), National Electrical
Manufacturers Association, Roslyn, VA, 1993.

NFPA, Electrical Standard for Industrial Machinery (NFPA-79, 1991), National Fire
Protection Association, Inc. Quincy, MA, 1991.
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« NFPA, Hydraulic Fluid Power- System Standard for Stationary Industrial Machinery
(ANSUNFPA/JIC- T2.24.1, 1991), National Fire Protection Association, Inc. Quincy, MA,

1991.

The National Fire Protection Agency standards relating to electrical control systems include NFPA-
70, National Electric Code, and NFPA-79, Electrical Standard for Industrial Machinery. NFPA
standards are primarily concerned with protection against electrical shock and fire hazards. When
NFPA-79 incorporated the Joint Industrial Council Standards in 1985, it only included those areas
related to electrical shock and fire hazards. 2

AASHTO Fail-Safe Requirements

AASHTO specifies that motor brakes for movable bridges must be fail-safe mechanically and
electrically.* Motor brakes are to be held in the set position by springs and released when
electrically energized. They are to set automatically whenever the electrical current is turned off.
AASHTO also specifies that hydraulic pumps must fail to the zero pumping position and bypass

valves must fail open.*

AASHTO also requires a level of redundancy in safety systems as for brakes and for safety related
instrumentation. Some AASHTO requirements for equipment and associated control circuits are as
follows:
o Auxiliary Power (recommendation).
« Two sets of Brakes; motor brakes and machine brakes.
+ Two electric compressor type air trumpets and two smaller electric trumpets (requirement on
bridges with electricity).
+ Two drive motors with provisions for bridge operation by one motor (recommendation).
« Normal stopping controls, and emergency stopping controls.
» Reversing motors shall have mechanically interlocked reversing contactors.
« Span overspeed switches at nearly closed and nearly opened positions interlocked to set the
brakes by removing power.
 Hand released brakes shall render the bridge inoperable.
« Disconnect switch to PLC input/output power.
« Master Control Relay (MCR) circuits to remove PLC input/output power.
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« Position limit switches (and skew switches on lift bridges) to stop drive motors and set brakes
at each end of span travel.
« Operational sequence interlocks: set traffic signals, lower gates, close barriers to block traffic,

pull locks, release brakes, open span, etc.

Unfortunately, AASHTO specifications come short of mentioning how fail-safe or fault tolerant

control systems are to be achieved.

The engineer should develop the control system plans and specifications in accordance with the
applicable industrial standards. Even if not familiar with AASHTO, most reputable control system
contractors are familiar with ISA, NEMA, and JIC. NFPA No. 79 and JIC No. EGP-1 standards
and symbols for relay control systems are shown in Figures 5, 6, and 7. These symbols include
the familiar relay coil, timers, pushbuttons, pilot and indicator lights, and switches used in control
circuits. JIC standards include symbols for control switches, sensors, and indicators with associated
definitions. JIC standards and schematic ladder diagrams are used by most control system
engineers, technicians, and electricians. PLC programming formats also include the schematic
ladder diagram type of graphical programming adopted from the JIC standards. All symbols and
standards rely upon the engineer for the proper application in developing fail-safe controls.

Instruments to detect flows, pressures, temperatures, and levels are used extensively on
hydraulically operated bridges. Typically, the symbols used on hydraulic schematics are from
NFPA/ANSI standards.® NFPA/ANSI nomenclature includes abbreviations for instrumentation and
sensors like Float Switches (FS), Pressure Switches (PS), Temperature Switches (TS), and Limit
(LS). The abbreviations from the ISA standards (International Society for Measurement and
Control) are helpful when differentiating between a Flow Switch (FS), a Level Switch (LS), a
Position Switch (ZS), and a Pressure Switch (PS).” Control engineers must be careful not to mix
symbols from conflicting standards identifying a Level Switch as “FS” for float switch, or a
Position Switch as “LS” for limit switch or as “PS” for position switch. ISA, JIC, and NFPA
instrument abbreviations conflict. The ISA standard provides the most comprehensive method for

unique identification.
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FAIL-SAFE CONTROL TECHNIQUES

There are many ways for control devices to fail to operate properly. While it is not impossible to
design control systems that account for every possible combination of faults, it would be very
expensive to do so. A more practical approach to designing fail-safe control systems is to account
for the most probable modes of failures and provide control devices and techniques necessary for

safety.

A fail-safe control device is one that will cause no unintended operations or unsafe functions if the
device itself should fail. Figure 8 provides a generalization of some good and poor design practices.
A common example is when using normally closed contacts on a control relay that is used in a
motor starter circuit (Figures 9 and 10). An incorrectly engineered circuit, one that is not fail-safe,
could result in the motor not being tripped if a control relay coil burns up or a fuse blows. A broken
wire, or a bad relay coil should not cause a motor to start or prevent it from being stopped.

Another common example is shown in Figure 11 where a ground fault can start a motor
unexpectedly if the controls are on the neutral side of the coil. This type of control is a National

Electrical Code violation. ¥

Movable bridges use equipment that may become hazardous to the public if the controls should fail.
A listing of some equipment and potential hazards follows:
« Traffic Gates and Barriers- A fault could cause the gate to unexpectedly operate with the
bridge open to traffic or prevent the operator from stopping a gate operation.
« Center Locks- A fault could cause the lock to unlock with the bridge open to traffic.
« Drives and Brakes- A fault could cause the span to raise with the bridge open to traffic, or
could prevent the operator from stopping the span from lowering with a vessel underway.
« Navigation Lights- A photoelectric relay circuit fault could turn off all of the navigation
lights putting a vessel at risk of collision with the structure.

It is important to know how a sensor will be actuated and what that means for the associated
machinery or equipment (Figure 12). For example: With a limit switch that is sensing the
“released” position of a motor brake as required by AASHTO," it is necessary to sense the “set”
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position independently from the “released” position. It is not the same to have a single switch make
contact when the brake is in the “released” position and to assume the absence of a made contact
indicates the brakes are “set.” A loose switch or a loose wire would also appear to be an open
contact to the control circuit and could result in unsafe control. When individual switches and
circuits are used to positively sense when the brakes are “set” and “released,” a circuit or switch
failure can be detected more readily. Fail-safe interlocks and indications require a closed circuit to
verify field condition. The absence of a signal should be interpreted as the absence of a control
permissive and that conditions are not ready for operation. It is often just as important for the
operator to know that a brake is not completely “set” as to know when a brake is fully “released.”

In Figure 5, note the position limit switches and the temperature switches. They are available with
normally open contacts “held” closed or normally closed contacts “held” open. It is the engineer’s
responsibility to define the contact development that is essential in designing a fail-safe system.
The contact development must fit the application in the circuit for the desired operation during
normal conditions and after a sensor or circuit failure. Position limit switch contact developments

used on movable bridges are shown in Figure 13.

Figure 14 shows fail-safe and non-fail-safe methods for using position limit switches in a circuit for
bridge leaf speed control. Design the circuit so the closure of the nearly open or nearly closed limit
switch contact is a permissive signal to go to normal speed. The loss of the signal, whether caused
by the limit switch contact opening or a broken wire, should cause the leaf to go to creep speed.
The same is true for stopping the leaf using the full open and bridge seated limit switches. The
absence of a signal should result in the leaf drive stopping.

In certain situations, consideration should be given to providing redundant switches for the full open
or bridge seated limits. These would include situations where the limit switch arm may be prone to
a mechanical failure or interference due to icing and other obstructions. The normally closed limit
switch contacts are wired in series and are held in the open position when the bridge leaf is fully

open or seated.

The temperature switch that is sensing a high temperature should be normally closed and should
open upon high temperature conditions. This way a failed contact or broken wire, blown fuse, or

10
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loose terminal will result in a de-energized circuit (usually the safe case) and the high temperature
interlock will close a valve, stop a pump, or allow a predetermined conditions to exist. The
hydraulic pump motor control shown in Figures 9 and 10 illustrates this.

It is important to differentiate between controls used for alarms and indications only, and those
needed for equipment shutdown safety. It is not always possible for an alarm to be generated by an
open contact or by a de-energized circuit. Alarm conditions are usually annunciated by a light and a
horn or buzzer, or by some other energized device. “Off the shelf” annunciators with built-in lights
and audible devices are available which can be set to alarm upon sensing an opened contact. PLCs
can be programmed to function the same way. Some owners who prefer to use relay control
systems still use PLCs or microprocessor based annunciators for alarm handling because they are

flexible and provide good historical data collection.

Figures 15 and 16 illustrate PLC control schemes for the hydraulic pump previously reviewed in
Figure 10 using relay control. PLC triac outputs are acceptable for indication only. Triacs tend to
fail in the short circuit mode. Such a failure would operate any device connected to the output if the
control circuit has power up to the triac. For this reason, triac outputs are not recommended for

motor control applications. Normally open PLC relay outputs are preferred.

Most PLCs are supplied with a watchdog timer that monitors logic circuits controlling the
processor. If this timer is not reset in its programmed period of time (which is equal to one scan
period), it will cause the processor to fault. Where a failure of the central processor can result in a
significant hazard, an independent (external to the PLC) watchdog timer should be provided (Figure

17).

By programming an internal PLC cycle timer to start and stop external timers, the on and off
cycling can be monitored as a “heart beat.” The external timers provide a shutdown upon a PLC
failure in either a high logic state (logic=1) or a low logic state (logic=0). Detection of
unsatisfactory PLC operation should initiate an emergency shutdown. The external watchdog
timers with a discrete input fed back to the PLC can be used to verify the operation of the input

module, the central processor, and the output module.

11
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There are some exceptions to using standard fail-safe controls. A different control system solution
is needed when the equipment must remain energized during any fault condition. These
applications are those that must be completely fault tolerant as opposed to fail-safe. This would be
true for safety systems. A fire water pump is an example of one such system. The reason for this
exception is that during a fire, it is likely for a control system to fault, but the fire is the greater risk.
The design of such a circuit may need to consider special techniques including supervisory current
to monitor circuit continuity and triple redundancy where two out of three devices can fail without
consequence. Failure analysis for this type of system includes verifying the circuit can be turned on
if one of the devices has failed, and that it can also be turned off. Sometimes when designing for

one condition, the other is overlooked.

There will always be “exceptions to the rules” for the proper application of fail-safe control system
techniques. It is therefore necessary for the engineer to assess each installation and application

uniquely when developing the control system architecture.

FAULT TOLERANT CONTROL TECHNIQUES

A fault tolerant control system is one that has sufficient levels of redundancy to allow a single
control device or group of devices to fail without affecting operations and the ability to control. A
fault tolerant control system must be designed such that safety is not compromised in any way. The
control interlocks must remain functional during the faults. Fault tolerant systems are often
mandatory for the control of many chemical processes, burner management systems, and
manufacturing systems where lost time of production or the safety risks outweigh the extra costs
associated with fault tolerant control systems. With these types of facilities, even if the controls are
designed to fail safely and de-energize all machinery and equipment, sudden or frequent shutdowns
may compromise the process equipment or the safety of the facility.

It is not usually necessary to provide fault tolerant control systems on movable bridges except for
fire protection systems or similar safety systems. Some level of fault tolerance may be considered
for bridges where the volume of roadway and marine traffic are high and a non-operational bridge

could cause financial harm or impede emergency vehicles.

12
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Until the 1980s, movable bridge controls were typically ungrounded. This made them fault tolerant
for ground faults because if a circuit went to ground, it normally could not complete the short circuit
to trip a breaker or blow a fuse, and the system would continue to operate. Operational safety is
compromised with this concept since a second ground fault can result in unexpected operations.

The NEC allows for ungrounded systems providing there is a ground fault indicator on the control
circuit.’ Some designs may have ground fault indication, but it is on the main service entrance, not
on the control circuit. Because this type of system can “appear” to be operating normally, a ground
fault can go unnoticed until there is a second fault. Generally, ungrounded control systems do not
fail safely. There has been at least one incident resulting in a fatality caused by a second ground
fault raising a bridge against moving traffic.'

Fault tolerance can also be achieved procedurally. Marine traffic is required to confirm that a
bridge is fully open before proceeding underway through the structure. This is not always practical
depending on the strength of the local tides, the navigational channel characteristics, and the size of
the vessel. For large vessels, the bridge may need to be opened while the vessel is still a mile or
more away so that if there is a fault in the control system, the bridge operator has time to employ

emergency procedures.

It is a good engineering practice to include redundancy in the design for electrical power service,
leaf drive systems, navigation lights, and traffic lights. There should always be an alternative
means of operating the bridge. The AASHTO requirements and recommendations for redundancy,

previously discussed, should be included in the control system design.

Emergency Stops

Emergency stops are required for all control systems. They are configured to remove power from
machinery, equipment, and control circuits by opening hand switch contacts and contacts on master
control relays (MCRs). This includes power to PLC outputs and other electronic output devices,
and motor drives. Emergency stop circuits should be not be part of the normal operation. All of the
emergency stop control devices should be dedicated to stopping all motors and removing control
power from the motor controllers. In use, the emergency stop should cause all motors to de-

energize and all brakes to set.

13
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{

Some installations require the emergency stop circuits to be fault tolerant and fail-safe. In Figure 18,
if a single MCR should fail, the shutdown circuit is not affected. It will require two MCR failures to

affect a shutdown. Conversely, if a single set of MCR contacts become welded or seized together, or
a spring fails; then the circuit will still provide a shutdown through the remaining two MCRs.

FAIL-SAFE AS AN ENGINEERING PHILOSOPHY

A lack of continuity in engineering safety techniques has been seen when comparing PLC control
systems with hardwired relay control systems. Movable bridge control in some states has evolved
from relays, to PLCs, and back again to relays. The knowledge of the engineers who once designed
relay systems is not being passed along to the new engineers.

Certain design techniques that are fail-safe when using a PLC as a “relay replacer” are not fail-safe
when using the same techniques with hardwired control relays. For example: In PLC logic, the
software equivalent to a “normally closed” contact is often used in the control programs, and when
the associated logical statement becomes “true,” the software contact is “opened.” This is acceptable
in the PLC because internal self-diagnostics and “watchdog timers” constantly verify the PLC
system is functional. A failure of any diagnostic test will result in the safe shutdown of the PLC
system and all outputs are turned off. This is not the case for the equivalent hardwired control
system (Figures 10 and 16). If there is a failure of the relay coil or a broken wire, the normally
closed contact stays closed regardless of conditions that are supposed to open it.

It is the joint responsibility of the engineers and the owners to require fail-safe control systems. It is
the responsibility of the engineers and their companies to be sure engineering techniques are defined,
documented, and disseminated. The experience of the senior engineers must be passed to the
engineering interns. At the same time, continuing education in control system safety for the senior
engineers is necessary because control system devices are continually changing and being upgraded.
Project schedules should provide adequate time for the control engineer to be thorough and complete
in the application of fail-safe techniques. The control system symbols used in design look very
similar (Figure 8). An improperly selected symbol, or a typographical error in a schematic or PLC

program can result in catastrophe.

14
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CONCLUSION

Engineering a control system to include fail-safe features requires knowledge of both the
instrumentation and control devices, and the machinery to be controlled. It is necessary to design
the control system architectures and circuits such that the machinery and equipment will de-
energize upon a control device failure. It is also necessary to provide the engineering needed to
ensure that electronic control system application programs and input/output configurations allow the
same. While national and international standards address specific techniques, recommendations,
and requirements to this end, it is still necessary for the controls engineer to make the final
determination of the detailed design for each particular movable bridge facility.

Implementing engineering safety standards, alone, cannot assure absolute safety of operation. The
ultimate safe operation and control of the system is in the hands of the contractor during
construction, and the bridge tender and the maintenance personnel once completed. Fail-safe
designs are not fail-safe if critical limit switches are defeated with jumpers or are bypassed. There
is no substitute for diligent, capable, well-trained electricians, operators, and maintenance

technicians. !

15
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N - o ﬁe/ays—Deﬁnit/on and Basic Types

Moving
. contacts
Fixed contacts

7

—
——
/ Fixed
Moving contacts
contacts
Electro-
magnet

Armature
Hinge

(a) Plunger type - (b) Hinged-armature type

Fixed Moving
contact contact

Moving contact

Coil
|EK ); — Fixed contact
Pole of Pole of
magnet magnet
Shading ring C
(c) Shaded pole (d) —Induction cup—rotates in
induction disk ) annular air gap between pole

faces of electromagnets that
surround the cup and a central
core over which the cup sets

. Basic Operation Elements of Rélays

FIG. 2
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*Appendix A—Typical Graphic Symbols for Electrical Diagrams with Basic Device

Designations
SWITCHES
DISCONNECT CIRCUIT CIRCUIT LiMIT
INTERRUPTER BREAKER NORMALLY | NORMALLY
OPEN CLOSED | NEUTRAL POSITION
L LS
Disc cl ~ __} 0\5\0 o—T Ls  |AcTuATED
o/ oy o7 /| oNONDO o Ls |
S HD| | o e
CLOSE N NP I
°T o070 Ls Ls 5 0)2/
0~2Q | =5 o
LIMIT ( CONTINUED) LIQUID LEVEL VACUUM 8 PRESSURE TEMPERATURE
MAINTAINED, PROXIMITY SWITCH NORMALLY | NORMALLY | NORMALLY |NORMALLY | NORMALLY | NORMALLY
POSITION CLOSED OPEN OPEN CLOSED OPEN CLOSED OPEN CLOSED
s
y (@) PRS PRS FS FS PS PS TAS TAS
o$\ o o o
1
FLOW(AIR,WATER ETC.) FOOT TOGGLE CABLE PLUGGING NON-PLUG
NORMALLY [NORMALLY | NORMALLY | NORMALLY
OPEN CLOSED OPEN CLOSED O?S:S;E? F F F
" PLS PLS 4
SWITCH | PLs T o
FLs FLS FTS FTS TGS o O\T\ o
o cos o\'\ I
| | x| 5| o 3 | R -
[ o] o—-Lo
0——|"U v v
R R
PLUGGING SELECTOR ROTARY SELECTOR
W/LOCK-0UT 2-POSITION 3-POSITION T NON - BRIDGING tBRIDGING
CcoIL v CONTACTS CONTACTS
1 ss 2 ! 2 3 RSS RSS
PLS —oVo +olo4 o%o o %o
0 H I [} ]
O’J\T\‘\ 'l 40! o+ 00 © of— o
1 ! I
I -0 ; o— 40| o—
OO | ! ! OR OR
I —o lo— | +—o0 ! o—
: 4o | o "0 0 o o
(| s |isr | ot .y
—0 O0— | %0 o—
1 TOTAL CONTACTS TO SUIT NEEDS
THERMOCOUPLE PUSHBUTTONS CONNECTIONS,ETC.
SW'TCH _ SINGLE | DOUBLE CIRCUIT MAINTAINED CONDUCTORS
+ CIRCUIT MUSHROOM CONTACT NOT CONNECTED
NORMALLY HEAD CONNECTED
OPEN PB
o5 o PB PB
| N —_— Q—J_Q.
| | g— (o] (o} | [o) l (o) _j_.
i- | : + —1 H o D—L‘o}
NORMALLY
T I cosen | © © | L— i N j
2 0 : e PB ° © )
_ ! alo
(CONTINUED)

FIG. 5
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*Appendix A (continved)—Typical Graphic Symbols for Electrical Diagrams with Basic Device Designations

CONNECTIONS,ETC. (CONT'D) CONTACTS
PLUG TIME DELAY AFTER COIL RELAY ,ETC. THERMAL
GROUND O%Héf;s’:‘sE AND ENERGIZED DE-ENERGIZED NORMALLY NORMALLY | OVER-
nor  |RECP. "RGRMALLY [ NORMALLY NORMALLY | NORMALLY | __OPEN CLOSED | LOAD
NECESSARLY| pL OPEN CLOSED OPEN CLOSED
GRD GROUNDED CR M CR M oL
\l/ TR R ™R R CoN CON 1oL
1 CH
= [ Y o}o OI'U ovo o:l;‘cr _.I l_ _\H¢_ _\HT
RECP
COILS
RELAYS, SOLENOIDS, BRAKES, ETC. THERMAL CONTROL CIRCUIT
TIMERS, GENERAL | 2-POSITION [ 3-POSITION | 2-Posmion | OVERLOAD TRANSFORMER
ETC. HYDRAULIC PNEUMATIC | LUBRICATION | ELEMENT ,
R TR soL soL soL soL o HIQ h3 H2  DH4
M CON 1oL
2-H 3-p 2-L '
c—/lﬁ 0-/\/—0 X ro .
O_MYL—O
X1 X2
COILS (coNnTINUED)
LINEAR VARIABLE VARIABLE
AUTO TRANSFORMER DIFFERENTIAL TRANSFORMER AUTO-TRANSFORMER
AT l A I Lvr VAT
COILS ( CONTINUED)
SATURABLE REACTORS
TRANSFORMER SATURABLE CORE IRON CORE SATURABLE CORE
O—aAaaan—0 O— A A A & ,__o/—
# ST < SX O—auanarnr—0 O Aaans—0
—" 7% sx
O—NYW\__O
COILS (CONTINUED) MOTORS
R 3 PHASE DC MOTOR
REACTORS (CONTINUED) MOTOR ARMATURE
ADJUSTABLE AIR CORE MAGNETIC AMPLIFIER
IRON CORE WINDING MTR MTR
< MAX
x O—uaranr 0 |0—~< V o
MOTORS (CONT'D) RESISTORS, CAPACITORS,ETC,
D C_MOTOR HEATING TAPPED :
FIELD RESISTOR ELEMENT RESISTOR RHEOSTAT POTENTIOMETER
FLD RES HTR RES RH POT
(CONTINUED)
FIG. 6
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*Appendix B—Sample Electrical Diagrams

The drawings which follow are intended only to illustrate

outlined in the standard., Diagram shown is for ungrounded contr

ELEMENTARY (SCHEMATIC) DIAGRAM

proper electrical drafting practices
ol circuit.

DISC
] | Fu e M oL ry
Llo—o | ﬁ'}k
]
30 L2 o0—0o ! i“g O IMTR |PUMP MOTOR
60~ 5HP
3FU I3 IT3 '
L3 o—o | -
40 AMP
30L 3TI
3T2 COOLANT
3MTR | PUMP MOTOR
373 1/ 4HP
SPINDLE MOTOR
I5HP
Ll
HI1Q H3 H2 PH4
——
W
8 AMP X1 nsv x2 8 AMP
4FU 1P 2PB 5FU
MASTER STOP MOTOR, S START oL 20L  30L HYDRAULIC & COOLANT
| 3 e o—_ ¢ MO Ny 1y 6 o 7 Q 2] pumP MOTOR
AL L STARTER 2
Moo 2M
2 — @ SPINDLE MOTOR
STARTER
3 3 2
3PB SPINDLE START
4 SPINDLE STOP ¢ 1 4PB ILS 1"
4 +—alo —o  o— —o~y— ck SPINDLE START
ICR SPINDLE DIRECTION 56,9
5 L—}—— LEVER ENGAGED
'C.f ‘ 12 ISOL 2] ENGAGES SPINDLE
6 f CLUTCH
; IPS 13 SET FOR 3 SEC /N DELAYS ENGA?EMENT
TR OF FEED CLUTCH
i B ~\JR) . 8
l o_/] 250L ENGAGES FEED
8 'h“x\‘ SPINDLE SPEED CLUTCH
ICR DGy 2 3/NC 3 s0L
s STh e oSS 16 o 4 o INCREASE SPINDLE
Pt (SPRING CENTERED) SPEED
| | 17 asoL 2
10 —4fo o} w—'\/-ﬁ DECREASE SPINDLE
SPEED
11 V {
4 2

FIG. 7

(CONTINUED)
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FAIL-SAFE CONTROL SYSTEMS FOR HEAVY MOVABLE STRUCTURES
FAIL-SAFE CIRCUIT TECHNIQUES

DO's

DON'Ts

' o o

SONTACT PLCRELAY

2. VA VA
<0 N.O. HELD CLOSE - : N.C.
3, START START
—1
o O- ﬁ’l__l_.C
4. STOP STOP
—ml O re) [o!
s TSH TSH
. T 0?&
(TEMP. HIGH)
6. INTLK INTLK
el eyl
7. PLC
o LOGIC
—+_ PLC TRIAC
OUTPUTS
_f LOSURE OUTPUTS
A .

_.{ PLC
—{ OUTPUT

PLC
OUTPUT

9 BRAKE RELEASED
. :J “~
(N.O. HELD CLOSED WHEN "RELEASED")
BRAKE SET

02

(N.O. HELD CLOSED WHEN "SET")

O——— BRAKE RELEASE
——O\b—— BRAKE SET

LEAF NEARLY CLOSED - SPEED CONTROL
10. -O—0—

(N.C. WHEN LEAF IS ABOVE LIMIT)

—-OA/O————

(CONTACT IS HELD OPEN
WHEN LEAF IS BELOW LIMIT)

LEAF NEARLY CLOSED - SPEED CONTROL

——o ———

N.0)

—%Q*

(HELD CLOSED WHEN LEAF
IS BELOW LIMIT)

(THESE TECHNIQUES ARE GENERALIZATIONS THAT REQUIRE ADDITIONAL ENGINEERING BEFORE APPLYING)

FIGURE 8



cHe

e

HIGH TEMP. LOW LEVEL
START STOP CRI10 OL OL OL CRS8
6~ 6—ralo—olfo
Vel
HYD. OIL LOW
FUSE LEVEL SWITCH N
D,i T Ry~
BLOWN FUSE WILL
COMPLETELY DISABLE
SHUTDOWN AND ALARM
ALARM
CR8 RESET
o fo @ olo
CRS
FUSE HIGH TEMP. SWITCH N
” ”— O CR10
o? N~ O
BROKEN WIRE OR BAD
RELAY COIL WILL NOT
STOP PUMP MOTOR

HYDRAULIC PUMP MOTOR CONTROL - NOT FAIL-SAFE

FIGURE 9

PUMP
MOTOR
STARTER

LOW LEVEL
PUMP TRIP

ALARM
RELAY

ALARM
LIGHT

HIGH TEMP.
PUMP TRIP



H N
o ’}J
START ~STOP  (R§  cCRi6 OL OL oL i
— UME
o—al o o fo——o] '—o—o;H’-o—o;Hﬁo-o;l/Fo—@———— MOTOR
STARTER
PUMP
MC
FUSE LSL
T OEC @ %ow LEVEL
SE TSH
% Y HIGH TEMP.
O_HEC N PUMP TRIP
() TIME ON REL:
\RY 2 SEC.

(TIMER AVOIDS A RELAY RACE)

ALARM
RESET TR1 CR8
alo o o}fo @ LEVEL ALARN
K ReLAv
CR9
o jo j{% LEVEL ALARM
LIGHT
H
(PUSH TO TEST)
CR10
oifo @ TEMP. ALARN.
RELAY
CR11
o |o (ﬁ% TEMP. ALARN.
LIGHT
H
(PUSH TO TEST)

HYDRAULIC PUMP MOTOR CONTROL - FAIL-SAFE PROVISIONS

FIGURE 10
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Limit Switches
Type L
General Information

Heavy duty limit switch series designed for difficult mechanical and electrical environments such as steel mills
and foundries.

* Captive cover screws » Heavy duty snap action mechanism prevents teasing or false contact opening

* Positive trip action which doesn't allow the lever to slip around the 2* shaft even if not properly tightened

* High current capability * Isolated (no polarity) double and triple circuits with double break (throw) action « Wide
1/4" contact gap ensure very high shock and vibration resistance « Easy to access contacts allow for easy inspection
and replacement « Stamped contact configuration number for easy identification even if the switch is painted

* Many contact arrangements to solve difficult applications. :

* Model L300 is an extra heavy duty version for very aggressive environments » The booted shaft design prevents
Penetration of foreign materials (sand, dust, grit, etc.) between the shaft and the bushing ¢ Heavy duty stainless steel
springs and hardened spring operators permit longer life under extreme lever flyback and high impact » Same
parameters as L100 models except the distance between the back of the switch and the lever (.34" greater).

* Two and three circuits in CW, CCW, neutral position, spring return and maintained, snap action or slow-make slow-
break, two steps (L525) are available « 2 circuit models can be CW or CCW field converted » Wide range of options:
high shock and vibration, with goid contact, low or very high temperature /2" NPT conduit entrance standard on 2 pole
models (S wires max.) %" NPT conduit entrance standard on 3 pole models (7 wires max.)

* UL Listed and CSA Approved (only models L100W and L300W foliowed by DL, DR, NCS, NS, S, TL or TR)

Hardened Roller
and Pin

Sturdy Neoprene
Gasketed Housing

Full 1/4” Contact Gap
(Double Break)

Easy-to-Wire
Terminals
With Pressure
Connectors

Isolated Circuits
(Double Break)

80° Total Travel

"0 Ring

Shaft Seal
(Noeprene Boot
for L 300)

Captive Cover -
Screws

. Plug-in
gr«':um:‘it ’_l'ermmal Connector
onnection Available

FIG. 12



a
& ©O S £
s 3 3 6
. 2 2 3
Py 2 Be §;
ZS-*FCA I —T
ZS-*FCB
ZS-*NCA 1 |
ZS-*NCB (=
ZS-*NOA L
ZS-*NOB |
ZS-*FOA I T 1
ZS-*FOB
LEAF POSITION

LIMIT SWITCH DEVELOPMENT

a ()]
;1
. e ga
= 2 =
ZS-*SA ¢
ZS-*SB [
ZS-*RA C
ZS-*RB C
ZS-*MA
ZS-*MB
BRAKE POSITION
LIMIT SWITCH DEVELOPMENT
NOTES:

.. LIMIT SWITCHES ARE NEVER TO BE
SUBSTITUTED FOR MECHANICAL STOPS

!. WHETHER A LIMIT SWITCH IS "HELD"
OPEN OR CLOSED IS DEFINED BY THE
SYMBOL USED IN THE CONTROL
SCHEMATIC.

SWITCH DEVELOPMENTS

DOWN

5
ZS-*GUA ]
ZS-*GUB
ZS-*GDA [
ZS-*GDB
ZS-*GONG
TRAFFIC GATE POSITION
LIMIT SWITCH DEVELOPMENT
a
: 2
-
ZS-CLLA ) ]
ZS-CLLB @)
ZS-CLUA A3) |
ZS-CLUB @
CENTER LOCK POSITION

LIMIT SWITCH DEVELOPMENT

SUFFIX

DEFINITION

CD.E...

CONTACT BLOCK "A". OF MULTIPOLE
LIMIT SWITCH, HAND SWITCH, OR
OTHER DEVICE. "A" CONTACTS

ARE USED FOR INTERLOCK AND
CONTROL, USUALLY NORMALLY OPEN
CONTACTS WHICH ARE CLOSED TO
VERIFY PROPER OPERATION.

CONTACT BLOCK "B". OF MULTIPOLE
LIMIT SWITCH, HAND SWITCH, OR
OTHER DEVICE. "B" CONTACTS ARE
USED FOR CONTROL; USUALLY
NORMALLY CLOSED CONTACTS WHICH
OPEN TO STOP OPERATION OF THE
DEVICES THEY CONTROL.

ADDITIONAL CONTACTS USED FOR
CONTROL SIMILAR TO CONTACT "B"

FIGURE 13



N
r\I;IJ LEAF NEAR CLOSED LIMIT SWITCH A
~ CR1 ENERGIZED FOR
-O—==0 (CR} NORMAL DRIVE SPEED
(NORMALLY CLOSED CONTACT WHEN WHEN CLOSING THE LEAF
LEAF IS ABOVE THE NEAR CLOSED POSITION)
U ~U
H N
Y _
CR1 DE-ENERGIZED FOR
o0 @ CREEP SPEED WHEN
CLOSING LEAF
(NORMALLY CLOSED CONTACT, HELD OPEN
WHEN LEAF IS CLOSING BELOW THE NEAR o
A CLOSED POSITION) A a 8
- - £ & z
S 3 B
O : O
E < &
4a] 4]
= Z Z
POSITION LIMIT SWITCH
FAIL-SAFE METHOD CONTACT DEVELOPMEN
~H LEAF NEAR CLOSED LIMIT SWITCH N
N/ N/
CR1 DE-ENERGIZED FOR
o (CR) NORMAL DRIVE SPEED
NS & WHEN CLOSING LEAF
(NORMALLY OPEN CONTACT WHEN LEAF
IS ABOVE THE NEAR CLOSED POSITION)
U av
N
B A
o~ CR1 ENERGIZED FOR
CREEP SPEED WHEN
R
OO0 CRY CLOSING LEAF
(NORMALLY OPEN CONTACT HELD CLOSED
WHEN LEAF IS CLOSING BELOW THE NEAR a g
CLOSED POSITION) 2 G z
S 5 &
“ o4 s
—
: 8 B
H !
POSITION LIMIT SWITCH
NON-FAIL-SAFE METHOD CONTACT DEVELOPMENM

FIGURE 14



PLC INPUT

PLC LOGIC

STOP

STOP

<~
2
a

]

(NEITHER IS PREFERRED)

BLOCK

o oo <

5

PLC
ANALOG
INPUT

9 4

20 mA = HIGH TEMP.
4 mA =LOW TEMP.

>SET
<SET

MOTOR CONTROL CENTER

PLC %UTPUT

OL

PLC CONTROL: NON-PREFERRED METHOD

FIGURE 15

LOGIC=1=HIGH TEMP.

z

OL

oo—otFo—offo




PLCLOGIC

PLCINPUT PLC OTPUT

START

ol e o bo

o]
®

i

lél

START LSL TSH STOP

®

SO | DEMANT
° MC L__.
STOP o fo @
—_—
STOP ? REMOTE
TT  |—> (TO ANALOG 0 | INDICAT
¢ BLOCK TRENDING) N\ 3 LIGHT
TSH —e
>SET U
<SET LOGIC=1=HIGH TEMP.
a MC MC
P I
PLC |
ANALOG
INPUT |
—e
INVERTED SIGNAL
A T 4 mA = HIGH TEMP.
20 mA = LOW TEMP.
—e
DO NOT USE TRIACS
FOR MOTOR CONTROL
" MOTOR CONTROL CENTER N
v Y
MCR
(MASTER hd
CONTROL PLC QUTPUT PLC OUTPUT
RELAY) SO (START) STOP CO (INTERLO
o fo—rolo &hﬁ%ﬁﬁ%a—
MC (PREFER MOTOR STARTER
o |o ~=s—— SEAL-IN EXTERNAL TO PLC)

PLC CONTROL: PREFERRED METHOD

FIGURE 16



PLC INPUT PLC LADDER LOGIC

H
CR1 I
1O Ate—(10)
CR1
1 SEC.
OFF
DELAY
~ ~
PLC OUTPUT HARDWIRED
H RELAYS

C)z

OFF
DELAY

ON

DELAY

2 SEC.
/\J PLC
INPUT
RELAY

NOTES:

1. PLC OUTPUT CYCLES ONE SECOND ON AND ONE SECOND OFF CONSTANTLY AS TRIGGERED BY

THE CR1 INPUT.
2. IF INPUT, OUTPUT, OR PROCESSOR FAILS (LOGIC HIGH OR LOW)THE MASTER RELAY (MCR) WILL
DEENERGIZE BECAUSE TIMER TR1 OR TR2 CONTACTS WILL OPEN.

PLC-EXTERNAL WATCHDOG TIMER

FIGURE 17



o
E-STOP
(MAINTAINED)
| ————f)-
T
| )
|
o
T
7) MOTOR CONTROLS
*CD PLC OUTPUT CARDS
T) DRIVE CONTROLS
MCRI1 MCR2
}‘°¥ ‘°‘{ l‘°‘ C1 ()
MCRI1 MCR3
| ST o o @ 0 T cALIOWER
MCR2 MCR3
o fo——o o . 0
H N
v,
SET RESET
MCRI1 MCR2
t——d fo——of}ot o)
MCR1 MCRI_.:;—L m
e =
o fo——of fo—

(FAIL-SAFE, FAULT TOLERANT, TRIPLE REDUNDACY)

EMERGENCY STOP - MASTER CONTROL RELAY

FIGURE 18





