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ABSTRACT

 Arcing in high voltage DC circuits can lead to catastrophic failures in air vehicles. Detection and mitigation of DC arcing in series is especially difficult. Since DC arcing is more severe than AC or "Ticking Arcs" the use of BIFURCATED ARC FAULT DETECTION  (BiFAD) will lead to a new and Novel method of detection of both parallel and series arcing in electrical power distribution systems. In unmanned Combat Vehicles, system survivability and redundancy are essential. The ability to overcome a single arcing fault and re-apply power without restarting the arc event is a design priority. The removal of hydraulic and pneumatic power systems in Unmanned Air Combat Vehicles (UCAV’s) will reduce maintenance and complexity. Bifurcated circuits will provide the ability to reroute power systems to compensate for battle damage or distribution systems failures. This should lead to improved mission completion rates and allow safe recovery of indispensable assets. This method is applicable to both AC and DC circuits, Since the current aerospace AFCI devices are adequate for most of the Ticking arcs, and this wiring method is not suitable for direct replacement or retrofit of existing circuit protection devices, this paper will deal with a new method of electrical distribution in future all electric aircraft.

INTRODUCTION

Power distribution circuit design on aircraft has remained basically the same for the past 50 years. Thermal and magnetic circuit breakers have served well and remain unchanged for the past 25 years. Deterioration of aged wiring and arcing has lead to the development of the Arc Fault Circuit Interrupter, or Arc Fault Protection Device for use in aircraft. This technology was adapted from the Commercial residential NEMA device. In the past two years, several manufactures have developed devices that will mitigate parallel arcing in AC and DC power distributions systems. Current methods do not deal well with series arcing due to load changes and signatures of inline control devices such as relays and switches. Bifurcated arc fault detection is a solution to this serious threat to power distribution systems. Bifurcated or even Quadfurcated methods of electrical power distribution in new designed air vehicles can provide a robust and self correcting method of detection and mitigation of arc faults in both AC and DC power distribution circuits.  

Main Section

Historically, Electrical Power distribution in aircraft has been a single wire per phase pre-load. In this design, the wire size is based on electrical design load and estimated losses and the circuit protection device is designed to protect the wire from over current.  In bifurcated distribution the single wire is replaced with two or more conductors. The total current over two parallel wires at the same voltage is equal. 

Fig 1. Typical power circuit with AFCI
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Fig 2 Bifurcated Power Circuit

Normal series power distribution 

Aircraft wiring harnesses in the past have been routed and placed in bundles to aid in the manufacturing of the airframe. This sometimes causes several wires to be routed together may cause interference or cross talk. EMI and RFI have dictated that the industry pay closer attention to design in wiring systems and a single failure because of an arcing event can still reduce system capabilities. "One wire one load" is the way industry teaches design, and the way it has always been done.  Redesigning the power distribution system in UCAV’s may be a simple solution to mitigate series electrical arc, Improve reliability combat effectiveness and mission capability.  Ribbon, flat fabricated and Ribbonized Organized Integrated (ROI) wiring, which is a modular organized wiring system for aircraft is one method of introducing Bifurcated circuits into aerospace.  
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one a simple solution

Fig 3. Failed bifurcated circuit

In a normal load the bifurcated circuit, total current is equal on both wires.  { IT = ( I1 + I2 )} and the current is  balanced on both legs. An arcing fault in lower wire causes an increase in current ( I2 ) this causes the circuit protection device to trip. Circuit logic can remove the lower wire and allow total current ( IT  ) to be carried by the upper wire for a short time allowing for continued operation of the required load. Load currents need to be predicted not to exceed the capability of the remaining conductors for the flight time required to recover the air vehicle.
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Fig 4. Three phase AC circuit

Ribbonized Organized Integrated (ROI) wiring
New UCAV’s are being designed with all electric flight controls and systems. Without the pilot, environmental and human survival systems are not required. Smaller, less powerful control systems are used for flight. The removal of hydraulic and pneumatic power systems shift the majority of the power requirement to electrical components. Therefore new methods of electrical power distribution are required.

ROI wiring is finding its way into aerospace and has found its niche. This method of wire harness manufacture is ideal for integration of Bifurcated circuits. The advantages in weight reduction and reliability of this wiring method are already proven. This allows for routing of power distribution circuits, reducing single point failure effects and arc mitigation. A battle-damaged circuit can be re-routed, critical systems remain operational. Flight control actuators or mission sensor power can be routed through different sections of the airframe. Any failure on a section of wire can be analyzed and the failure mode bypassed.  The wire size or gage of a single wire system is designed to carry the total load for the life of the aircraft. Circuit breakers are designed to prevent overheating of the wire but offer little protection for small arcing events below the trip curves of the protection device.  Even a small arc with a plasma temperature of 10,000 degrees can cause serious damage to adjacent aircraft wiring with out being detected. This spark is an ignition source which can ignite fuel vapors or start fires in sounding materials, as seen in several recent tragedies in commercial aircraft.  

New devices allow switching/and rerouting
Phoenix Aviation and Technology (UK) has developed a new Time Domain Reflectometry (TDR) method that allows precise location of wire faults. This novel technology allows the real-time monitoring of single conductor wire condition, circuit status and load analysis. AMETEK Industries has developed a solid state device that allows switching electrical loads rapidly. This device allows not only for the switching of the load but opening of a failed wire at both the supply and load end of the current path. The AMETEK device is now in use as a power conditioner and monitor in aerospace power supplies. 

Phoenix’s Automatic Real-time Cable Monitoring and Analysis System (ARCMAS TM) using the new TDR can monitor the physical condition of the current paths in the air vehicle. This new technology allows for TDR over single conductor wire and multiple branched circuits. This system also develops electronic maps of the harness and stores them for post flight maintenance review. This will allow operators to develop degradation models and predict failures in the harness. These prognostics allow for prediction and mitigation of wiring failures before they become flight critical. Arcing, shorts, opens, chafing, water intrusion, cold solder joints, corrosion, marginal connector interfaces can be monitored real time and reported back to maintenance for repair. Comparison of a manufacturer base line with the post flight wire maps may allow for detection of other structural degradation of the mechanical components in the UCAV. Wing loading, fuselage flex or sensor package movements can also be determined by post flight review of the ARCMAS data. 

A 16 gage wire may normally be employed to provide power for a XX amp load. In bifurcated distribution two or more 22 gage wires routed through different sections of the airframe. This pair is capable of the total current for the load over the life.. If a failure occurs on one half of the distribution pair, one conductor may be able to carry the current for a short time without damage. This method will allow for isolation of the failure and restoring the critical system to prevent loss of mission or loss of the air vehicle. Several critical systems are required for safe recovery of the airframe. These might be wired with three or four wires to allow for multiple redundancy. 

Bifurcated arc detection is extremely fast and sensitive. The changes in the amount of current flow in a parallel circuit can be detected much faster and with smaller devices than other more conventional aerospace arc detection methods. Logic chips look up tables and load signature libraries are not required to separate arcing events from normal minor changes in electrical loads. Detection of an arcing event is instantaneous. These properties allow for less sophisticated and more cost effective protection devices.    

Flexible Power for UCAV mission and payload changes

The UCAV’s of the future will be a multi-role weapons platform. Depending on the threat and the region deployed, they may need to be reconfigured from Air to Air, Air to Ground, Intelligence collection, and Air Defense Suppression or Electronic Counter Measures missions. Early in a conflict the number of UCAV’s available may be limited. The Area Commander will need flexibility in the employment of the platforms. These sensors and weapons will be palletized allowing for quick reconfiguration of the weapons bays to meet mission requirements. Limited available space and universal interconnection make this method a must for new designs. A pair of gravity bombs may be plugged into the same connector as a side looking radar or electronic signals collection pallet. The power requirements for all these pallets differ greatly. Bifurcated power distribution ensures that all the power will be available. Wiring in the UCAV will remain basically fixed. There will not be room for adding new current distribution paths as new payloads are added as is the current method with aircraft service changes. The power available for the vehicle is fixed, but loads will differ. All these power requirements can be met in the same form factor connectors. Power to a wire can also be removed, close to the source, when not required. Eliminating wire with voltage applied but no load or current. Preparation and wire system integrity will be crucial for future mission flexibility.

Interconnectivity of Line Replaceable Units (LRU) 

Power Distribution and switching can be embedded inside each Line Replaceable Unit (LRU) or Shop replaceable unit (SRU) with an intelligent communication between the ARCMAS modules. In each black box, subsystems may monitor their own interconnections independent of the UCAV system and report them via data link or on post flight download. Vehicle and mission systems can be integrated as requirements or circumstances dictate. A mission sensor package that is split between several weapons bays may have its own unique cabling, not part of the UCAV wiring. Also, this might take advantage of this embedded method of wiring system monitoring..

This ability to monitor the condition of the wiring system in-flight, real time, allows for the detection of failures and switching of the current paths around wire failures. ROI wiring and Bifurcated distribution will allow the real-time mitigation of wiring failures, increasing the chances for a safe recovery of the unmanned air vehicle. Battle damage can be detected analyzed and mitigated in seconds, hopefully before the vehicle becomes unstable or uncontrollable. 

Possible critical systems

Possible sub systems that can benefit from bifurcated circuit protection 

1. Power plant and propulsion controls.

2. Flight controls and actuators 

3. Navigation and communications avionics

4. Data link and mission control systems

5. Landing gear and recovery systems

6. Mission avionics and sensor systems

Real-time condition monitoring of the interconnections and wiring systems can reduce the maintenance man-hours time required to keep these air vehicles mission capable, and reduce the expense required to troubleshoot failures and reduce the no defect found components removed in maintenance.

Conclusion

Incorporation of Bifurcated (BiFAD) power distribution systems with Automatic Real-time Cable Monitoring and Analysis System (ARCMAS) has a place in design of new air vehicles. Mitigation of series arcs is difficult with today's AFCI technologies. Integration into solid state power distribution components and Bifurcated monitors can lead to improved reliability and re-settable arc mitigation devices. The all-electric air vehicles of the future will require system reliability unheard of in the past. Without a pilot in the loop to make system management decisions, the robustness of UCAV power systems in the future require a new look at our standard methods of wiring. This wiring method paradigm needs to be changed and the designs of new vehicles need to consider new and novel methods of circuit protection. Bifurcation circuit protection with ARCMAS is one such method. Electronic mapping of all the charastics of the wiring distribution circuit will lead a more reliable and less costly life cycle in future Unmanned Combat Air Vehicles.
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Definitions, Acronyms, Abbreviations

UCAV

Unmanned combat air vehicle

HVDC

High Voltage Direct current (270Vdc)

AFCI

Arc-fault Circuit Interrupter

GFCI

Ground Fault circuit interrupter

ARCMAS
Automatic Real-time Cable Monitoring and Analysis System

PCDU

Portable Cable Diagnostic Unit

MIL-Spec
Military Specification

NEMA
National Electrical Manufacturers Association

LRU

Line Replaceable Unit

NEC

1999 National Electrical Code 

NFPA

National Fire Protection Association

FAA

Federal Aviation Administration

AUVSI
Association of Unmanned Vehicles and Systems International.

























