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ABSTRACT 
 
While any vehicle that is typically part of a flight test campaign is heavily instrumented to 
validate its performance, long term vehicle health monitoring is performed by a significantly 
reduced number of sensors due to a number of issues including cost, weight and maintainability.   

The development and deployment of smart sensor buses has reached a time in which they can be 
integrated into a larger data acquisition system environment.  The benefits of these types of buses 
include a significant reduction in the amount of wiring and overall system complexity by placing 
the appropriate signal conditioners close to their respective sensors and providing data back over 
a common bus, that also provides a single power source. 

The use of a smart-sensor data collection bus, such as IntelliBus™1 or IEEE-1451, along with the 
continued miniaturization of signal conditioning devices, leads to the interesting possibility of 
permanently embedding data collection capabilities within a vehicle after the initial flight test 
effort has completed, providing long-term health-monitoring and diagnostic functionality that is 
not available today.  This paper will discuss the system considerations and the benefits of a smart 
sensor based system and how pieces can be transitioned from flight qualification to long-term 
vehicle health monitoring in production vehicles. 
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INTRODUCTION & FLIGHT TEST INSTRUMENTATION OVERVIEW 
 

During a traditional flight test effort, one or more prototype vehicles are heavily instrumented 
with a large number of sensors and supporting data acquisition systems to adequately 
gauge/certify the performance of the vehicle design.  Depending upon the vehicle and the 
characteristics that require validation, the associated complexity and costs of installing the 
necessary components can be quite high.  These test articles are traditionally instrumented using 
point-to-point wiring between analog transducers and signal conditioners installed within  

                                                 
1 IntelliBus is a registered trademark of The Boeing Company. 

 



centralized data acquisition units throughout the vehicle. The following pictures provide some 
examples of the wiring for a two different flight test scenarios. 

 

 
An extreme example of the wiring employed for 
a lab ground test system using rack-mounted 
patch panels. 

 

 
Once installed, the wire bundles appear neat 
and well organized.  However, what aren’t 
shown are the intermediate assembly and test 
steps that highlight the amount of time to 
complete this task. 

 

This additional weight, vehicle scarring and cabling complexity has been tolerated as a necessity 
for flight-test programs on a limited number of articles.   At the conclusion of the flight test 
program, all of the installed  hardware and wiring is either removed from the article prior to 
delivery or it is delivered to an end customer in its entirety as a dedicated test article.    

This paper proposes that via appropriate life-cycle planning the incorporation of an appropriate 
smart sensor bus technology, additional facilities may be incorporated in the flight test data 
acquisition system that may be later transitioned with minimal effort to a long-term health 
monitoring system for extended flight test and production applications on production vehicles.    
The advantages of performing extended measurements using the same transducers and signal 
conditioning as used during flight test validation provided additional benefits in data analysis and 
correlation. 

 
HEALTH SYSTEM MONITORING REQUIREMENTS 

 
 “Health monitoring systems typically consist of a variety of onboard sensors and data 
acquisition systems.  The data may be processed onboard the vehicle or on a ground station (or 
a combination of both) providing the means to measure against defined criteria and generate 
instructions for the maintenance staff and/or flight crew for intervention.”2      These systems can 

                                                 
2 Health and Usage Monitoring Systems (HUMS) R&D; Le, Dy, FAA Airport and Aircraft Safety R&D Division 
http:///aar400.tc.faa.gov/Programs/AgingAircraft/rotorcraft/HUMS.htm  

 

http:///aar400.tc.faa.gov/Programs/AgingAircraft/rotorcraft/HUMS.htm


provide users with invaluable real time data on imminent failures of critical hardware 
components that would require immediate intervention.    

These systems additionally provide maintenance crews and original equipment manufacturers, 
such as engine vendors, with valuable predictive trend data to conduct preventative maintenance 
tasks when required on the vehicle as opposed to under pre-defined schedule assumptions.    

The final benefit, which is specifically highlighted in the DOT report, specifically notes that 
reliance upon estimated worst-case fatigue life calculations based upon certification testing 
rather than observed or measured data results in earlier vehicle retirement.  Specifically, “a 
potential benefit from usage monitoring is part retirement extension if the actual usage severity 
is milder than the basis for certification.” 3

To assist in this goal, the primary responsibility of the HUMS system is to monitor sensors and 
provide measurement data over a vehicle’s life span to allow the maintenance organization to 
monitor the vehicle’s health and determine when action is necessary to either perform equipment 
repair or retire the vehicle. 

 

SMART SENSOR BUS TECHNOLOGY 
 

A variety of “smart-sensor” technologies have been developed and are being slowly introduced 
and integrated into the flight test instrumentation application.  The top-level concept of the 
smart-sensor technology is based upon two specific properties: 

• Placing the required signal conditioning (modules) as close as possible to each sensor 
• Having multiple signal conditioning modules communicate with a master/controller over a 

single (wired or unwired) link. 
 
Without any other considerations, simply meeting both of these items provide immediate cost 
and schedule benefits by reducing the amount of wiring necessary to obtain the sensor data that 
has been requested.   

IntelliBus is one such smart-sensor bus technology.  This technology, developed by The Boeing 
Company to reduce the complexity of distributed data acquisition systems, allows up to 511 
IntelliBus interface modules (IBIMs) to be placed on a single bus.  It uses a high-speed RS-485 
based network bus that allows multiple sensors to be controlled on a single shared 
communications and power link, resulting in reduced complexity, cost and weight in the 
installation of a data acquisition system.    

                                                 
3 Continued Evaluation and Spectrum Development of a Health and Usage Monitoring System, Office of Aviation Research Final 
Report DOT/FAA/AR-04/6 May 2004 

 



 
STANDALONE DATA ACQUISITION SYSTEM OVERVIEW  

 
In the traditional data acquisition system, a formatter/controller executes a commutation list (a 
program consisting of a variety of instructions) that results in acquisition commands being issued 
to specific channel addresses.  The responses to these commands are data words that must be 
returned to the formatter within a specific time period.  The unit (known as a Data Acquisition 
Unit or DAU) is comprised of one or many signal conditioning modules, where each module is 
responsible for all facets of the application specific input processing, including sampling, 
filtering and any custom number system formatting that may be required. 
 
The entire data acquisition system may be a single standalone DAU, or can be comprised of 
additional DAU remotes that are placed in strategic positions throughout the vehicle to assist in 
organizing the physical layout of the equipment and wiring.  Figure 1 provides a graphical view 
of how such a distributed data acquisition could be organized.  Depending upon the vehicle being 
instrumented and the space available, the wiring between the sensors and the data acquisition 
system signal conditioners could require short or long runs. 

 
 

 
Figure 1 Traditional Data Acquisition System 

 



 

INTEGRATED NETDAS & INTELLIBUS NETWORK 
 

L-3 Communications Telemetry East’s NetDAS stackable DAU provides all of the capabilities 
necessary to support the functional requirements of the traditional distributed data acquisition 
system.  To augment the performance of NetDAS and to address other program 
requirements/goals for smaller footprint, reduced weight or reduced complexity, one or more 
IntelliBus links may be added to the data acquisition system architecture.   To include this 
capability, one or more IntelliBus interface modules (TENIC) that “co-ordinates” TEBus-
IntelliBus accesses are incorporated into the existing NetDAS configuration. 
 
With this integrated solution, up to 500 additional sensors can be accommodated per IntelliBus 
link and separately, some of the NetDAS signal conditioning input modules can be replaced by 
their IBIM counterparts, resulting in a size reduction (or elimination) of one or more of the 
traditional DAUs.   From the standpoint of the NetDAS NDC system controller , its commutation 
list will only have minor changes, if any are required at all, as the formatter simply collects data 
from addresses that represent the specific input channels.  Figure 3 provides a diagram of how 
the NetDAS and IntelliBus components would be interfaced. 
 

In this configuration, the NetDAS TENIC has the responsibility of collecting data from the 
IBIMs and making it available at the time of the associated data acquisition command.  To 
accomplish this task, the TENIC synchronizes the start of its schedule to the detection of the 
frame pulses that are generated by the NDC.  This synchronization will allow the TENIC to 
execute the necessary IntelliBus commands to retrieve data from the specified IBIM channel at 
the required time. 
 

 
 

Figure 3 Integrated NetDAS-IntelliBus System 

 
PLANNING FOR & INCORPORATING HUMS 

 



 
The combined functionality of the traditional distributed data acquisition system and smart-
sensor network allows the instrumentation engineer and flight engineer to employ the synergistic 
technologies to address short and long term goals.  The main detail that needs to be determined / 
agreed upon is whether the HUMS components are to be an integral part of the flight 
instrumentation package or a separate standalone system. 
 
• Integrated.  In this configuration the HUMS equipment is controlled and accessed by the 

system master, not unlike the other remotes of the traditional data acquisition system.  In this 
configuration, data from the HUMS is synchronized so that measurements can be correlated 
against others from the DAS. 

 
• Standalone. In this configuration, the HUMS equipment is a standalone system that either 

provides its data separately to the instrumentation and flight engineers, or provides a data 
stream that is merged by the traditional data acquisition system into a single composite 
product.  In this configuration, the HUMS and DAS are typically running asynchronously, 
which reduces the ability to correlate data between the two systems.  There are methods that 
can be employed that allow for finer correlation of data if needed, albeit at the cost of 
somewhat higher overall system complexity and/or higher bandwidth requirements (e.g. 
oversampling). 

 
In either case, the benefit of planning for and installing the HUMS components at the beginning 
of the flight test is that it allows the installation team to validate the performance of the 
equipment against the reference that the DAS provides, rather than beginning the effort 
afterwards. 
 
The standalone HUMS installation method provides other additional benefits over the integrated 
method: 
 
• It minimizes de-installation/reconfiguration (on the vehicle(s) under test) upon the 

completion of the flight test, as the HUMS is already essentially a standalone unit, whereas 
the integrated method may require reprogramming and cabling modifications to change the 
units behavior.     

 
• The HUMS unit in the vehicles used for flight test should be identical in configuration and 

operation to those installed in production vehicles.  
 

EXAMPLE HUMS SYSTEM 
 
In the HUMS system that is predicated upon sensor-bus technology, the NetDAS system is the 
central point for overall system control and data distribution.   Figure 4 shows an example 
system, in which signal conditioning is performed by a number of IntelliBus IBIM modules that 
are connected to a single NetDAS TENIC module (that provides two independent IntelliBus 
links), with the remainder of the NetDAS modules creating various output data products for the 
user: 
 

 



• Real-time PCM.  Would be used in flight test environment to provide data that would be 
merged into the traditional DAS via a PCM merger card.  Would not be needed in typical 
operational usage, but could be beneficial for validation of later upgrade/recertification 
efforts. 

 
• Network Interface.  Would be used the primary setup and control interface, and could 

provide various data products to the host avionics over a standard network connection. 
 
• DDR. Recorder for storage of data acquired during the flight.  Would incorporate removable 

media to allow for quick access to the stored data upon completion of the flight.   
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Figure 4 Integrated NetDAS-IntelliBus System/HUMS Configuration 

 
COST BENEFITS 

 
There are several benefits of leveraging a smart sensor bus based health monitoring system that 
shares commonality with the original flight test instrumentation, which have a significant affect 
upon the life-cycle costs of  a vehicle design.  These benefits can be broken down into four major 
categories: 
 
• Development Cost Benefits.  By leveraging existing COTS flight test instrumentation, the 

development costs normally associated with outfitting an aircraft program specific HUMS 
system with custom signal conditioning, encoding and transport can be greatly minimized.   
Additionally, since the input signal types are similar, if not identical, to those used for flight 
test, incremental NRE for module development can be avoided. 

 
• Installation Cost Benefits. The most pragmatic benefit of implementing a smart sensor bus 

technology like IntelliBus is the dramatic reduction in the amount, complexity and sheer 

 



weight of cabling that is required to outfit a test article and interface from transducers to 
signal conditioners.  These amounts can range from reductions of 100’s to 1000’s of feet of 
wire length and 100’s to 1000’s of pounds of cable weight.  Further, small form factor signal 
conditioning products have been developed that may be attached directly to the vehicle 
structure, reducing the amount of installation time and minimizing the damage/scarring to the 
aircraft to mount gear for flight-testing. 

   
• Support Cost Benefits.  Supporting a flight test or HUMS design can be a time consuming 

and expensive proposition.  Utilizing a smart-sensor based system can greatly improve 
supportability of the data acquisition system as a whole.    Smart sensor approaches generally 
provide greater diagnostic capabilities through the use of plug-and-play architectures that 
supply functionality to isolate faults and locate specific modules and measurements.    The 
simplified wiring approach of the bus during installation also provides far greater ease of 
support    If a bad measurement or unit is found, replacement may be performed by removing 
an individual signal conditioner module from the bus and the vehicle and plugging in a new 
one to the smart sensor bus then gluing it down with epoxy.  

 
• Application Benefits.  Finally, the application benefits of the long-term health monitoring 

system must be reiterated.    No one would argue the enormous benefits of isolating an 
imminent component or structural failure that could possibly result in fatalities.  The 
predictive power of HUMS to provide flight maintenance and subsystem manufacturers with 
preventative maintenance priorities are also a well understood benefit of implementing these 
technologies.   And the converse is true also – the  advantage of identifying parts that have 
not expended their predicted service life actually can also reduce maintenance costs for 
vehicles employing these technologies.    

 
CONCLUSION 

 
This paper has shown that including considerations for HUMS capabilities during all phases of a 
vehicle design life-cycle provides a wide spectrum of cost and technical benefits.  Specifically, 
by planning for, and initiating the incorporation of a smart-sensor based HUMS during the flight-
test phase, the instrumentation engineer can take advantage of the unit to either provide 
additional test data or to reduce the overall installation effort.  
 
Separately, production (air) vehicles have had “black boxes” (Flight Data Recorders) installed 
for a number of years to supply data in the event of an accident that requires thorough 
investigation.  The FDR provides this functionality by monitoring and recording information 
from the aircraft’s avionics system/bus associated with normal operation of the vehicle.  
However, it provides little information relative to the long-term health of the vehicle. The 
inclusion of a smart-sensor based HUMS system would address this specific need, using the 
same configuration as that for the flight-test phase and ensure consistency between the two inter-
related efforts.  
 
Much of the life-expectancy calculations for a vehicle design are predicated upon a combination 
of empirical data, and analysis and computer modeling which must be based upon expected 
worst-case conditions.  By providing (near) real-time to maintenance organization, an additional 

 



small footprint HUMS has been shown to provide immeasurable benefits including extending the 
life of a vehicle or identifying, via trend analysis, a problem in its infancy.  In addition, the use of 
a standard network interface would allow the unit to contribute to the data provided to the crew 
during operation and also could be included in the FDR product if possible/desired. 
 
The installation and operation costs of the HUMS systems would be insignificant, especially 
when compared to either retiring a vehicle too soon or alternatively, leaving a vehicle in service 
for too long.  From an operational standpoint, the operational process would be to simply retrieve 
data after each flight by either extracting the removable storage device or by transferring the data 
over a network pipe to a host server.  In either case, the data is then available for archiving or for 
maintenance trend analysis and failure detection. 
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