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ABSTRACT 

 
The execution of experimental Flight Test Campaign (FTC) provides all information required for the 
aircraft operation and certification. Nowadays all information gathered during a FTC is provided by 
the Flight Test Instrumentation System (FTI) that is basically a measurement system. Typically for 
all FTI parameters, the estimation of the calibration coefficients that minimizes most of systematic 
errors and its associated uncertainty is carried out by a Static Calibration Process. To execute this 
task the Brazilian Institute of Research and Flight Test (Instituto de Pesquisa e Ensaios em Voo – 
IPEV) developed the Sistema de Automação do Laboratório de Ensaios em Voo (SALEV©) which is 
fully compliant with the calibration and uncertainty expression standards. For some parameters (i.e. 
Static Pressure) the sensor installation particularities (i.e. Pressure tapping) introduces low pass 
filtering characteristics into the measurement chain. In this case the measurement accuracy will be 
jeopardized when executing high-dynamic test points (i.e. Spin Tests). To overcome this issue the 
IPEV research and development group introduced a dynamic calibration process for flight test 
parameters that requires the knowledge of the actual Transfer Function (TF). The problem now is to 
simulate an impulsive input for the TF characterization which is too complex. To solve this issue a 
new calibration procedure was developed and evaluated for the determination of the FTI dynamic 
response. SALEV© was used to simulate a step input instead of an impulse. Then filtered and 
unfiltered data was properly compared for the determination of the TF. Preliminary test results show 
satisfactory performance.  
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INTRODUCTION 
 
Flight test is a section of the aeronautical engineering and its main purpose is the determination of 
the actual characteristics of an aircraft and/or a system (e.g. Flight Control System - FCS) to be used 
for product development, certification or qualification.  
 
Flight test and flight safety are closely coupled. At one side the primary concern is the test flight 
safety (i.e. to bring back the test bed) during the Flight Tests Campaign (FTC). At the other side 
there is the aircraft operational safety that relies into the accuracy of gathered information (Figure 
01). 
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Figure 01 - Flight Test Safety Links 

 
In the early days of flight tests the data gathering relied mostly on qualitative data where the overall 
accuracy was not so good. Nowadays, with the improvement of the digital electronic devices, FTC 
data acquisition relies mostly on quantitative data.  
 
For a given FTC the data acquisition and analysis process takes place into two segments (Figure 02). 

• During the flight, at the airborne Flight Test Instrumentation System (FTI), it is performed 
data acquisition, sampling, quantization, formatting and storage; and 

• In real time and/or after the flight, at the Ground Telemetry System (GTS), stored and/or live 
data is retrieved, decomutated, processed and sliced to enable the execution of the data 
reduction analysis and the elaboration of the test report for the customer. 

 

 
Figure 02 – The Data Acquisition Process 

 
Therefore all measurement should be provided with the best possible quality which implies a very 
high scientific rigor. This includes the incorporation of measurement science into Flight Test 
Instrumentation (FTI) and data analysis [1, 2 and 3], that encompasses the: 

• Development of measurement sciences practices; 



• Development of measurement uncertainty tools;  
• Indoctrination awareness of measurement science; and 
• Implementation of measurement sciences policies. 

 
The key elements to be considered for supporting the incorporation of measurement science should 
be provided by the Flight Test Calibration Laboratory (FTCL). One common tool is the calibration 
system where it is determined the systematic error minimization model for all FTI measurements and 
its associated uncertainties. Typically at the FTCL it is applied a static calibration procedure that uses 
a Least-Squares Regression algorithm to fit an nth degree polynomial curve that minimizes the 
measurement errors. Then the remaining residuals are used for uncertainty determination. 
 

STATIC CALIBRATION 
 
The statement of the result of a measurement is complete only if it contains both the value attributed 
to the measurand and its associated uncertainty [4]. The uncertainty of measurement is a parameter, 
associated with the result of a measurement that characterizes the dispersion of the values that could 
reasonably be attributed to the measurand [5]. 
 
For flight test, the lack of information about a parameter uncertainty in a final test report is a 
common practice. Most of flight test engineers do not understands the physical meaning of the 
uncertainty information that provides the relationship between the gathered measurement and its true 
value which is always unknown.  
 
In Brazil the Instituto Nacional de Metrologia, Normalização e Qualidade Industrial (INMETRO) in 
order to achieve international recognition of standardized calibration and tests methods, signed an 
agreement with the European Co-operation for Accreditation (EA) that included Brazil in the EA 
Multilateral Agreement.  
 
EA adopt the EA-4/02 [4] that establishes the measurement uncertainty computation methodology 
that was adopted as reference in uncertainty evaluation in all laboratories accredited by EA. Such 
standard defines that the measurement uncertainty associated with input estimates is made in 
accordance with Type A and B evaluation methods. 
 
The A type evaluation of standard uncertainty is performed by statistical analysis of a series of 
independent observations of the input quantity, under the same condition of measurement (i.e. Static 
Measurement). For each calibration point, will be determined the experimental standard deviation 
that is computed by: 
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Where: 

• n is the number of samples; 
• jq  is the ith value of quantity q; and 
• q  is the mean value of q. 



Once the experimental standard deviation is computed for all points, the uncertainty is: 
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The B type evaluation of standard uncertainty is associated with the estimated value (xi) of input 
quantity through a procedure different than the A type evaluation, such as datasheet specifications. 
 
The determination of the uncertainty for all FTI parameters is executed by SALEV® system [6] 
which is fully compliant with the ISO 17025 Standard [7]. SALEV® takes into account the errors of 
all components involved into the data acquisition process (i.e. Full chain). This includes, among 
others, the sensor, the signal conditioning amplifier and filters, the data acquisition system, and the 
RAW-to-Engineering Units (EU) residual errors. 
 
Now using SALEV© tool it was possible to calibrate and to compute the FTI uncertainty (upb) of the 
test bed (i.e. XAT-27 aircraft s/nº 1321) FTI pb parameter that is ±0.508mb@1σ (Figure 03). 
 

 
Figure 03 - XAT-27 pb Static Calibration Result 

 
The relationship between the pursued true value and the measured value can be determined only 
thought the usage of a correct measurement statement that includes the associated uncertainty.  
 
As example, if the reported value for the aircraft basic pressure (pb) is 925.5mb ±0.508mb @1σ, this 
implies that there is a 68.26% probability for the pb true value to be at 925.5mb ±0.508mb range. In 
addition the most probable value for such parameter is its actual measurement (i.e. 925.5 mb). 
 
For a long time the Flight Test Techniques used mostly stabilized test points, where the test pilot 
maintain the test bed at a steady-state fly condition while FTI data is being gathered. As example, the 
Tower-Fly-By method [8] used for Air Data System (ADS) calibration flight consists of several test 
points (ranging from the minimal up to the maximum allowable speed) with stabilized speed, altitude 
and attitude [9].  



 
However stabilization methods could extend the flight time and its costs. Therefore the test ranges 
are developing and introducing new concepts and practices for dynamic flight test techniques for 
several applications, such as ADS calibration [10], Minimum Control Speed (VMC) determination 
[11] and parameter identification [12]. In this case test data may be obtained from dynamic 
manoeuvres only with substantial analysis efforts by the other hand the usage of this technique is 
very economical in terms of flight time.  
 
For some applications (i.e. Parameter Identification) dynamic analysis techniques may be the only 
method capable of obtaining the manoeuvring limitations of the test bed. Considering that test data is 
gathered during dynamic test points, the resulting measurement contains hi-frequency components. 
Therefore the static calibration results may not reflect the actual true value nor the parameter 
dynamic accuracy and uncertainty. To overcome this issue a dynamic calibration process should be 
introduced. As case study it will be analysed the basic pressure (pb) parameter. 
 

BASIC PRESSURE DYNAMIC CALIBRATION 
 
A typical FTI installation for sensing the pb parameter requires a static pressure port and an absolute 
pressure transducer interconnected by plastic tubing. Considering the air compressibility proprieties, 
inextensible tubing walls, no heat exchange, no pressure leaks and a planar propagation inside the 
tube, the Pressure (P) {Pa} and Air Flux Rate (Q) {m3/s} across the tube longitudinal axes (x) could 
be expressed as [13]: 
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Where: 

• Alma ρ=  is the acoustic mass {Pa.s/(m3/s)}; 
• sa VlAc ρ=  is the acoustic compliance {m3/Pa}; 
• ω  is the frequency component {rd/s}; 
• ar  is the tube acoustic resistance {Pa/(m3/s)}; 
• i is the imaginary number (i.e. 1− );  
• sV  is the sound speed {m/s}; 
• ρ  is the air density {Pa/m3}; 
• A is the internal area of the tube {m2}; and 
• l is the tube length {m}. 

 
The solution of eq.s 3 and 4 is equivalent to a transmission line that represents wave propagation in 
opposite directions. Therefore: 
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Where: 
• 0P  and LP are respectively the pressures at the pressure port and the transducer {Pa}; 

• 
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=  is the equivalent impedance {Pa/(m3/s)}; and 

• )( aaa mirci ωωα +=  is the propagation coefficient. 
 
Applying more substantial algebraic work in eq.s 5 and 6 it will be possible to find the transmission 
line transfer function, which is: 
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Where: 
• πω 2=f  is the signal frequency {Hz}; 

 
In this application (i.e. XAT-27 FTI), l = 4.21 m and A = 1.26x10-5 m2. The transducer end is closed, 
therefore ∞→LZ . 
 
Considering that the pb tapping installation has no leak, it would be possible to estimate the transfer 
function (Figure 04a) and the phase shift (Figure 04b) of the transmission line as function of the 
frequency component (Hz) and the tube acoustic resistance. 
 

  
Figure 04 – Equivalent Transmission Line (a) Transfer Function; (b) Phase Shift 

 
DYNAMIC CALIBRATION ALGORITHM 

 
The determination of the transfer function and the phase shift allows the development of a dynamic 
calibration algorithm (Figure 05) to be used for the reconstruction of the original test point 
waveform. 
 
For a discrete system: 
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Where: 
• nδ  is the nth unit impulse sample; 
• )(kH  is the discrete transfer function; 
• )(kφ  is the discrete frequency shift; and 
• kX  is the amplitude of the kth frequency component. 

 
Figure 05 – Dynamic Calibration 

 
So the development of a dynamic calibration algorithm requires the experimental determination of 
the unit impulse response of the actual FTI system.  
 
But the implementation of this process is very complex due to the inherent difficulty to simulate such 
stimulus (i.e. unit impulse), using an external Engineering Units (EU) simulator as input to the FTI 
sensor. To solve this particular issue several authors [14, 15 and 16] has developed and used very 
interesting calibration devices, but in fact no published solution could really simulate an impulsive 
input for the pressure. 
 
Considering that the tubing acoustic resistance is the major responsible for the low pass filter 
characteristics at the aircraft basic pressure FTI measurement, the usage of this particular condition 
enables the usage of an alternative process which is the comparison of the FTI pressure step response 
with and without the tube (i.e. Equivalent to its filtered and unfiltered responses). This alternative 
process should describe the transfer function (i.e. )(kH ) for the odd frequency spectral components 
(i.e. k = 0,1,3,5 …). 
Then: 
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To validate this method it was used a simulation process where a synthetic generated impulsive and 
step waveforms are input to a known Butterworth Filter (Figure 06). In this simulation the filtered 
and unfiltered unit responses were compared and the missing points (i.e. even spectral frequency 
components) were computed using an interpolation process. Then the resulting transfer function and 
phase shift were compared to its reference values (i.e. impulse step response) for validation. 

 
Figure 06 –Validation Process for an Alternative Transfer Function Determination Method 

 
For the odd frequency components, the usage of this process resulted in satisfactory performance 
(Figure 07a), the computed difference between Hs(k) and H(k) was negligible (i.e. -7.2x10-12 db ± 
1.22x10-11db @ 1σ). In addition the usage of a simple interpolation process to fill the missing Hs(k) 
points (i.e. where k = 2,4,6 …) also produced acceptable results (i.e. -4.1x10-3db ± 0.048 db @ 1σ). 
In this case the maximum deviations occurred only at higher frequency components (Figure 07b). 
 

  
Figure 07 – Simulation Results of Alternative Method: (a) Frequency Response; (b) Total Error 

 
With such results it is now possible possible to implement and to validate the Dynamic 

Calibration algorithm using simulated data. To do this it was generated a composite that is a sum of 
all frequencies with decaying amplitude. Then the resulting signal was filtered and regenerated 
(Figure 08a). Test results present satisfactory performance. The amplitude error was reduced from 
±1mb@1σ down to ±3x10-15mb@1σ (Figure 08b). 
 

DYNAMIC CALIBRATION MODELING 
 

The experimental evaluation of the Dynamic Calibration Algorithm required the implementation 
of a new feature into SALEV® system to enable the simulation and control of a pressure step impulse 
(Figure 09). 



  
Figure 08 – Dynamic Calibration Validation with Simulated Data: (a) Test Data; (b) Errors 

Then it was possible to simultaneously execute the calibration process at two conditions: 
• The first one with a very short tube between the Druck Air Data Test System (ADTS) and the 

pressure transducer (i.e. P0 pickup); and 
• The second one with a similar installation of the test bed (i.e. XAT-26 Aircraft), which is 

4.4m of 4mm diameter tube between the FTI sensor and the pressure probe (i.e. PL pickup). 
 

 
Figure 09 – Test Bench for Transfer Function Determination using SALEV® 

 
For this experiment, the FTI System was composed by: 

• An Airborne PCM data acquisition system; 
• A PCM Tape Recorder; 
• A GPS/IRIG-B Time Base; 
• A Telemetry transmitter; and 
• A set of Transducers. 

 
More specifically for the Basic Pressure measurement it was used a Rosemount 1332-A3 s/n 14.000 
capacitive absolute pressure transducer, ranging from 0 to 15 lbf/in2 (i.e. psia), which is equivalent to 
0 to 1,034.22 mb. From the static calibration procedure it was computed the associated uncertainty 
(Figure 03) that is ± 0.508 mb @1σ. 
 
To preserve sensor integrity and to simplify the process, for the first experiments the unit step range 
was setup for 1/3 of the full scale (i.e. 5 psia or 344.74 mb). The test results show approximately ± 



4mb pressure oscillations when using the configuration similar to the test bed (Figure 10a). The 
execution of spectral analysis of the response allowed the determination of the FTI transfer function 
(Figure 10b) that is similar to a low pass filter. 
 

  
Figure 10 – Dynamic Model Evaluation: (a) Test Data; (b) Resulting Transfer Function 

 
EXPERIMENTAL EVALUATION 

 
The algorithm evaluation was carried out along with the spin FTC of the 2011 class of the Brazilian 
Flight Tests School (CEV) that is accredited by the Society of Experimental Test Pilots (SETP). This 
campaign comprised several flights with the Tucano Advanced Trainer (XAT-27) manufactured by 
EMBRAER.  
 
The test order for this campaign included stall maneuvers and several normal and inverted spins, 
from 1 up to 6 turns with and without aggravation. The test bed was provided with a complete FTI as 
previously described. The basic pressure pick up is a Rosemount Flight Test Boom P/N 0092BJ421 
S/N 88, which was installed on the test bed that also includes the measurement of the pitot pressure 
(pp) impact temperature (ti), the angles of attack (αG) and sideslip (βG). 
 
As example during the execution of a spin test point, when the aircraft is spinning at a large descent 
rate (i.e. -250ft/s), it is possible to verify a sharp increase of the aircraft basic pressure (Figure 11a) 
and its associated spectrum (Figure 11b). 
 

 
 

Figure 11 – Test Point Data: (a) Gathered Data; (b) Test Data Spectral Contents 
 



Then using the dynamic calibration algorithm (Figure 05) with the computed dynamic response 
(Figure 16) and the measured Spin Test Point Data (Figure 10b) it would be possible to reconstruct 
the original data (Figure 12a) and to estimate the associated dynamic error (Figure 12b) that ranged 
±2.48 mb. 
 

  
Figure 12 – Calibration Results: (a) Measured and Compensated Data; (b) Dynamic Errors 

 
It should be noted that the resulting uncertainty for the uncompensated pressure (i.e. ± 1.22mb @1σ) 
is almost 2.4 times larger than its corresponding result for the static calibration (i.e. ±0.508 mb 
@1σ). 
 

CONCLUSIONS 
 
As presented the development of a dynamic calibration tool for the evaluation and the compensation 
of the basic pressure dynamic errors was successfully executed. Actually most of test ranges are 
developing and/or executing programs to increase the awareness for measurement sciences to 
produce more accurate data and therefore to better withstand the aircraft operational safety. 
 
By other hand the usage of dynamic test points increases the FTC efficiency. So in the near future it 
will be required to estimate the dynamic errors and associated uncertainties. 
 
In summary the major observed aspects, which should be properly evaluated during the execution of 
the final report analysis of an experimental flight test campaign, are: 

1. The fact that the static calibration procedure describes the uncertainty only at stabilized test 
points; 

2. The dynamic uncertainty could be much larger than its static values; and 
3. The immediate need to develop effective measurement sciences practices and uncertainty 

tools to evaluate the dynamic errors. 
 
As result the developed tool that is now available for use is a very important tool to assess the 
estimation of the Dynamic Errors. But the proposed solution is still fresh and of course it needs to be 
refined and evaluated. In addition the FTI parameter set contains several other measurement setups 
that include the sensor the data acquisition unit and the installation method, which could be also 
suitable to dynamic errors. 



Among those sensors it is possible to identify rate gyros, accelerometers and the inertial reference 
units which corresponding dynamic errors should be properly studied and evaluated. Therefore in the 
near future there are a lot of new tools that should be properly developed and evaluated to fulfill all 
operational needs. 
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