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ABSTRACT 

The construction, comparison and analysis of three distinct strain gauge balance 
calibration matrix models with various orders of the calibration equations was 
conducted. The aims of the investigation were to identify the accuracy of the three 
different calibration matrix models and to analyse their behaviour with different data 
optimisation techniques. A computer program written in the C and X/Motif 
programming language has been developed to analyse the matrix models. Two 
different least squares methods and four optimisation techniques have been 
implemented within the software. The accuracy of each calibration model is evaluated 
using two statistical estimation methods. It was found that all three balance calibration 
models had similar behavior in terms of accuracy. The accuracy of the equation in 
estimating the loads experienced by the balance increases as the order of the calibration 
equation increases. 
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Executive Summary 

Wind tunnels are one of the primary sources of aerodynamic data for aerospace 
research. The Australian Defence Science and Technology Organisation (DSTO) 
operates two major wind tunnels at the Aeronautical and Maritime Research 
Laboratory (AMRL), one covers the low speed regime and the other covers the 
transonic speed regime. Results obtained from wind tunnel tests are used in many 
areas, such as aerodynamic research, aircraft design, and validation for computational 
fluid dynamics. 

Achieving a high level of accuracy in wind tunnel test results is essential. Accuracy of 
the results depends on many factors, such as the data acquisition system and the force 
and moment measurement system. At AMRL, the primary force and moment 
measurement system is the multi-component, internally mounted, strain gauge 
balance. 

A strain gauge balance must be calibrated before it can be used to measure forces and 
moments in the wind tunnel. The aim of the balance calibration is to obtain a set of 
calibration coefficients which enable the voltage output of the balance to be converted 
into the corresponding forces and moments. There are many ways to describe the 
relationship between the forces and moments, and voltage output for a particular 
balance. Due to the imperfection of balance design and manufacturing, and the 
combined loading condition during wind tunnel testing, second order and above 
calibration models are generally used to account for the interaction effect between 
different components of the balance. As the order of the calibration model increases, so 
too does the complexity of the mathematical expressions. For example, a general third 
order calibration model for a six component strain gauge balance has a total of 198 
calibration coefficients. 

Three different balance calibration models with different order calibration equations 
are investigated in this report. In addition, various calibration data optimisation 
techniques are applied to different calibration models. A computer program has been 
written to provide an efficient method for performing the comparison and analysis. 

One of the main findings was that, of the 15 balance calibration equations used, the 2nd 

order 84 coefficient and 3rd order 96 coefficient equations provide a more accurate 
estimation than the lower order calibration equations for the relationship between 
voltage output and applied load. 
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Nomenclature 

Symbols which are not listed here are defined and described in the corresponding 
section of the report. 

Symbol Description  

[C] Calibration coefficient matrix 

Approximated calibration coefficient matrix 

[H] Applied load matrix 
Hi Applied load reading of z-th component 
Hi,p The estimated load/moment of the 2th component for the pA 

calibration data point 
fj The measured load/moment of the i* component for the pft 

''p calibration data point 
[R] Voltage output matrix 
Ri Voltage output reading of Ith component 
X Axial force component 
Y Side force component 
Z Normal force component 
1 Rolling moment component 
m Pitching moment component 
n Yawing moment component 
sei Standard error of the calculated load /moment (dimensionless) 
6i/P The difference between the estimated and measured load/moment 
T Chauvenet's criterion 
seli Standard error (with dimensional unit) 
u Mean 

Subscript 
i = 1 Axial force component 
i = 2 Side force component 
i = 3 Normal force component 
i = 4 Rolling moment component 
i = 5 Pitching moment component 
i = 6 Yawing moment component 
p Index for the calibration data. 

IV 
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1 Introduction 

This work was carried out as part of the wind tunnel infrastructure program at the 
Aeronautical and Maritime Research Laboratory (AMRL). The aims of the investigation 
were to identify the accuracy of different strain gauge balance calibration matrix 
models and the characteristics of the model when used in combination with various 
data optimisation techniques. Based on the results from the investigation, an optimum 
calibration model is recommended for use in both the low speed and transonic wind 
tunnel facilities at AMRL. The software written for this investigation will be integrated 
into the existing data acquisition software to enable real-time conversion between 
strain gauge balance voltage output and the forces and moments experienced by the 
balance during the wind tunnel test. 

Investigations into three distinct strain gauge balance calibration models with different 
order calibration equations were conducted. A computer program written in the C and 
the X/Motif computer language was developed for the analysis. Two least squares 
methods, four data optimisation techniques, and two statistical estimations have been 
implemented within the computer program. The computer program generates a 
calibration matrix by calculating the calibration coefficients. Using the calculated 
calibration matrix, a reverse calibration is applied by the program to obtain the 
estimated forces and moments. The accuracy of the calibration model is evaluated 
based on the ability of the calibration matrix to estimate the forces and moments 
compared with the measured values. The standard error of the data set is used as an 
indicator of accuracy for each calibration model in the computer program. 

All three calibration models display very similar behaviour in terms of accuracy for 
different equation orders. As the order of the calibration equation increases, so too 
does the accuracy of the model. This is because the higher order models provide a 
more comprehensive description of the interaction effect between the balance's 
components. Both the 2nd order 84 coefficient calibration equation and the 3rd order 96 
coefficient calibration equation achieved a significant reduction in standard error 
compared with the 2nd order 27 coefficient and the 3rd order 33 coefficient equations. As 
the equation order increases to the fourth order, the additional amount of interaction 
effect accounted for by the model compared with 3rd order equations is expected to be 
minimal. Hence, it is suggested that fourth order and above calibration models are not 
necessary. 

The results indicate that high interactions between balance load components may lead 
to diverging results in the reverse calibration procedure. This is because the strain 
gauge balance voltage output for a particular loading condition may represent either 
positive or negative loads for a particular component. 

In general, it is recommended that optimisation techniques, which require the 
elimination of calibration data points, should not be used. This is because, those data 
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points being eliminated actually represent the physical behaviour of the balance or the 
data acquisition system. 

Due to the non-linear nature of calibration data, results showed that the calibration 
data, which covered only a narrow range of load, led to an increase in the calibration 
model's accuracy. This was because the regression model was more effective in 
modelling a narrower band of data with a higher degree of linearity. 

Additionally, this work showed that the number of calibration data points has a 
significant impact on the values of the calculated calibration coefficients. If insufficient 
calibration data is provided, the least squares regression methods may fail to obtain a 
set of calibration coefficients. The calibration model may also fail to produce an 
accurate estimation of the measured forces and moments, or in some cases, it may 
produce diverging results in the reverse calibration procedure. 

2 Balance Calibration Models 

There are many ways in which a balance calibration model may be defined. This report 
concentrated on three different models, each model being distinct. The following 
balance calibration models have been investigated: 

1. [R] = [C][H] 
2. [H] = [C][R] 
3. [H] = [C][R-H] (this is a general representation of this calibration model) 

In order to compare the accuracy of these models extensively, the first, second and 
third order calibration equations of these models were investigated. (A complete listing 
of all equations for the three balance calibration models is given in Appendix A.) 

The following table is a summary of the three balance calibration models and the 
corresponding orders of the calibration equations investigated in this report. 

Balance Calibration M lodel 
Order of 
Equation 

Number of 
Components 

[R] = [C][H] [HJ = [C][R] [H] = [C][R-H] 

1st 5 5 coefficients 5 coefficients   iWWMÜ^^^H 
6 6 coefficients 6 coefficients 6 coefficients   1 

2nd 5 20 coefficients 20 coefficients 
6 27 coefficients 27 coefficients 27 coefficients 

84 coefficients 84 coefficients 84 coefficients 
3rd 6 33 coefficients 33 coefficients 33 coefficients 

96 coefficients 96 coefficients 96 coefficients 

Table 1. Summary of balance calibration models and orders of calibration equations 
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2.1        MODEL 1: [R] = [C][H] 

The model currently used for strain gauge balances in the wind tunnels in the Air 
Operation Division (AOD) at AMRL is in the form of: 

[RhiclH] 

This equation describes the physical relationship between load and strain gauge output 
voltage, ie. the strain gauge voltage is a function of the applied load. 

2.1.1 First order equations 

Both six component and five component first order calibration equations are modelled 
by the software. At AMRL, six component strain gauge balances are primarily used to 
measure the aerodynamic forces and moments of aircraft and missile models, and five 
component strain gauge balances are used to measure aerodynamic forces and 
moments of stores released from aircraft in the transonic wind tunnel. The five 
component strain gauge balance does not measure the axial force component (X). 

2.1.1.1 First order, six component equation: 6 coefficients 

The first order equation consists of six terms for each component, and each equation 
corresponds to an individual component of the balance. 

R, = C„H, + CiaH2 + C,3H3 + C,AH, + CIJ5H5 + C,6H6 

where, i = 1,...,6 

2.1.1.2 First order, five component equation: 5 coefficients 

The five component balance calibration equation consists of Y, Z, 1, m and n 
components. 

Ri = Ci,2H2 + Ci,3H3 + CiAH4 + Ci,5H5 + Ci.6H6 

where, i = 2,...,6 

2.1.2 Second order equations 

Two second order equations were investigated, the 27 coefficient equation and the 84 
coefficient equation for a 6 component balance. Additionally, a 20 coefficient equation 
for a 5 component balance was also investigated. 

2.1.2.1   Second order, six component equation: 27 coefficients 

The second order equation includes the addition of square and cross product terms but 
it does not include the cross product of absolute terms. This equation has a total of 27 
calibration coefficients for each component. 
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Ri ~ Ci,\Hl + Ci,2H2 + + Ci,6H6 

+ CiMH\    + Ci,22H2   + + Ci,66H6 

+ Cil2HxH2+CinHxH3 + +Ci56HsH6 

where, i = 1,...,6 

2.2.2.2   Second order, five component equation: 20 coefficients 

The axial force component is not considered in the five component balance calibration 
equation. This equation includes both the square and cross product terms but there are 
no absolute cross product terms. 

Ri ~ Ci,2H2 + Ci.3H3 + + Ci.6H6 

+ Ci22H2 + Ci33H3 + +Ci66H6 

+ Ci,23H2H3+Ci,24H2H4 + + Ci,56H5H6 

where, i = 2,... ,6 

2.1.2.3   Second order, six component equation: 84 coefficients 

The second order 84 coefficient equation is based on the 27 coefficient second order 
equation and includes the cross product of absolute terms. 

Ri ~Ci,lHl +Ci,2H2 + + Ci,6H6 

+ Ci,\\\\Hl\ + Ci]i2\\H2\ + + C/,|6||#6| 

+ Ci,l\Hl   +Ci,22H2   + + Ci,66H6 

+ Ci,l\l\Hl\H\\ + Ci,2\2\H2\H2\ + + C/,6|6|^6|^6| 

+ Cil2HlH2+Cil3HlH3 + +Ci56H5H6 

+ Ci,\U\\HlH2\ + Ci]ln\ \HlHl\ + + Ci,\56\\H5H61 

+ Ci.l\2\Hl\H2\ + Ci,p\Hl\H3\ + + Ci,5\6\Hs\H6\ 

+ Ci\p\H\\H2 +C,-,|l|3|^l|^3 + + Ci,\5\6\Hs\H6 

where, i = 1,...,6 

2.1.3   Third order equations 

Two different third order equations were investigated, the 33 coefficient equation and 
the 96 coefficient equation. 
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2.1.3.1   Third order, six component equation: 33 coefficients 

The third order, six component 33 coefficient equation consists of single, square, cubic 
and cross product terms but there are no absolute cross product terms. 

/?,.=C,IH1+C,2//2+ + Clj6Hs 

+ CiMHl   + Ci,22H2   + + C/,66#6 

+ CinHlH2+Cil3H]H3 + +Ci56H5H6 

+ CiM\H\   + Ci,222H2   + + Ci,666H6 

where, i = 1,...,6 

2.1.3.2   Third order, six component equation: 96 coefficients 

The 6 component third order 96 coefficient equation consists of single, square, cubic, 
cross product and absolute terms. 

R^CL1H,+Ci2H2+ +C,6tf6 

+ C;,|i|l#i| + CM2||#2| + + C;,|6||#6| 

+ Ci,UHl   +Ci,22H2   + + Ci,66H6 

+ Ci,l\\\Hl\Hl\ + Ci,2\2\H2\H2\ + + Ci,(\6\H6 \H6 \ 

+ Cil2HlH2+Cil3HlH3 + +Ci56H5H6 

+ Ci,\n\\HlH2\ + Ci\l3\\HlH3\ + + Ci,\56\\H5H6\ 

+ Ci,l\2\Hl\H2\+Ci,l\3\H\\Hl\ + + Ci,5\6\Hs\H6\ 

+ Cih\2 \Hl \H2 +Ci,\p \H\ \H3 + + Ci,\S\6\Hs\H6 

where, i = 1,...,6 

+ Ci,UlHl   + Ci,222H2   + + Ci,666H6 

+c. Mil H, + C. 1,222 
H, .+C. .|666| H< 
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2.2       MODEL 2: [H] = [C][R] 

Instead of defining [H] as the independent variable in the calibration model, the 
following mathematical models treat [R] (the strain gauge balance output voltage) as 
the independent variable in the calibration equation. Therefore, this equation implies 
that the load is a function of the strain gauge output voltage. 

[H]=[CW 

2.2.1 First order equations 

2.2.1.1 First order, six component equation: 6 coefficients 

Hi = Ci,iRl + Ci,2RZ + Ci,3R3 + CiAR4 + C/,5^5 + Ci,6R6 

where, i=l/.../6 

2.2.1.2 First order, five component equation: 5 coefficients 

Hi = Ci,2R2 + Ci,3R3 + Ci,4R4 + Ci,5R5 + Ci,6R6 

where, i=2,...,6 

2.2.2 Second order equations 

Two second order type equations were investigated, the 27 coefficient equation and the 
84 coefficient equation for a 6 component balance. Additionally, a 20 coefficient 
equation for a 5 component balance was also investigated. 

2.2.2.1 Second order, six component equation: 27 coefficients 

Hi=Ci,R1+Ci2R2+ +C,6*6 

+ Ci,ll^l    +Ci,22R2    + + Ci,66^6 

+ CinRlR2+Cil3R1R3 + +Ci56R5R6 

where, i=l,...,6 

2.2.2.2 Second order, five component equation: 20 coefficients 

Hi = Ci,2R2+Ci,3R3+ + Ci,6R6 

+ Ci,22R2    +Ci,33R3    + + Ci,66R6 

+ Ci,23R2R3+Ci,24R2R4 + + Ci,56R5R6 

where, i=2,...6 
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2.2.2.3   Second order, six component equation: 84 coefficients 

Hi ~ Ci,lR\ + Ci,2R2 + + Ci.6R6 

+ C«Jl|lÄl| + C.-j2||Ä2| + + C/,|6||Ä6| 

+ Ci,UR\    +Ci,22R2    + + Ci,66R6 

+ Ci,l\l\Rl\Rl\ + Ci,2\2\R2\R2\ + + Ci,6\6\R6 \R6 \ 

+ CinRyR2 + CinRtR3 + +Ci56R5R6 

+ Ci,\\2\\RlR2\ + Ci,\l3\\RlRi\ + + Ci\56\\R5R6 \ 

+ Ci,l\2\R\ \R2\ + Ci,p\Rl\R3\ + + C/,5|6|Ä5K| 

+c/,iii2l-Ri|-R2 +C';,|i|3l-Rir3 + +c,,j5i6r5r6 

where/i=l/...,6 

2.2.3   Third order equations 

Two different third order equations were investigated, the 33 coefficient equation and 
the 96 coefficient equation. 

2.2.3.1   Third order, six component equation: 33 coefficients 

Hi ~ Ci,iRl +Ci,2R2 + + Ci,6R6 

+ Ci,URl    +Ci,22R2    + + Ci,66R6 

+ Cil2R1R2 + CwRlR3 + +Ci56R5R6 

+ ^,•,111^1   +Ci,222R2   + + Ci,666R6 

where/i=l,...,6 
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2.2.3.2   Third order, six component equation: 96 coefficients 

Hi = Ci,\R\ +Ci,2R2+ + Ci,6R6 

+ C/,|l| 1^11+ C.\|2| \Rl\ + + C/,|6| \R61 

+ CiMR\    + Ci,22R2   + + Ci,66R6 

+ Ci,l\\\Ri\Rl\ + Ci,2\2\R2\R2\ + + C,;,6|6|-R6|-R6| 

+ CinRxR2 + ClA3R^R3 + +Ci56R5R6 

+ Ci,p\ \R\R21 + Ci,\l3\ \RlRs\ + + Ci,\56\ 1^5^61 

+ C,U|2|^l|^2| + C,;,l|3|Äl|Ä3| + + C;,5|6|Ä5|Ä6| 

+ C,i,|i|2|Äi|^2 + C,,ji|3lÄi|Ä3 + ^/Nel^l^e 

+ ^•,111^1   + Cl,222R2   + + Ci,666R6 

+ ^!,|ni| *,3 +
 ^/,|222| 

fi2
ä + + ^/,|666l V 

where, i=l,...,6 

2.3        MODEL 3: [H] = [C][R-H] 

This calibration model assumes the loads measured by the balance are a function of 
both balance voltage output and applied load. (IAI Engineering Division, 1998) 

Only six component equations are considered for this particular balance calibration 
model. 

2.3.1 First order equation 

Hi = Ci,\RR\ + Ci,2RR2 + CiMRl + CiARR4 + Ci,5RR5 + Ci,6RR6 

where, i=l,...,6 

Note: this first order equation is the same as the 6 component, first order equation of 
the [H]=[C][R], balance calibration model, (see Section 2.2.1.1) 

2.3.2 Second order equations 

Two second order type equations were investigated, the 27 coefficient equation and the 
84 coefficient equation. 
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2.3.2.1 Second order equation: 27 coefficients 

Hj = Ci,lRR\ + Ci,2RR2 + + ^i,6RR6 

-(c,uH2+Cia2H2
2 + + C,,66ff6

2) 

- (c,12ff ,ff 2 + C,13ff ,ff 3 + + C,56ff 5ff 6) 

where, i=l,..., 6 

2.3.2.2 Second order equation: 84 coefficients 

Hi = Ci,\RRl+Ci,2RR2 + + Ci,6RR6 

~lC/,|l||//l| + C.-.|2||/f2| + + C/,|6||H6|) 

-(ciMH2+C,22H2
2 + + C,66ff6

2) 

-{Ci,l\l\Hl\H\\ + Ci,2\2\H2\H2\ + + Ci,6\6\H6\H6\) 

-{Ci,\2H\H2+Ci,UHlH3 + + Ci,56H5H6j 

- (c. ,12| \HXH2\ + C,|13| Iff,» ,| + +C. |56| |ff 5ff 6|) 

-\Ci,\\2\H\\H2\ + Ci,p\H\\Hi\ + + Ci,5\6\H$\H6\) 

-lC,Ml|2|ffl|^2 +C,;,|l|3|^l|^3 + + C/,|5|6|^5|^6 J 

where, i=l,...,6 

2.3.3   Third order equations 

Two different third order equations were investigated, the 33 coefficient equation and 
the 96 coefficient equation. 

2.3.3.1   Third order equation: 33 coefficients 

Hi = Ci,\RR\ + Ci,2RR2 + + Ci,6RR6 

-\CiMHi2+CiZ2H2
2 + +Ci66H6

2) 

-\Ci,\2HiH2+CinHxHi + +C/56ff5ffJ 

-(.C/,lll#l3 +Ci,222H2   + + Ci,mH6) 

where,i=l,...,6 
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2.3.3.2   Third order equation: 96 coefficients 

Hi~Ci,\RR\ + Ci,2RR2 + + Ci,6RR6 

-\Cm\Hl\ + C^\\H2\ + + C/,|6||H6|) 

-\CiMH\2 + Ci,22H2   + + Ci,66H6   ) 

-\Ci,l\\\Hl\Hl\ + Ci,2\2\H2\H2\ + + C,-,6|6|^6|^6|j 

-\Ci,l2HlH2+Ci,13HlH3 + + Ci,56H5H6) 

~ (Ci]l2\ \HlHz\+ Ci,\l3\ \H\Hl\ + + C/,|56| \H5He\) 

~ (C/,l|2|Hl|^2| + C,M|3|^l|^3| + + Ci,5\6\Hs\H6\) 

-(Ql^l^ll^ +C/,|l|3|#l|#3 + + C/,|5|6|^s|^6j 

-\Ci,mH\   +Ci,222H2   + + Ci,666H6  ) 

+ ^«,|222| ?; • + ^1,16661 Fft. 

where,i=l,...,6 

3 Calculation of Least Squares Calibration Coefficients 

Calibration coefficients, [C], are a set of constants, which are used to describe the 
loading characteristics of a strain gauge balance. To obtain an accurate description of 
the balance, an adequate number of data points are required. This number of data 
points is largely dependent on the balance calibration equipment available to an 
organisation. The distribution of applied loads should cover the maximum range of the 
balance and ideally it would be similar to the loads experienced by the balance during 
wind tunnel tests. 

Using various types of regression models, a set of calibration coefficients may be 
obtained from a set of load data. In this report, two different types of least squares 
regression methods have been used to obtain a set of calibration coefficients. Least 
squares regression allows all six components of the balance to be loaded 
simultaneously. Hence, the interactions among various components are accounted for 
in the set of calibration coefficients. Additionally, the balance can be loaded in any 
particular order, hence a random and arguably more realistic loading matrix can be 
applied. 

The two regression methods are described below for the 3rd order calibration equation, 
[R] = [C][H]. The same methodology applies to the other calibration models and 
equations. 

10 
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3.1       Multivariable Regression Method 

The mathematical expression of the 3rd order equation, [R]=[C][H] definition is given in 
Section 2.1.3.1. 

The following assumptions have been made in this regression method: 
1. random error is assumed to be zero; 
2. the observed values of the independent variable (in mis example, the value of [H]) 

are measured without error. All error is in [R]. 

Since the balance has six components (X, Y, Z, 1, m, n), six expressions are used to 
represent each component of the balance. The entire set of p data points can be 
expressed using matrix notation, where p is the number of data points, as: 

#1,1 ^2,1 ^3,1 ^4,1 ^5,1 ^6,1 

#1,2 #2,2 #3,2 #4,2 #5,2 #6,2 

[#] =    #13 #2,3 ^3.3 #4.3 ^5,3 ^6,3 

R\,p R2,p R3,p R*,p R5,p R6,p_ 

[H]= 

#1,1        #2,1        #3,1 •"       #6,1 

"1.2       "2,2       "3,2 

#1,3       #2,3       # 

#1,P      # 

3,3 

2,p      #3,/> 

H 6,2 

H 6,3 

H, 
6.P 

Note: the size of matrix [H] depends on the complexity of the calibration model. For 
example, in the 3rd order, 6 component, 96 coefficient equation, [H] will be a (p x 96) 
matrix. 

Each component of the balance is represented by 33 'linear' and 'non-linear' calibration 
coefficients. The calibration coefficients calculated using this least squares method are 
only an approximation. This is because random errors are expected to exist among the 
data set due to various sources, such as electro-magnetic interference (EMI), random 
vibration on the test rig during the calibration process, and errors induced in the data 
acquisition and processing. 

11 
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[c]= 

c      c 2,1 

^1,2 

M,3 

c 2,2 

'2,3 

'3,1 

'3,2 

'3,3 

'4,1 

'4,2 

'4,3 

'5,1 

'5,2 

'5,3 

'6,1 

'6,2 

'6,3 

^1,666      ^2,666      *-"3,666      ^4,666      ^5,666       ^6, 666 

The multivariable regression has the following expression (Sprent, 1969): 

[cHffntffwM 
3.2       Ramaswamy Least Squares Method 

The mathematical expression of the 3rd order equation, [R]=[C][H] is given in Section 
2.1.3.1. 

The Ramaswamy method (Lam, 1989) states that the calibration coefficients are found 
when the residual between the measured strain gauge output and that obtained from 
the calibration equation is a minimum. This can be expressed as: 

e, =j\Ci,iHi.P+C>,2H2,P +C/.3#3,„ +- + C,666^6,/ - R,J, where i = l 6. 

For this particular 3rd order model, there are 33 coefficients for each component of the 
balance and p equations. 

S k>#.,, + C,2ff,,, + C,3tf 3,p + • • • + C,666#6,/ - Rip ]• EXp = 0 

1 fcA, + C,2HXp + C,3HXp +■■■ + CimH6J -R,p]■ H%p = 0 

S k,#,., + C,2H2<p + CL3H%p + ■■• + CimH6,; - Rip ]• H3p = 0 

it^+c,,^/^,,+-+c,,666#6,/ -RJ-H6,;=0 

By putting the equations above into matrix notation, the balance calibration coefficient 
matrix, [C] can then be calculated as follows: 

IchlEYlAJ 

where, 

12 
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[Eh 

1H^.P 1H^H2,P l^P^.P       -       5X," 
^H2,pHl,p        YsH2pH2.P        lLH2,P

H\p       •••       ZsH2,pH 

^,H3,pH\,p        ^,H3,pH2,p        L,Hi,pHXp       '"       LlHXpH 

6.P 

6.P 

6,p 

X^pX, YäH^pH^p a*1**11** '" yLHeJH6,P\ 

[A]= 

X^i.p^ip     ^H
IP

R
2,P     ^HyP

RXp 

HH2,pKp        X#2.A/>        HH2,pKp 

X#3,AP        Y*HXpR2,p        HHXpKp 

HHlpR6,p 

Y,H2,pR6,p 

1L
H

3,P
R

6.P 

^H6,p3R\,p      X^6.P  R2,P      ZJ
H

6,P 
R3,p      •"      £,H6,p  Ri ■6,p 

[c]= 

r 
*"1,2 

'1,3 

'2,1 ^3,1 ^4,1 ^5,1 

c       c      c       c ^2,2 ^3,2 '"'4,2 ^5,2 

'2,3 '3,3 Q,: '5,3 

'6,1 

'6,2 

'6,3 

'1,666      C-2,666      Cj 666      C4666      C5 666      C6666 

3.3       Five Component Strain Gauge Balance Calibration Equations 

The multivariable and Ramaswamy least squares methods are also applicable to the 
calibration equations for a five component balance. However, due to the mathematical 
characteristics of both of these least squares methods which require matrix inversion, 
the axial component must be removed from both the applied loads matrix [H] and the 
voltage output matrix [R] before these least squares methods can be used. 

4 Balance Reverse Calibration 

The balance reverse calibration process uses the derived balance calibration 
coefficients, [C], to calculate the load experienced by the balance based on the strain 
gauge voltage output. Different balance calibration models require different reverse 
calibration procedures. The procedures applied to the three calibration models in 
Section 2 are given in the following four sections. 

13 
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4.1       Model 1: [R] = [C][H] 

Due to the nature of this particular model's equation, an iterative reverse calibration 
method is required (Galway, 1980; Cook, 1959). A brief summary of the method 
outlined by Cook (1959) is described below. 

[F']=[CllF]+[C2[G\ 

where, [Cl] is the linear calibration coefficient matrix; 
[C2] is the non-linear calibration coefficient matrix; 
[F'] is the apparent loads matrix; 
[F] is the true loads matrix; 
[G] is the true loads pairs matrix. 

Hence, [F]=[Cir{[F']-[C2lG]} 
[F]= [C\Y[F']+[DlG] where, [D)=-{ciy [Cl]} 

In the first iteration, it is assumed there is no interaction between components of the 
balance, so that; 

[F]=[F1]=[Cir[F/] -Stepl 

In the second iteration and onwards, the interactions between components are taken 
into consideration in the reverse calibration process. The true loads pairs matrix [Gi] 
can be calculated using the [Fi] matrix. 

[FMFJMFJ+MGJ "Step2 

For further iterations, step two is repeated, 

fc]=fc]+MG2] "SteP3 

In general form, the reverse calibration process can be written as, 

[FJ=[F1]+[DIG„_I] 

This iterative process is repeated until the values of [F] converge. In general, a 
converged solution can be obtained after between two and ten iterations, depending on 
the accuracy specified for the converged values. 

4.2       Model 2: [H] = [C][R] 

Unlike the other two calibration models, this particular model does not require an 
iterative reverse calibration procedure. Instead, the true load experienced by the 
balance can be calculated directly by multiplying the calibration coefficient matrix [C] 
by the strain gauge voltage output matrix [R]. 

14 



DSTOTR-0857 

This gives certain advantages over the iterative reverse calibration procedure. In the 
case of an iterative calibration procedure, the matrix which requires inversion will 
become larger, hence reducing the efficiency and accuracy of the results due to the 
inherited inaccuracy within the matrix inversion routine. If the matrix being inverted is 
a singular matrix, the reverse iterative calibration procedure cannot be achieved. Most 
importantly, a non-iterative reverse calibration procedure eliminates any possibilities 
of a diverged solution (see Section 7). 

4.3       Model3:[H] = [C][R-H] 

This particular calibration model requires an iterative reverse calibration procedure 
because the true load [H] is a function of both voltage and true load [R-H]. The reverse 
calibration procedure is very similar to the method described in section 4.1. 

A simplified version of this particular model is as follow: 
[HMCI\R]-[C2IH"] 

where, [H] is the true load matrix, 
[R] is the voltage output matrix, 
[H"] is the 2nd order or true load pairs matrix (obtained from [H]), 
[Cl] is the linear calibration coefficient matrix, 
[C2] is the non-linear calibration coefficient matrix. 

In the first iteration, it is assumed that there is no interaction between different 
components of the balance, hence; 

[tf.HciI*] 

In the second iteration, the value of [H"] is obtained from [Hi]. 
[//2]=[ClIi?]-[C2lH"1] 

In general form: [#„]= [CllR]-[C2JH"n_}] 

The iterative process is repeated until the value of [H] converges. Depending on the 
level of accuracy, in general, [H] will converge after between two and ten iterations. 

4.4       Five Component Balance Calibration Equations 

To apply the reverse calibration method, listed in Section 4.1 and 4.2, to the five 
component 1st and 2nd order balance calibration equations of the [R]=[C][H] and 
[H]=[C][R] models, the five component matrix, used in the regression method, must be 
converted into a six component matrix by adding zeros and one to the axial force 
component. 

15 



DSTO-TR-0857 

The following example demonstrates a six component calibration coefficient matrix for 
a five component balance calibration equation. 

Model: [R]=[C][H], 1st order five component calibration coefficient matrix. 

Cl C2 C3 C4 C5 

H/ 
HY 

Hz 

H, 

Hm 

H„ 

C6 

! 1.00000 

0.00000 

 ßD0.QQ0_.-._ ....DJQÜ0QQ...... ....JLÜDÜOa.-... _._.QÜ0QQD_._.. .._._QDQQQQ._.i' 

T 6.77281*-3 1.38834c-5 1.03006*-3 3.04363e-6 -2.83162«-4 

iO.OOOOO ! 7.09958*-5 3.24193e-3 -5.75365*-4 2.50119*-4 9.79163«-6 

jo.ooooo j-3.18513«-5 6.99459e-5 9.30475«-2 6.49542*-4 2.84688«-4 

iO.OOOOO 1-4.44862*-6 -1.64417e-5 1.03809*-3 3.97225*-2 8.74806«-4 

'0.00000 ! 8.73207*-5 -6.00392*-6 -1.35077«-2 1.18139«-4 7.422104«-2 
• ._.J m- 

Five component calibration coefficient matrix obtained 
from least squares regression method. 

Six component calibration coefficient matrix is 
formed by adding the axial force component 

The above six component calibration coefficient matrix can now be used directly with 
the reverse calibration methods (see Section 4.1 and 4.2) to calculate the estimated 
forces and moments measured by a five component strain gauge balance. 

This approach for transforming a five component to a six component calibration 
coefficients matrix may be applied to any order of calibration equation. 

5 Statistical Analysis 

The two statistical indicators used to analyse the accuracy of each calibration model are 
the standard error and the coefficient of multiple correlation. 

5.1       Standard Error 

Standard error provides an indication of the accuracy (the degree of dispersion) of the 
calculated loads and moments using the approximated calibration coefficient matrix, 
[C], as compared with the measured values. This parameter, given in Equation 1, can be 
used as a benchmark to compare the accuracy of various balance calibration models. 

16 
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sei; = 
Xfo,-4.J 

i 
P=\ 

N-f 
Equation 1 

where,      /   is the number of degrees of freedom in the calibration equations, (the 
number of degrees of freedom is equal to the number of calibration coefficients 
per component), 

N is the total number of data points used in the calibration data set, 
Ri,p is the measured p* component of the strain gauge balance output, 

Rt   is the calculated (approximated) force or moment component, 

seli is the standard error with dimension [Newton or Newton.meter]. 

The standard error calculated using the above formula has a dimension of Newton or 
Newton-meter. To convert it into a dimensionless parameter, the standard error 
calculated from Equation 1 is divided by the corresponding balance component's 
maximum design load. Hence, 

se. —■ 
Standard Erro^ (sei;) [N or N • m] 

,xl00% 
Maximum Design Load Range; [N or N • m]   *w'" Equation 2 

Similar to the definition of standard deviation, standard error can be used to describe 
the distribution of data points. For example, lse represents 68% of the measured loads 
and moments values, 2se represents 95% of the total measured values and 3se 
represents 99.7% of the overall measured values. 

(1 is the mean of the data set 

H-3se ^-2se ji-lse        n      n+lse H+2se H+3se 

Figure 1. Standard error distribution 

5.2       Coefficient of Multiple Correlation 

The coefficient of multiple correlation, r„ given in Equation 3, indicates how well the 
calibration equation describes the relationship between the outputs of the strain gauge 
balance and each component's loads. It also indicates the ability of the calibration 
equation to estimate the load measured by the strain gauge balance. 

17 



DSTO-TR-0857 

E&,„-tfJ 
—  Equation 3 T- = 

where,   #, is the estimated value of load/moment, 

Hi is the mean of the component's load/moment for all the calibration data, 

Ht is the measured value of load/moment, 

n is the coefficient of multiple correlation 

The range of n is from 0 to 1. If n = 1, it means the correlation between the calibration 
model and the measured calibration data is perfect. 

6 Data Optimisation 

The aim of data optimisation is to improve the accuracy (reduce the scatter) of the 
estimated loads and moments as compared with the measured values. The results 
obtained from the optimisation process should have a high level of practicality. In 
other words, a zero or near zero standard error can be a meaningless representation of 
the accuracy of the calibration model and near zero standard errors could occur if only 
a small number of calibration data points have been sampled. 

In this report, four different optimisation techniques have been used individually or in 
combination to investigate the overall effect of the results of various calibration models 
on the standard errors. 

6.1 'Zero' Data Filter Optimisation 

The function of the 'zero' data filter is to eliminate any values close to zero in the 
calibration data. This may be desirable because close to zero data points may be due to 
background noise instead of the actual loads or moments applied to the balance. This 
filter is applied to the calibration data before the calculation of the calibration 
coefficients. 

6.2 Standard Error Optimisation 

The standard error optimisation identifies potential "outliers", as shown in Figure 2, 
from the calibration data based on the standard error calculated for each individual 
component of the balance. 

18 
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The standard error for each component of the balance must be converted from a 
percentage to the corresponding dimensional unit, h. 

_ set x maximum design load; 

K = 
100 

Hi,p-Hi,p 

where,   b,      is the outlier tolerance, 
8i,p    is the difference between the estimated and measured load / moment, 
Hi,p   is the estimated load / moment, 

Hi■    is the measured load / moment. 

The condition selected for an outlier is: 
8.   >b. 

I,P — i 

In the computer program (see Section 8), if an outlier is found in a line of data (ie. one 
calibration point), the entire data line is eliminated from the calibration coefficient 
calculation. The definition of outliers in a graphical representation is shown in 
Figure 2. 

Hi 
(Measured values) 

• ve + ve 
• Estimated value using calibration 

equation (fall within the outlier 
tolerance) 

■*■ Estimated value using calibration 
equation (fall outside the outlier 
tolerance) 

Range      of     outlier 
tolerance (±bi) 

6.3 

Figure 2. Standard error optimisation - definition of outlier 

Chauvenet's Criterion Optimisation 

After the calibration coefficients are calculated, an outlier elimination process based on 
Chauvenet's Criterion can be applied to the calibration data set to reduce the standard 
error of the results. Chauvenet's Criterion detects and eliminates potential outliers 
calculated by the calibration coefficient matrix [C] through the reverse calibration 
process. (AIAA, 1995) 
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The Chauvenet's Criterion defines potential outliers using the following relations, 

I., = 
The condition selected for an outlier is: 

Hi,P~
Hi,p 

5ip>r-se 

where, T  is  the  Chauvenet's  Criterion,  which  can be  calculated  by  the 
expression: 

where, Ao = 0.720185 Ai = 0.674947 
A2 = -0.0771831 A3 = 0.00733435 
A4 = -0.00040635 As = 0.00000916028 

The above expression is only a curve-fit equation for T using Chauvenet's Criterion for 
N<833,333, where N is the total number of data points used in the data set. 

6.4       Optimised Calibration Matrix With Non-Optimised Calibration 
Data 

In this optimisation technique, a set of optimised calibration coefficients are obtained 
by either the standard error optimisation (see Section 6.2) or the Chauvenet's Criterion 
optimisation (see Section 6.3). A reverse calibration process is then carried out on the 
optimised calibration matrix with the original calibration data set. The aim of this 
optimisation technique is to investigate the relationship between the optimised 
calibration matrix and the entire set of original (non-optimised) calibration data. In 
effect, this shows how well the optimised calibration matrix represents the original full 
data set. 

7 Balance Calibration Models Analysis 

The different balance calibration equations have been investigated using the computer 
program - CALIB (refer to Section 8), which has been developed by the author. The aim 
of the investigation was to identify the accuracy of each individual model based on its 
standard errors (see Section 5.1). 

In the ideal situation, where the strain gauge balance has no interaction between 
different components, a simple first order balance calibration mathematical equation 
can accurately convert the balance voltage output to its corresponding load. 
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In reality, due to the imperfection in balance design, manufacture and deformation 
under load, a certain degree of interaction between components of the balance always 
exists. Hence, a higher order balance calibration mathematical model is required to 
account for the component interaction. There are many ways in which a balance 
calibration model may be defined. This report concentrated on three different models, 
each model being distinct (see Section 2). 

Two sets of calibration data have been used for the analysis. One set consisted of 1886 
data points obtained for the six component Aerotech strain gauge balance, shown in 
Figure 3, now being used at AMRL. Another set of calibration data consisted of 329 
data points for the Collins six component strain gauge balance, shown in Figure 4. The 
aim of using two sets of data of significantly different size is to investigate the effect of 
the size of the calibration data on a particular calibration model in terms of accuracy. 
However, care must be exercised in drawing definitive conclusions about the models 
from only two data sets. A complete set of graphs showing the standard errors for both 
data sets, for each of the models, is provided in Appendix D. 

Figure 3. Transonic wind tunnel six component strain gauge balance designed by Aerotech 
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Figure 4. Collins six component strain gauge balance used in the AMRL low speed wind tunnel 

7.1 Number of Calibration Data Points 

An adequate number of calibration data points are required in order to calculate 
calibration coefficients using least squares regression methods. For example, 
computation of the [H]=[C][R-H] 2nd order 84 coefficient equation with one standard 
error optimisation failed during the reverse calibration process for the Aerotech 
balance (1886 data points), because some of the estimated values calculated using the 
optimised calibration matrix failed to converge after 6 iterations. This behaviour was 
caused by the elimination of a large number of the calibration data points (83% of the 
total number of data points) after the one standard error optimisation process (see 
Section 6.2). This significant reduction in the number of calibration data points caused 
the least squares regression to fail to generate an accurate description of the balance 
behaviour. However, for the 2se and 3se optimisation case, only 21.7% and 5.2% of the 
data have been rejected and the solution converges, (see Figure 12 in Appendix D.3) 

All three models have similar standard error values for the same corresponding order 
of the calibration equation. From the analysis, there is no firm indication that one 
particular model is superior to the others in terms of accuracy (see Appendix D). With 
the 1886 data set, using a higher order equation, such as the 2nd order 84 coefficient 
equation and the 3rd order 96 coefficient equation, the [H]=[C][R-H] and [R]=[C][H] 
models have a slightly lower standard error (=3.64xl0~4%) compared with the 
[H]=[C][R] model. 

In terms of the reverse calibration process, model [H]=[C][R] has the advantage of 
using a simple non-iterative process, which eliminates the possibility of diverging 
reverse calibration results. In the other two models, if the interaction between different 
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components of the balance is relatively large, there is a possibility that an iterative 
reverse calibration process may fail to converge. This may occur when a particular 
voltage output from the balance, has both a positive and a negative force or moment 
for a particular component. 

7.2       Effect of Balance Calibration Equation Order 

As the order of the balance calibration equation increases, the accuracy of the model 
also increases. This is represented by a reduction in standard error for each balance 
component. For example, the standard errors for the [R]=[C][H] model are shown in 
Table 2 and Figure 5. Since each component of the balance has a different degree of 
interaction, the standard error also varies between components. A second order 
definition with 27 coefficients has a significant reduction in standard error, especially 
in components with high interaction behaviour. This is shown by a reduction of 0.385% 
(0.60054% to 0.21562%) in the standard error for the rolling moment component of the 
Aerotech balance, as compared with the first order 6 coefficient equation. A further 
0.075% (0.21562% to 0.14070%) reduction in standard error for the rolling moment 
component is achieved by using the second order 84 coefficient equation, and 0.079% 
(0.21562% to 0.13685%) by using the third order 96 coefficient equation. 

Standard Error [%] 
HX HY HZ HI Hm Hn Average 

6 coeff. 0.43587 0.16990 0.13214 0.60054 0.07482 0.14332 0.25943 
27 coeff. 0.05858 0.11579 0.08537 0.21562 0.06154 0.09877 0.10595 
33 coeff. 0.05654 0.11171 0.08477 0.21083 0.05641 0.09307 0.10222 
84 coeff. 0.05183 0.08053 0.07138 0.14070 0.04497 0.05999 0.07490 
96 coeff. 0.05069 0.07810 0.06969 0.13685 0.04379 0.05900 0.07302 

Table 2. Standard error for the [R]=[C][H] balance calibration model with 1886 data points 

The standard error reduces as the order of the calibration equation increases. As shown 
in Table 2, there is only an average of 0.002% (0.07490% to 0.07302%) improvement in 
standard error between the second order 84 coefficient and the third order 96 
coefficient equation. Although the average improvement in accuracy is low, 
components with a relatively high degree of interaction, such as the rolling moment 
component, HI, achieved a more significant reduction in standard error of 0.004% 
(0.14070% to 0.13685%) for the 3rd order, 96 coefficient equation of the [R]=[C][H] 
model compared with the 2nd order, 84 coefficient equation of the same model. 
Therefore, the use of the 3rd order 96 coefficient calibration equation can further 
improve the accuracy in estimating the load experienced by the balance, in particular 
for components with a high degree of interaction. 

Similar trends for the other models are given in Table 3 and Table 4. 
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-•"" First order 6 coefficient 
equation 

~"~ Second order 27 coefficient 
equation 

— Second order 84 coefficient 
equation 

-*- Third order 33 coefficient 
equation 

-*-Third order 96 coefficient 
equation 

HX HY HZ HI Hm 

Balance Components 

Hn 

Figure 5. Balance Calibration Model: [R]=[C][H] with 1886 data points 

Standard Error [%] 
HX HY HZ HI Hm Hn Average 

6 coef f. 0.43583 0.16990 0.13213 0.60045 0.07482 0.14332 0.25941 
27 coeff. 0.05860 0.11663 0.08537 0.21537 0.06149 0.09848 0.10599 
33 coeff. 0.05665 0.11216 0.08473 0.21040 0.05645 0.09321 0.10227 
84 coeff. 0.05187 0.08055 0.07129 0.14107 0.04508 0.06077 0.07511 
96 coeff. 0.05079 0.07794 0.06952 0.13771 0.04389 0.05986 0.07329 

Table 3. Standard error for the [H]=[C][R] balance calibration model with 1886 data points 

Standard Error [%] 
HX HY HZ HI Hm Hn Average 

6 coeff. 0.43583 0.16990 0.13213 0.60045 0.07482 0.14332 0.25941 
27 coeff. 0.05858 0.11579 0.08537 0.21562 0.06154 0.09877 0.10595 
33 coeff. 0.05653 0.11171 0.08477 0.21083 0.05641 0.09307 0.10222 
84 coeff. 0.05182 0.08045 0.07142 0.14086 0.04499 0.05990 0.07491 
96 coeff. 0.05058 0.07812 0.06966 0.13702 0.04385 0.05893 0.07303 

Table 4. Standard error for the [H]=[C][R-H] balance calibration model with 1886 data points 
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7.3 Balance Calibration Coefficients Calculation 

Both the multivariable regression and Ramaswamy least squares method produced the 
same calibration coefficients. Both methods require matrix inversion at some stage of 
the process, therefore, these methods will fail if the matrix being inverted is a singular 
matrix. Out of the two regression models, the multivariable regression is easier to 
program than the Ramaswamy least squares method. 

7.4 Data Optimisation 

7.4.1 Standard Error Optimisation 

Using the 1886 data set, a reduction in standard errors is achieved by applying the 
standard error optimisation process (see Section 6.2). In all three models, a significant 
reduction in standard error is achieved by applying lse optimisation. The increase in 
the model accuracy is due to the large amount of data being excluded from the 
coefficient calculation process. For the 1886 data set, the standard error optimisation 
process leads to an 85% rejection of data from the original calibration data set. 
Although the standard errors for each component of the model in estimating the 
reduced data set are reduced significantly, the large amount of data being removed 
from the original data set, may lead to a model that does not actually represent the 
balance behaviour. This means that the accuracy in modelling the range of loads may 
be greatly reduced, and the calibration matrix may not be a 'good fit' to the data. 

Although both 2se and 3se optimisation achieve a lower standard error in all 
components with less data points being excluded from the original data set (21.5% for 
2se and 4.4% for 3se rejection of data from the original data set), such criteria, in 
excluding certain data points from the original data set, are not recommended because 
those points being eliminated may represent the actual behaviour of the balance. 

With the 329 calibration point data set, the standard error optimisation technique 
actually increases the standard error of some components of the balance instead of 
decreasing it. It is believed that this is because, with a much smaller set of calibration 
data, the effect of removing data points has a more significant effect on the final results 
compared with a large calibration data set, such as the 1886 data set. 

From these observations, it is recommended that standard error optimisation should 
not be used to increase the accuracy of a particular calibration model because of the 
elimination of data points, which may represent the actual behaviour of the balance. 

7.4.2 Linear Segmentation of Balance Load Range 

The accuracy of the calibration model can be increased significantly if it is applied 
separately within a smaller load range. For example, if the design load range of the 
drag component of a particular balance is ±1000N, instead of using one calibration 
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coefficient matrix to describe the entire load range, separate individual calibration 
matrices could be used for reduced load ranges. This argument is supported by the 
analysis using the 329 data set. Standard errors obtained from the 329 data set are 
much lower than the 1886 data set, and this is because the 329 data set only covers 
loadings from -240N to +240N as compared with the 1886 data set, which covers - 
1000N to +1000N. This would further imply that the size of each smaller load range 
should be selected based on the best degree of linearity of the balance loading 
characteristics within that particular load range. 

As shown in Figure 6, for those regions where the balance's loading characteristic is 
relatively linear, a wider load range can be selected. In the case of non-linear loading 
characteristics, the size of the load range can be reduced to obtain the same level of 
accuracy as in the linear region. The main reason to support this linear segmentation 
method, is because least squares regression methods represent a set of data points 
using a straight line, and if the data points have a non-linear characteristic the least 
squares methods are not able to describe the relationship as accurately. 

[C]20O-5OO [C]50M5O [C]80O-9OO     [C]900-1000 

[CJ65O-800 

Voltage 
output [mV] 

W'      Component 
load [N] 

200 500 650 800   900 1000 

Figure 6. Sub-dividing the design load range of a balance to improve calibration model accuracy 

7A3   'Zero' Data Filter Optimisation 

By eliminating data points which have a value close to zero, no significant effect is 
observed on the standard errors of each calibration model. In fact, the practice of 
eliminating data points which are close to zero, may have a negative effect on the 
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accuracy of the calibration model. This is because a reading close to zero may actually 
be due to the interaction effect of the balance's components and not background noise. 

7.4.4   Chauvenef s Criterion Optimisation 

In comparison with the standard error optimisation procedure (see Section 6.2 and 
Section 7.4.1), Chauvenet's Criterion eliminates an average of 2.2% of data points from 
each original calibration data set while achieving a significant reduction in the 
standard errors for each component of the balance. The maximum standard error 
reduction of 20.5% is achieved in the 1st order 6 coefficient equation as shown in 
Figure 7. (Refer to Appendix D for the results of the Chauvenet's Criterion for various 
order calibration equations.) 

E Without Chauvenet's Criterion 

'With Chauvenet's Criterion 

HX HY HZ HI Hm Hn 

Balance's Component 

Figure 7. Effect of Chauvenet's Criterion on Standard Errors for [R]=[C][H], 1st order 6 
coefficients equation with 1886 data points 

Data points eliminated by Chauvenet's Criterion are purely based on statistical 
analysis with no consideration of the data point's representation of the actual 
behaviour of the balance. Hence, this optimisation technique should be used with care. 
It is recommended that data points removed by Chauvenet's Criterion should be 
documented and reviewed manually to check if some kind of physical and/or 
theoretical correlation is evident. 
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7.4.5   Optimised calibration matrix with non-optimised calibration data 

Using a standard error optimised calibration matrix with non-optimised calibration 
data for the reverse calibration process resulted in a lower accuracy (increase in 
standard errors) compared with the standard error optimised calibration matrix with 
optimised calibration data. This behaviour is due to the optimised calibration matrix 
only being able to accurately estimate the loads and moments for the optimised 
calibration data. If calibration data, other than those within the range of the optimised 
data, is used, the optimised calibration matrix produces inaccurate load estimations. 

Figure 8 and Table 5 show the increase in standard errors when loads and moments are 
calculated from the optimised (lse optimisation) calibration matrix with non-optimised 
calibration data for the [H]=[C][R], 2nd order 27 coefficient equation. Similar behaviour 
is also found in the other calibration models and equations, as shown in Table 6 and 
Table 7. Standard errors from this optimisation technique increase significantly for all 
balance components. 

ä Optimised calibration matrix 
with non-optimised calibration 
data 

1 Non-optimised calibration 
matrix with non-optimised 
calibration data 

■ Optimised calibration matrix 
with optimised calibration data 

HY HZ HI Hm 

Balance Component 

Figure 8. Calibration model: [H]=[C][R], 2nd order equations with 1886 data points 
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Calibration Matrix lse Optimised Calibration 
Data 

Non-optimised Calibration 
Data 

lse optimised 
calibration matrix 

sei 0.03206% sei 0.06598% 

se2 0.05795% se2 0.16158% 

se3 0.04057% se3 0.10531% 

se* 0.11129% se4 0.35291% 

ses 0.02717% ses 0.15965% 

se6 0.04546% se6 0.10913% 

Non-optimised 
calibration matrix 

sei 0.05858% 

se2 0.11579% 

se3 0.08537% 

se4 0.21562% 

ses 0.06154% 

se6 0.09877% 

Table 5. Standard errors for lse optimised calibration matrix with non-optimised calibration 
data for the [R]=[C][H], 2nd order calibration equation with 1886 data points 

Calibration Matrix lse Optimised Calibration 
Data 

Non-optimised Calibration 
Data 

lse optimised 
calibration matrix 

sei 0.03264% sei 0.06421% 

se2 0.05706% se2 0.15216% 

se3 0.04034% se3 0.10593% 

sei 0.11079% sei 0.34769% 

ses 0.02618% ses 0.16481% 

se6 0.04572% se6 0.11289% 

Non-optimised 
calibration matrix 

sei 0.05860% 
se2 0.11663% 

se3 0.08537% 

se4 0.21537% 

ses 0.06149% 

se6 0.09848% 

Table 6. Standard errors for lse optimised calibration matrix with non-optimised calibration 
data for the [H]=[C][R], 2nd order calibration equation with 1886 data points 
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Calibration Matrix lse Optimised Calibration 
Data 

Non- optimised Calibration 
Data 

lse optimised 
calibration matrix 

sei 0.03247% sei 0.06639% 
se2 0.05742% se2 0.15661% 
se3 0.04042% se3 0.10463% 
se4 0.11101% se4 0.34818% 
ses 0.02667% ses 0.16417% 
se6 0.04556% se6 0.11018% 

Non-optimised 
calibration matrix 

sei 0.05858% 
se2 0.11579% 
se3 0.08537% 
se4 0.21562% 
ses 0.06154% 
se6 0.09877% 

Table 7. Standard errors for lse optimised calibration matrix with non-optimised calibration 
data for the [H]=[C][R-H], 2nd order calibration equation with 1886 data points 

For the Chauvenet's Criterion optimisation technique, no significant improvement in 
accuracy was found for the optimised calibration matrix with non-optimised 
calibration data (see Figure 9), compared with the non-optimised calibration results. 
This is because the Chauvenet's Criterion optimised calibration matrix estimates the 
loads only within the optimised calibration data set, and because very few points are 
eliminated, the optimised load data set is similar to the full data set. This behaviour can 
also be observed for other calibration models, as shown in Table 8. 

0.25 

0.15 

0.05 -- 

HX HY HZ HI Hm 

Balance Component 

Hn 

■^Optimised calibration matrix 
with non-optimised calibration 
data 

äNon-optimised calibration 
matrix with non-optimised 
calibration data 

• Optimised calibration matrix 
with optimised calibration data 

Figure 9. Chauvenet's Criterion optimisation for calibration model: [H]=[C][R], 2nd order 
equations with 1886 data points 
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Calibration Matrix Chauvenet's Criterion 
Optimised Calibration Data 

Non-optimised Calibration 
Data 

[R]=IC][H], 2nd order, 27 coefficient equation                                     1 

Chauvenet's Criterion 
optimised calibration 

matrix 

sei 0.05862% sei 0.05858% 
se2 0.11711% se2 0.11579% 
se3 0.08546% se3 0.08537% 
se4 0.21672% sei 0.21562% 
ses 0.06168% ses 0.06154% 
se6 0.09957% se6 0.09877% 

[H]=[C][R], 2nd order, 27 coefficient equation 

Chauvenet's Criterion 
optimised calibration 

matrix 

sei 0.05866% sei 0.05860% 
se2 0.11798% se2 0.11663% 
se3 0.08548% se3 0.08537% 
se4 0.21654% set 0.21537% 
ses 0.06161% ses 0.06149% 
se6 0.09918% se6 0.09848% 

[H]=[C][R-H], 2nd order, 27 coefficient equation 

Chauvenet's Criterion 
optimised calibration 

matrix 

sei 0.05862% sei 0.05858% 
se2 0.11713% se2 0.11579% 
se3 0.08546% se3 0.08537% 
sei 0.21674% se4 0.21562% 
ses 0.06168% ses 0.06154% 
se6 0.09956% se6 0.09877% 

Table 8. Standard errors for Chauvenet's Criterion optimised calibration matrix with optimised 
and non-optimised calibration data for the 2nd order calibration equation with 1886 data 
points 

In summary, it is recommended that the optimisation techniques described in this 
report should be used with utmost care, and if any, Chauvenet's Criterion, provides 
the best results without degradation in the ability to represent the actual balance 
behaviour. 

8 CALIB - The Computer Program 

A computer program, written in the C and X/Motif programming languages has been 
developed for use in the wind tunnels at AMRL. The aim of the computer program is 
to allow effective and efficient analysis of various balance calibration mathematical 
models, and to enable real-time conversion from balance voltage output to the 
corresponding load experienced by the balance during wind tunnel tests. 
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8.1       Program structure 

A modular programming structure was used to ensure a high level of flexibility in the 
code. The advantages of such a structure ensures minimum modification of the existing 
data acquisition code if a new balance calibration model is integrated into the current 
data acquisition system. For example, a third order regression method for balance 
coefficient calculations can be added easily to the existing code as an individual 
function, and this would not require any modification to the existing code. A flow 
chart for the program CALIB is given in Section 8.3. 

All variables used in the program are stored in a data structure, hence the code can be 
easily integrated with the current data acquisition system. 

8.2       Program operation 

The program requires a balance calibration data input file which must be in the format 
of {Hi H6, Ri Rö} and a balance design load range input file, listing the 
maximum design load range for a particular balance under investigation (see 
Appendix B.l and B.2 for samples of these data input files). 

A data output file shown in Appendix B.3 is generated by the program. It contains 
details of the calibration model, optimisation details, the balance calibration 
coefficients, standard errors and the coefficient of multiple correlation. 

The graphical user interface (GUI) (see Appendix C) provides a user friendly 
environment for the end users. The GUI clearly lists all the available options in a single 
window, and users may select the calibration equation and appropriate options for the 
analysis. 
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8.3       CALIB's Flow Chart 

c START 

User input 
' - determine which functions of 
CALIB should be activated 

3 
act modelt) 

Activate     /     deactivate 
functions of CALIB 

Calibration data input file 
- contains calibration data 

rfilef) 
Transfer calibration data 
into corresponding arrays 

Balance design load 
range data input file 

rfile2() 
Transfer balance design load 
range into corresponding array 

Balance design load 
range data input file 

11 

dataoutf) 
Output calibration data from the corresponding 
arrays (for checking purposes) 

filtert) 
Eliminate all close to zero data 
points, range defined by user 

Calibration data output 
file 

V ¥ W 

33 



DSTO-TR-0857 

(CALIB'sflow chart contd) 

This part of the flow chart represents the calculation of the calibration coefficients and reverse 
calibration for model: [H] = [C][R-H] (6,27,84, 33, 96 coefficients) 

1 
RR modeim 

Create  the   array  for  [C] 
calculation for [H]=[C][R-H] 

leastsauareK) 
Perform multivariable 
regression to calculate [C]. 

Ieastsauare2 1() 
Perform     Ramaswamy's 
LS to calculate [C]. 

rev calibK) 
Perform reverse calibration 
using [C]. 

> 

gaussif) 
Perform matrix inversion using Gauss- 
Jordan elimination with full pivoting 

Ä 
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(CALIB'sflow chart contd) 

This part of the flaw chart represents the calculation of the calibration coefficients and reverse 
calibration for model: [R] = [C][H] (5, 6,20,27,84,33,96 coefficients) 

RR mode\2() 
Create the  array for  [C] 
calculation for [R]=[C][H] 

leastsauareU) 
Perform multivariable 
regression to calculate [C]. 

Ieastsauare2 2() 
Perform     Ramaswamy's 
LS to calculate [C]. 

rev calib2() 
Perform reverse calibration 
using [C]. 

> 

gauss/7) 
Perform matrix inversion using Gauss- 
Jordan elimination with full pivoting 

V 
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(CALIB'sflow chart contd) 

This part of the flow chart represents the calculation of the calibration coefficients and reverse 
calibration for model: [H] = [C][R] (5, 6,20,27, 84,33, 96 coefficients) 

1 
RR model3() 

Create  the  array for  [C] 
calculation for [H]=[C][R] 

leastsauareK) 
Perform multivariable 
regression to calculate [C]. 

Ieastsguare2 3() 
Perform     Ramaswamy's 
LS to calculate [C]. 

rev calib3() 
Perform reverse calibration 
using [C]. 

3- 

aaussU) 
Perform matrix inversion using Gauss- 
Jordan elimination with full pivoting 
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(CALIB'sflow chart contd) 

statisticf) 
Perform statistical analysis on 
the accuracy of the calibration 

coeffO 
Print out all the results to an 
output file 

I 
Calibration data output 

file 

c STOP J 

optimisef) 
Perform   standard   error   (1se/2se/3se) 
outlier elimination on the calibration data 

dataouU) 
Output calibration data 
from the corresponding 
arrays (for checking 
purposes) 

chauveneU) 
Perform   Chauvenefs   Criterion 
elimination on the calibration data 

outlier 

Calibration data output 
file after S.E. Optimisation 

dataoutf) 
Output calibration data 
from the corresponding 
arrays (for checking 
purposes) 

W 
Calibration data output 
file after Chauvenefs 
Criterion Optimisation 
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(CALIB'sflow chart contd) 

W 

statisticf) 
Perform statistical analysis on 
the accuracy of the calibration 

coefff) 
Print out all the results onto 
an output file 

rev calibH) 
Perform reverse calibration 
using [C] with non-optimised 
calibration data for 
[H]=[C][R-H] 

rev calib2() 
Perform reverse calibration 
using [C] with non-optimised 
calibration data for 
[R]=[C][H] 

rev calib3f) 
Perform reverse calibration 
using [C] with non-optimised 
calibration data for 
[H]=[C][R] 

statisticf) 
Perform statistical analysis on 
the accuracy of the calibration 

coefff) 
Print out all the results to an 
output file 

c STOP } 

Calibration data output 
file 
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9 Conclusion 

All three calibration models have very similar behaviour in terms of accuracy. As the 
order of the calibration equation increases, so too does the accuracy of the estimated 
forces and moments. A small, but insignificant improvement in accuracy was found 
between the second order (27 coefficients) and third order (33 coefficients) calibration 
equations. The small difference between these second and third order results may 
primarily be due to background interference rather than actual balance component 
interaction. A significant improvement in accuracy was found by using the 2nd order 84 
and 3rd order 96 coefficient balance calibration equations. 

Although a significant improvement in accuracy can be achieved by various data 
optimisation techniques, it is recommended that data optimisation techniques which 
require the elimination of calibration data should not be used. This is because those 
data points being eliminated may actually represent the true behaviour of the balance. 
The results obtained from the optimised calibration matrix with the non-optimised 
calibration data set show a reduction in accuracy of the estimated loads. This is due to 
the inability of the optimised calibration matrix to estimate the loads for those 
calibration data points which were eliminated during the optimisation process. Of the 
optimisation techniques presented, Chauvenet's Criterion is the most suitable as it 
provides a reduction in standard error by eliminating a minimum number of data 
points. 

To avoid the elimination of calibration data points whilst aiming to achieve a high level 
of accuracy for the calibration model, it is suggested that the calibration matrix should 
only cover a sub-divided load range within the balance design load range. This would 
lead to the use of more than one balance calibration matrix to cover the required load 
range of the balance. 

Due to the nature of the least squares regression methods, an adequate number of 
calibration data points should be provided for the calculation of the calibration 
coefficients. It was found that the reverse calibration method might fail to converge if 
an inadequate number of calibration data points were provided. 

The computer program, CALIB, allows an efficient and effective way to apply various 
calibration equations described in this report with different combinations of data 
optimisation techniques. This flexibility allows the user to select the most appropriate 
order of the calibration equation and data optimisation technique based on the test 
requirements. 
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Appendix A  Balance Calibration Models 

A complete list of all the balance calibration mathematical models are listed below, 
where i = 1... 6 (unless otherwise specified). 

A.1    Calibration Model: [R] = [C][H] 

A.1.1  First order, 6 component equation with 6 coefficients 

R, = C,XH, + CiaH2 + C,3^3 + CiAH4 + C„5tf5 + C,6tf 6 

A.1.2 First order, 5 component equation with 5 coefficients 

Ri = Ci,2H2 + Ci,3H3 + CiAH4 + Ci,SH5 + Ci,6H6 

where, f = 2...5 

A.1.3  Second order, 6 component equation with 27 coefficients 

Ri = Ci,lH\ + Ci,2H2 + Ci,3H3 + CiAH4 + Ci,5H5 + Ci,6H6 

+ CiMHl +Ci,22H2 + Ci,33H3 +CiMH4 +Ci55H5 +Ci66H6 

+ Ci,l2HlH2 + Ci,\3H\H3 + Ci,UH\H* + Ci,\5HlH5 + Ci.\6H\H6 

+ ^i.23^2^3 + ^i.24^2^4 + Q,25^2^5 + Q.26^2^6 

+ Ci34H3HA + Ci35H3H5 + Ci36H3H6 

+ CiA5H4H5 + CiA6H4H6 

+ Ci,56H5H6 

A.1.4  Second order, 5 component equation with 20 coefficients 

Ri = Ci,2H2 + Ci,3H3 + CiAH4 + Ci,5H5 + Ci,6H6 

+ Ci,22H2   +Ci,33H3   +CiMH4   +Ci55H5   +Ci66H6 

+ Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2H6 

+ Ci,34H3H4+Ci,35H3H5 + Ci,36H3H6 

+ CiA5H4H5 +Ci,46H4H6 

+ Ci,56H5H6 

where, f = 2...5 
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A.1.5 Third order, 6 component equation with 33 coefficients 

Ri = Ci,\H\ + Ci,2H2 + ^i,3H3 + Ci,4H4 + C«\5#5 + Ci,6H6 

+ Ci,UHl    +Ci,22H2   + Ci,33H3   + Ci,44H4   +Ci,55H5   +Ci,66H6 

+ CinHlH2 + Cil3HtH3 + CiUHxH4 + CiX5HlH5 + Cil6HlH6 

+ Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2H6 

+ Ci,34H3H4+Ci,35H3H5+Ci,36H3H6 

+ Ci,45H4H5 + Ci,46H4H6 

+ Ci,56H5H6 

+ ^-(,Ul-"l   + C-1,222"2   +^-i,333-"3   +^i,4U"4   +^-/,555"5  ^im"(> 
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A.1.6  Second order, 6 component equation with 84 coefficients 

R, = CiXHx + C,2H2 + CJi3H3 + C,4H4 + Ci5H5 + C„H6 

+ C/,|l| \H\ I+ C«,|2| \H21 + C/,|3| F*31 + Ci,|4| |#41 + C/,|5| \H 5 \ + Ci,\6\ \H6 \ 

+ C,UHX
2 + C,22ff 2

2 + C,33tf3
2 + C^tf 4

2 + Ci55H 5
2 + C,66tf 6

2 

+ C,1|1|tfJ//1| + C,2|2|/^ 

+ C,I2ff, Jf 2 + CU3ff ,ff 3 + CiMHxH, + CiA5H,H5 + C^H.H, 

+ Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2H6 

+ CiMHiH4 + Ci,35H3H5 + Ci.36HiH6 

+ Ci,45H4H5+Ci,46H4H 6 

+ Ci,56H5H6 

+ Ci,\l2\ l^l^l + Ci,|l3| l^l^l+ C,\|14| l^l^l + C/,|15| Fl^l + C/,|16| F 1^61 

+ C;,|23| \H2H3\ + Ci,\24\ \H2H4\ + Ci\25\ F 2^51 + Ci,\26\ \H2H6\ 

+ Ci,|34||H3^4| + C/,|35||//3^5| + <::i,|36||//3^6| 

+ C;,|45| \H4H51 + C;,|46| \H4Hf> | 

+ C/,|56| \H5H61 

""" C*i,l|2|jH^l|J^2|~'" ^/.ilSi^^^ll^^^al-1- C'/.l|4|J?^l|jHr4l-f* C'rMl5|jH!ri|Är5|-+- ^M|6|^^11^^61 

+ Ci,2\i\Hl\Hl\ + C/,2|4|^2|^4| + Ci,2\5\H 2^ s\ + Ci,2\(\H 2^ *\ 

+ Ci,3\4\H 3^1 + QslSl^sl^sl + Ci,l\6\Hi\H(\ 

+ Ci,MH*\H5\ + CiA(\H4^i 6 

+ C/,5|6|ff5F6| 

+ C'i,|l|2|firi|^2 + Ci\p\Hl\H3 +C,Ml|4|^l|flr4 +Ci,|l|5|^l|^5 +^116^11^6 

+ C^\s\H2\H3+Ci]l2\4\H2\H4+Ci,\2\5\H2\H5+Ci\2\6\H2\H6 

+ Ci\3,\4\Hl\H4 + Ci,\3\s\H3\H5 + Ci,\i\6\H3\H6 

+ C;,|4|5|^4|^5 + Cl\4^H^H6 

+ C/,|5|6|^5|^6 
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A.1.7  Third order, 6 component equation with 96 coefficients 

R, = CJIX + CiaH2 + Ci3H3 + CIAH4 + CU5H5 + CIJSH6 

+ C>,|l| F*lI + C«,|2| \H21 + C/,|3| \H31 + C/,|4| \H41 + C;,|5| \H 51 + Ci,\6\ \H6\ 

+ CiMHl + Ci,22H2 + Ci,33H3 +CiMH4 +Ci55H5 +Ci66H6 

+ Ci,\\l\Hl\Hl | + Ci,2\2\H2\H21 + Ci,p\Hs\Hs\ + Ci,4\4\H4\H*\ + Ci,S\5\Hs\Hs\ + C;,6|6|^6F ö| 

+ CinH}H2 + C,. 13H1//3 + CiUHlH4 + CiXSHlH5 + Cil6HxH6 

+ Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2H6 

+ Ci,34H3H4 + Ci,35H3H5 + Ci,36H3H6 

+ Ci,45H4HS + Ci,46H4H6 

+ Ci,56H5H6 

+ Ci\\2\ \H\H21 + Ci\X3\ \H\Hl\ + Ci,|l4| |#1#J + C/,|15| l^l^l + C,\|16| \H\H6\ 

+ Ci\24\ F 2#41 + Ci\25\ \H2H51 + C.J26J ^2^61 

+ C/J35| \H3H51 + C/,|36| \H3He\ 

+ Q|23|F2^3 

+ C,\|34||#3#4 

+ Ci.\45\\H4H5 

+ Ci,\56\\H5H6 

+ Ci,l\2\Hi\H2\ 

+ ^i.2\3\^2\^3 

+ Ci,3\4\H3\H4 

+ Ci,4\5\H4\H5 

+ Ci,5\6\Hs\H6 

+ Ci,\p\Hl\H2 +C,Jl|3|^l|^3 +C/,|l|4|flri|flr4 + Ci,\i\5\Hl\H5 + Ci,\l\6\Hl\H6 

+ Ci\2\3\H2\H3 + Ql^F^I^ + Ci\l\s\H 2^5 + Ci^6\Hl\H6 

+ Ci^\H3\H4 + Ci,\3\s\H3\H5 + Ci,\3\6\H 3^ 6 

+ CH4\5\H4\H5+Ci,\4\6\H4\H6 

+ Ci.\5\6\H5\H6 

+ Ci,UlH\    +Ci,222H2    +C;,333#3    +Ci444H4    + C, 555H s  C/666 + H 6 

+ Ci\4(,\H4H6\ 

+ Ci,\\3\H\\H3\ + Ci,\\4\H\\H4\ + Ci,\\5\H\\H5\ + Ci,\\6\H\H6\ 

+ Q^^F^I + Ci,2\5\H2\Hs\ + Ci,2\^Hl\HA 
+ Ci,3\5\H3 \H51 + ^,-,3161^31^61 

+ C,,4|6|^4|^6| 

+c 1,111 
H, + C, ,,222 #0 +c /',333 H, + C 1,444 HA + C, ,-,15551 

H< + C ,',666 
H< 
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A.2    Calibration Model: [H] = [C][R] 

A.2.1  First order, 6 component equation with 6 coefficients 

Hs = C,,*, + CiaR2 + Ci3R3 + CiARA + Ci5R5 + C,6R6 

A.2.2 First order, 5 component equation with 5 coefficients 

if,. = Ci2R2 + Ci3R3 + C,A + Ci5R5 + C,6R6 

where, i = 2... 5 

A.2.3  Second order, 6 component equation with 27 coefficients 

H, = CiAR, + Ci2R2 + C,3R3 + C, A + Ci5R5 + CU6R6 

+ Ci,URl    +Ci,22R2   + Ci,33R3   +Ci,UR4   + Ci,55R5   + Ci,66R6 

+ C^R^ + CiA3RxR3 + Ct MRXRA + C,.il5/?,Ä5 + C^R^ 

+ ^i,23R2R3 + Ci,24R2R4 + Ci,25R2R5 + Ci,26R2R6 

+ Ci34R3R4 + Ci35R3R5 + Ci36R3R6 

+ CiA5R4Rs + Ci46R4R6 

+ Ci56R5R6 

A.2.4  Second order, 5 component equation with 20 coefficients 

Hi = Ci,2R2 + Ci,3R3 + Ci,4R4 + Ci.5R5 + Ci,6R6 

+ Ci,22R2   + Ci,33R3   +CiMR4   +Ci,55R5   +Ci,66R6 

+ Ci,23R2R3 + Ci,24R2R4 + ^i,25R2R5 + Ci,26R2R6 

+ CiMR3R4 + Ci35R3R5 + Ci36R3R6 

+ C<A5R4R5 + Ci,46R4R6 

+ Ci,56RSR6 

where, f = 2...5 
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A.2.5  Third order, 6 component equation with 33 coefficients 

Ht = C,A + CL2R2 + C,3/?3 + CiAR4 + C,5/?5 + Ci6R6 

+ Ci,URl    + Ci,22R2   + Ci,33R3   + Ci.UR4   +Ci55R5   +Ci66R6 

+ CinRxR2 + C^R, + C,14i?,/?4 + C^R, + C^R, 

+ Ci23R2R3 + Ci2AR2R4 + Ci25R2R5 + Ci26R2R6 

+ Ci,34R3R4 + Ci,35R3R5 + Ci,36R3R6 

+ Ci,45R4RS + Ci,46R4R6 

+ Ci,56R5R6 

+ Ci,U\Rl   +Ci,222R2   + Ci,333R3   + C,\444Ä4   + £«,555^5 C,\666^6 
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A.2.6  Second order, 6 component equation with 84 coefficients 

H, = C,A + Ci2R2 + C,3/?3 + Ci4R4 + C,5/?5 + C,6R6 

+clfl|^|+clW^|+clHW+clM|^4|+cJW|ÄI|+clW|^| 

+ Ci,UR\2+Ci,22R2   + Ci,33R3   +CiMR4   +Ci,55R5   +Ci,66R6 

+ Ci,\\\\R\\R\\ + Ci,2\2\R2\R2\ + Q^l^l^l + £,-,4141^4 W + C,\5|5|*5|*5| + C/,6|6|*6|*6| 

+ CiX2RxR2 + CiX3RxR3 + CiX4RxR4 + CiX5RxR5 + CiX6RxR6 

+ Ci23R2R3 + Ci24R2R4 + Ci25R2R5 + Ci26R2R6 

+ Ci34R3R4+Ci35R3R5+Ci36R3R6 

+ Ci45R4R5 + Ci46R4R6 

+ Ci,56R5R6 

+ Ci.\l2\ |*l*z| + Ci,\l3\ \R\R3\ + C«,|14| |*1*4|+ CfJlSl |*l*s| + C;,|16| 1*1*61 

+ Ci,\23\ 1*2*31 + Ci\2A\ \R2R4\ + Ci]2S\ 1*2*51 + C,j26| 1*2*61 

+ Ci.\34\ 1*3 *J + C;,|35| 1*3*51+ Ci,|36| 1*3*61 

+ C;,|45| 1*4*51 + C/,|46| 1*4*61 

+ C/,|56| 1*5*61 

+ C/,l|2| *11*21+ C.\l|3| *11*31 + C/,l|4|*l 1*41 + C,U|5| *11*51 + C;,l|6| *11*61 

+ ^,2131*21*31 + C/,2|4|*2|*4| + ^S^W + C/.2|6|*2|*6| 

+ C,,3|4|*3|*4| + Ci,3|S|*3|*5| + Cu^^l 

+ ^/,4|5| *41*51 + C,\4|6| *41*61 

+ C,,5|6|*5|*6| 

+ Ci,|l|2|*l|*2 +^|l|3|*l|*3 +C/,|l|4|*l|*4 +Ci,|l|5|*l|*5 +C,^l|6|*l|*6 

+ C;,|2|3l*2|*3 + C,-,|2|4|*2|*4 + C;,|2|5|*2|*5 + C/,|2|6|*2|*6 

+ C;,|3|4|*3|*4 +C/,|3|5|*3|*5 + C;,|3|6|*3|*6 

+ C;,|4|5|*4|*5 + C,J4|6|*4|*6 

+ C/,|5|6|*s|*6 
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A.2.7  Third order, 6 component equation with 96 coefficients 

H, = C,,/?, + Ci2R2 + C,3i?3 + CiAR4 + C,5tf5 + C,6R6 

+ C/,|l| \Rl I + C«,|2| 1^21 + Ci,\3\ \R31 + Ci,|4| \R41 + C;,|5| |^S1 + Ci,\6\ \R6 \ 

+ CiMRl +Ci,22R2 + Ci,33R3 +Ci,44R4 +Ci,55R5 +Ci,66R6 

+ C,M|l|ÄlFl| + C.\2|2|Ä2r2| + Q^I^KI+ C,-,4|4|Ä4|Ä4|+ Ci,5\S\R5 \R5 \ + Ci,6\6\R6\R6\ 

+ Cil2RxR2 + C^R^i + C^R^ + C^Rfis + C, 16i?,/?6 

-"1,23 "2"3 + C; „A,/?,   + C; ^R-,RA + C; ^R-,R^   + C^jgÄjÄg 

+ C. URORA + C. icRiR* + C, «i?,i?fi 

'i,24"2"4 

'i,34"3"4   '  ^i,35R3R5 

+ CiA5R4R5+Ci<46R4R6 

'i,2S"2"5 

'i,36R3R6 

+ Ci56R5R6 

+ Ci,\l2\ 1^1 ^21 + C.-Ji3| \R1R11+ Ci\l4\1^1*41 + Ci,\l5\ 1^51 + Ci,\l6\ \R\R6 \ 

+ Cill24\\R2R4\ + Ci,\25}\R2R5\ + Ci)l26\\R2R6\ 

+ C/,|35| \R3RS |+ C/,|36| \R3R6 \ 

+ Ci,\46\\R4R6\ 

+ Ci,p\Rl \R31 + C,M|4|Rl \R41 + C/,l|5|Rl \RS I + Ci,l\6\Ri \R6 \ 

+ Ci,2\4\ R2 \R41 + Ci,2\5\ R2 \R5 \ + Ci,2\6\ R2 \R61 

+ C/,3|5| R3 \R51 + C;,3|6| R3 \R61 

+ CiA4R*\R*\ 

+ Ci,\23\\R2R3 

+ C,-,|34||Ä3Ä4 

+ Ci,\45\\R4R5 

+ Ci,\56\\R5R6 

+ Ci,l\2\Rl\R2\ 

+ C/,2|3|Ä2|^3 

+ Ci,3|4|^3|Ä4 

+ Ci,4\5\R<l\R5 

+ Ci,5\6\Rs\R6 

+ C",\|2|3|Ä2|Ä3 +C/,|2|4|jR2K + ^sW^; + ^öKl^e 
+ C/,|3|4|Ä3|Ä4 +C,,-,|3|s|^3|Ä5 + C,\|3|6|Ä3|Ä6 

+ Ci,\4\5\R4\R5+Ci]l4\6\R4\R6 

+ Ci,\5\e\Rs\R6 

+ Ci,lUR\   +Ci,222R2   + Ci,333R3   + Ci, 444^4   +Ci,555R5   +Ci,666R6 

+c 
I-Jlll V + ^;,|222| s,3 +

 ^i,|333| */ + ^,|444| *; + ^/,|555| «/ + ^.-.|666| Ks 
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A.3    Calibration Model: [H] = [C][R-H] 

A.3.1 First order, 6 component equation with 6 coefficients 

Hi ~ Ci,\RR\ + Ci,2RR2 + Ci,3RR3 + CiARR4 + Ci,5RR5 + Ci,6RR6 

A.3.2  Second order, 6 component equation with 27 coefficients 

Hi = Ci,\RRl + Ci,2RR2 + Ci,3RR3 + CiARR4 + Ci,5RR5 + Ci,6RR6 

-(ciMH2 + C,22H2
2 + C,33tf3

2 + C,44tf4
2 + C,55ff5

2 + CmH2) 

-{c,nHxH2 +C,13H1//3 +C,14tf,tf4 +CwHlH5 +CmH1H6) 

~ \Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2H6 ) 

~ (C,,34#3#4 + Ci,35H3H5 + Ci,36H3H6 ) 

~ KCiA5H4H5 + Ci,46H4H6 ) 

-\Ci,56H5H6) 

A.3.3  Third order, 6 component equation with 33 coefficients 

Hi ~ Ci\RR\ + Ci,2RR2 + C/,3R^3 + CiARR4 + ^",,5X^5 + ^,,6X^6 

"(pijl^l    + C,\22#2    + C.,33#3   +ClMH4   +Ci,55H5   +Ci,66H6   ) 

~ {CiMHiH2 + CinHxH^ + CiUH1H4 + Cil5HxH5 + Cil6HlH6) 
_ \Ci,23H2Hi + Ci24H2H4 + Ci25H2H5 + Ci26H2H6) 

~ (^,,34^3^4 + Ci,35H3H5 + Ci36H$H6 ) 

~ \CiA5H4Hs + Ci46H4H6 ) 

-{Ci,56H5H6) 

-\Ci,mHx +Cia22H2 +C,.333if3 + Ci444H4 +Ci555H5 +Ci666H6 ) 
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A.3.4  Second order, 6 component equation with 84 coefficients 

Hi = Ci,lRR\ + Ci,2RR2 + Ci,3RR3 + Ci,4RR4 + Ci,5RR5 + Ci,6RR6 

- {qpi+C,2|tf 2|+C,3|tf3|+CiA\H4\+CjH5\+C,6\H6\) 

-{C^H'+C^H'+C^H
2

 + CiMH4
2+C,55H5

2+C,66H6
2) 

- \Ci,l\l\Hl\Hl\ + C/,2|2|#2|#2| + Ci,p\H3\H3\ + Ci,4\4\H4\H4\ + Ci,5\5\Hs\Hs\ + Ci,6\6\H&\Höl) 

-\Ci,nHlH2+Ci,\3HlH3 + Ci,UHlH4 +Ci,l5HlH5+Ci,l6HiH6) 

~ \Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2H6 ) 

~ \Ci,34H3H4 + Ci,35H3H5 + Ci,36H3H6 ) 

~ (Ci,45H4H5 + Ci,46H4H6 ) 

~ (Ci,|l2| 1^1^21 + ^/,|13| l^l^l + C,J14| \H\H^ + C,-,|15| \H\ H51 + C/,|16| \H\HM 

_l^i,|23|P2^3 

I+ C/,|35| \H3H5\ + C;,|36| |^3^e| j 

\ + Ci\4<,\H4H6\) 

+ Ci\24\ |# 2 # 41 + CM25| |#2#51 + C/J26| |#2#61 j 

~(Ci,\34\\H3H. 

-\Ci,\45\\H4H: 

-\Ci,\56\\H5H6V 

-\Ci,p\Hl\H 

-\Ci.2\3\H2\H 

-\Ci.3\4\H3\H 

~\Ci,4\5\H4\H: 

~\Ci,5\6\H5\H6\) 

~ (Ci,\l\2\Hl\H2 +Ci.\l\3\Hi\H3 + CHty\Hl 1^4 +Ci,\l\s\Hl\H5 +Ci,\l\6\Hl\H6 ) 

~\Ci,\2\3\H2\H3+CH2\4\H2\H4+Cili2\5\H2\H5 + Ci\2\e\H 2^ 6) 

-\Ci,\3\4\H3\H4 +Ci,\3\s\H3\H5 + Ci\3\f\H l\H 6) 

~ lC/,|4|5 \H4|#5 + C,-j4|61^41#6 j 

-Klslel^sl^eJ 

+ C;,i|3|#iW + Ci,\\4\H\n4\ + C/.ilsl^il^sl + C'ulel^il^elJ 

+ C/,2|4|^2|^4| + Ci,2\5\H2\H5 | + C,^H2\H6\) 

+ Ci,3\5\H3\Hs\ + CU3\<\E3\HS) 

+ C,\4|6|#4|#6|J 
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A.3.5  Third order, 6 component equation with 96 coefficients 

Hi = CUÄÄj + Ci2RR2 + CiiRR3 + CiARR4 + Ci5RR5 + Ci6RR6 

-(C,.JHJ + C,2|//2| + C,3|i/3| + C,4|H4| + C,5|H5| + C,6|//6|) 

- (C,M1^12 + Ci,22H2   + Ci,33H32 + CiMH*2 + Ci.55H5   + Ci,66H6   ) 

~ \Ci,i\\\H\\Hi\ + Cii\2\H 2^2! + C,^H3\H3\ + C. 4|4|//4|//4| + C. 5|5|#5|#51 + Cft6)fi|H6|H6|J 

~ \Ci,23H2H3 + Ci,24H2H4 + Ci,25H2H5 + Ci,26H2He) 

~ \Ci,34H3H4 + Ci,35H3HS + Ci,36H3H6 ) 

~ \Ci,45H4H5 + Ci,46H4H6 ) 

-\Ci,56H5H6) 

" VC«,|i2| l^i^l + C/,|i3| l^i^sl + C/,|i4| l^i^l + C.jisl l^i^sl + Qliöll^i^elJ 

~ lC«,|23||^2^3| + Ci,\24\\H2Hi\ + C/J^F^sl + C;,|26||ff2ff e|J 

_ lC/,|34| |^3^4| + C/,|35| \H3H5 \ + Ci,\3^ \H3H6\) 

~ \Ci]45\\H4H51 + C,-,|46|\H4H6\) 

~^fHS^\H 5H6\) 

~ Kl^lW + Ci,p\Hi\Hl\+ Ci,l\4\H\\H*\ + Ci,l\5\Hl\Hs\ + C,\l|6|#l WJ 
_ \£i,2\3\H2\H31 + C/,2|4|H2\H4\ + Ci,2\5\H2\H5\ + C;,2|6|^2\H61J 

_ lC;,3|4|^3|^4| + Ci,l\5\H3\Hs\ + C/,3|6|^3|^6|) 

_ lC,',4|5|^4|^5| + Ci,4\qH4\H6\) 

-\Ci.5\6\H5\H6\) 

-\Ci\p\Hi\H2+Ci]ip\Hl\H3+Ci\\\4\H\\H4+C^\5\Hl\H5+Ci^6\H\\H6) 

~l^|2|3|^2|^3 +C/,|2|4|^2|^4 +C^|2|5P2F5 +C/t|2|6|flr2F6 j 

_ K^l^l^ + Ci,\3\s\H3\H5 + CHH6\H3\H6) 

~ (Ci,\4\s\H4\H5 + C^öW^Ö ) 

-Klslel^sl^ej 

~\Ci,UlHl   +^i,222^2   +Q,333^3   + C,\444#4   + ^",,555^5   + C/,666^6   I 

"IQllllI ^1 +c ,|222| //, +c, J333| #, +c i,444 ^ +c. '•555 H5\ + Ci^\H6 ) 
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Appendix B   Program Input / Output Listings 

B.l     Data Input File Sample - Subset of the 1886 data points 

Huio\mconcoinNinu>«^inhr^HN(nHOOHU)mfnoo^(Jioo^^h^My)LnnHnricoi£tn.a)inH 
^inOOiUIWONHN «flrtö'Ln miHO«-(ONWOCN t-TCh CO     •     • © CO © VO ,CD(N0\lflNCs'0V<Y)\0!»\0^,UlWOUl 
04Om»~iOeha\©<N©OOOOOOOOOOr-l.i-lrHOOO©     • O C*-. CO OT a\ p* VD in ^ m t> ^" UV03 VO ID. f) m CN 
CS     '(NMCNnHOl  O     'r-4rHrH»H»-lTHtHf-H. T-trHP40J     • Ol d N OJ OJ 

« O 000 0©OOOOOOOOOOD©        O O  
O  OOOOOO II ©oo©ooooo©©©  ooooo 

ojcop»^r^ooeoertcrvrHo>cnfHrn-roco-coa)rncocouiwtHwinuiiHr4ror^c^ 
Mr^MCftTHtHintHfneor^r*cocoo6p--c*-i>a>corH«)cocococooo   ■(D^meoHPjPiciooMmciirupvoooHr.os 
Ch Cfl CK r-T Cn <Tt 'OY m OX TH r-t r-t tH p-T tH «-( tH rH »-1 W     •i-tHHHHHOe0(hHC0»0\m0\00WH»0» <7\ OS CO <h 00 CO 
r-li-li-l     • r-t t-l r-t fl i-f    J* O     •     •     *     *     •     *    I   rl H     • H H H rf H rt H     'drlrliHHHHH 

«   •   • ©   -    ■   *   •   ■a©ooo©o©©oo   I © ooooo        ■   • o o   ■  
©©OIOOOOOI  I  1  I  I  II  I  I  I  I    I  I  I  I  I  I   OO I OOOOOOOt OOOOOOOO 

I    I   I I   I I   1 I   1   I I   I ! I    1 

^<^VOC0W**^mC0eTV(r>OvC'-r0C0*)'C0\OU> 
^^^U)voHa3mN^HHo^^^^^^o^»HHOlnulHom^n^^tncoc^lnro^n^^p»«J•wtflnrt 

r-.-* onvDoHffl^HOHrlHooc>.ooH«oc^»chcomeoooeocoo«*^no^'J'NU)olrl^ooNr1ÖH 
COOOOrHtHrHtHOr-ti-(r-lr-lr-lr-4T-4rHrHi-IOOOOOOOOOCO     ■ n(*) O r) N«ON ON « N M O Nnfl 
OOOOOO O O • * OOOO • O O O -OOOOOO • © O © 
 • • -OOOOOOOOOOOOOOOOOOOO •   • • © • • • ©  o • ■ ■ 
ßoooooooot                                        O  OOOOOO OOOOO IOOO 

1 I   1   I   I   I   I I   I I I   I   I 

r-l ^tHeO^O^^VOOOMOMnAOCA^COCftCOTH«) 
minvor^r^cn^voc©Me*mcor^t^©Or*©rotn©Hco\Deoör*h-^o*vo:CN^ 

«vo^Jn^voooNeo.NHHH^^^^lJ^^^co^^^^opwoc^onln^o^o^^r^l.c^o,*voc^clc^^|lnco 
t^ehcocooverirHMtHcn   «oJOJCSoirNcac^CNW^THrH^HtM^NWcOTHoaTHCioim^tn^m^ 

OOOOO     TIHOO     •     •     *     ' »H     -t-li-lr-lt-lT-irHeH«HH OOOOOO©     - 
„   ".   »   '.    .    -o    •    -    -lOOOOOOOOOOOOOOOOOO    -o *    *    ■    •    -    • o 
>*OOOOOIOOO    I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  lOIOOOOOOOOOOOOOOOOi 

I   I   1   I   I        \   I   I I       I   I   I   I   I   I   I   I   I   t   I   I   I   I   I   I 

lD^HHffvHooln^öHn^o^ooN^o«)^na)wmn^ocftH^TJ"^tocoulco<^H^^^ttttlHH^(OHco 
co m r- m N'mc**»vowin\ovo,vDU»,^voiD'^vO'\evavoh-vo,c^»^t^HOHHHeoooi-tve'r<««^i»stnh' m 
rH(NrHCNJCN^^^t^oj05r,)c>acjrgoji>3Noacncftcrieh<hmo\cn   -VDC^COCO co eo oo \D coco coin in in in tn in in m 
OOOO OOOOO    * t-. OWO \D \£> \D KDM>     .\&\o\o\o\o\0\D\OT&y&\D 
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B.2     Balance Design Load Range Input File 

# This file contains the balance loading range for the Aerotech 
# balance 
# ============================================================= 
# All unit are in N/Nm 
# 
# Axial (X) 

1000 
# 
# Side (Y) 

2000 
# 
# Lift (Z) 

5000 
# 
# Roll (L) 

100 
# 
# Pitch (M) 

300 
# 
# Yaw (N) 

150 
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B.3     CALIB's Output File 

# This data output file is generated by program: calib 
# ==================================================== 

# Balance Calibration model: AMRL's first order calibration equation 
ft Model equation: 
ft R = Cl-HX ♦ C2*HY + C3*HZ * C4*H1 + CS*Hm * C6*Hn 

ft No. of calibration coefficients: 6 
# Mathematical regression model used: Multivariable regression 

# Tolerance in the original [H] measurements: 0.000% 
# Tolerance in the original [R) measurements: 0.000% 

# 'Zero data point(s) • filter KOT ACTIVATED 

# Optimisation for outlier(s) elimination: NOT ACTIVATED 

ft Chauvenefs Criterion for outlier(s) elimination: NOT ACTIVATED 

ft The calibration data input file contains 1886 data points. 

* Balance calibration Coefficients (Transposed) 

* HX HY 
C01 9 .S6131564e-03 1. ,54069253e-06 
C02 -1 .11586112e-0S 6. ,77280604e-03 
C03 -3 .559896206-05 1. .388571306-05 
C04 4 .6765S411e-04 1. .030053636-03 
COS 6 .46963845e-04 3, ,04742113e-06 
C06 8 .21138210e-04 -2. .831885246-04 

HZ 
-1.71699722e-0S 
7.101061266-05 
3.241904476-03 

-5.753492676-04 
2.500768146-04 
1.00852295e-05 

HI 
-3.71443729e-06 
-3.18480774e-05 
6.99404024e-05 
9.30475144e-02 
6.49532542e-04 
2.84751339e-04 

Hm 
9.26901859e-07 
-4.449414896-06 
-1.64403613e-05 
1.03809403e-03 
3.9722S368e-02 
8.74790649e-04 

Hn 
-2.37977230e-05 
8.73411563e-05 
-6.03888326e-06 
-1.350767316-02 
1.18080339e-04 
7.42214482e-02 

ft Normalised Balance calibration Coefficients (Transposed) 

It 
C01 
C02 
C03 
C04 
COS 
CO 6 

HX 
l.OOOOOOOOe+00 
1.167058136-03 
3.723228416-03 
4.89111989e-02 
6.766473046-02 
8.58812993e-02 

HY 
2.27482157e-04 
1.00000000e+00 
2.05021566e-03 
1.520866876-01 
4.499495656-04 
-4.181258446-02 

HZ HI 
■5 ,29626097e-03 -3. .99197907e-0S 
2 .190398066-02 -3. .42277573e-04 
1 .0000000064-00 7 .51663307e-04 

■1 .774726166-01 1 .000000006*00 
7 .713885966-02 6 .98065442e-03 
3 .110896566-03 3 .060278848-03 

Hm 
2.333440756-05 
-1.120123556-04 
-4.138799446-04 
2.613362886-02 
1.000000006+00 
2.202252736-02 

Hn 
-3.206313486-04 
1.176764386-03 
-8.136304806-05 
-1.81991505e-01 
1.59091936e-03 
1.00000000e+00 

ft Sensitivity Matrix «   
ft 
C01 
C02 
C03 
C04 
C05 
CO 6 

9.561315646-03 
0.000000006*00 
0.000000006*00 
O.OOOOOOOOe+00 
0.00000000e*00 
0.000000006*00 

HY 
O.OOOOOOOOe+00 
6.77280604e-03 
0.00000000e*00 
O.OOOOOOOOe+00 
O.OOOOOOOOe+00 
0.000000006*00 

HZ 
O.OOOOOOOOe+OO 
0.000000006*00 
3.241904476-03 
0.000000006+00 
O.OOOOOOOOe+00 
O.OOOOOOOOe+00 

HI 
O.OOOOOOOOe+00 
O.OOOOOOOOe+00 
O.OOOOOOOOe+00 
9.30475144e-02 
0.000000006*00 
0.000000006*00 

Km 
0.000000006*00 
0.000000006+00 
O.OOOOOOOOe+00 
O.OOOOOOOOe+00 
3.972253686-02 
O.OOOOOOOOe+00 

Hn 
O0000000e+00 
00000000e*00 
.000000006+00 
OOOOOOOOe+00 
OOOOOOOOe+00 
422144826-02 

#  
ft Standard Errors 
t  
# HX HY 

0.43587058%     0.16990011% 

«  
# Coefficient of multiple correlation „  
# HX HY 

0.99993341      0.99998672 

HZ 
0.13213621% 

HI 
0.60054345% 

Hm 
0.07482476% 

Hn 
0.14332177% 

HZ HI Hm Hn 
0.99999345 0.99992707 0.99999778 0.99999451 
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Appendix C   Computer Program's Graphical User 
Interface (GUI) 

Running CALIB provides the user with the following window: 
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By clicking Select Model ,   a   separate   window   containing   all   the   available 

calibration equations will appear as shown below. 

CALIB (Version 1.0) 

CALIB - Strain Gauge Balance Calibration 

Calibration Model: (Please select a calibration model) ISelect Model 

 [H] - [C][R-H]  
1. [H]=[C][R-H]: First order calibration equation (6 coeffs.) 

Regrei  2   [H]=[C][R-H]: Second order calibration equation (27 coeffs.) 
ft' Mil  3. [H]=[C][R-H]: Second order calibration equation (84 coeffs.) 

I 4. rH1=rC][R-H]: Third ordei calibration equation (33 coeffs.) 

Tint 
T..„J [R] = tC][H]  

6. [R]=[C][H]:   First order calibration equation (6 coeffs.) 

Pick a calibration model 

2 S.E. Optimisation 

3 S.E. Optimisation m De-Activate Reverse Optimisation 

Waiting for command 

After all the selections have been made, the program will begin the analysis by clicking 
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After the program has successfully finished the computation, a separate window will 
appear on top of the original window, indicating the computation is completed. 

CALIB (.Version I.Oj 

CALIB - Strain Gauge Balance Calibration 

Calibration Model: [> 

Data Input File: 

■ definition K 

(Default data inputfile: load.dat) !SeL--. 

Result Output File:      (DefaultCALIB output file: coeff.outi       Iselectdata output file 

Activate 'zero' data points filter Zero'filter range [%l 

Regression model for Calibration Coefficients Calculation: 

9' Multivariable Regression ("' Ramaswamy's Least Square Method 

l~ Introduce tolerance into the 
Tolerances in measured R and F 
dCR): I 

Optimisation Configuration 

§» No Optimisation 

" i s.E. Optimisation 

Thank you tor using CALIB 

2 S.E. Optimisation 

3 S.E. Optimisation 

[C] Matrix Computation Using Optimised Data 

■:'"" Activate Reverse Optimisation 

; De-Activate Reverse Optimisation 

Results outputed That': 
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Appendix D  Graphs 

D.l    Calibration Model: [R]=[C][H] (1886 calibration data set) 
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Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points 
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Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points (cont'd) 
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Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points (cont'd) 
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Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points (cont'd) 
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Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points (cont'd) 
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D.2    Calibration Model: [H]=[C][R] (1886 calibration data set) 
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Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points 
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Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points (cont'd) 
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Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points (cont'd) 
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Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points (cont'd) 
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Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points (cont'd) 
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D.3    Calibration Model: [H]=[C][R-H] (1886 calibration data set) 
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Figure 12. Balance Calibration Model, [H]=[C][R-H] with 1886 data points 
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Figure 12. Balance Calibration Model, [H]=[C][R-H] with 1886 data points (cont'd) 
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Figure 12. Balance Calibration Model, [H]=[C][R-H] with 1886 data points (cont'd) 
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Figure 12. Balance Calibration Model, [H]=[C][R-H] with 1886 data points (cont'd) 

72 



DSTO-TR-0857 

D.4    Calibration Model: [R]=[C][H] (329 calibration data set) 
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Figure 13. Balance Calibration Model, [R]=[C][H] with 329 data points 

73 



DSTO-TR-0857 

0.07 

0.06 

_. 0.05 

g   0.04 
HI 

%   0.03 c 
to 

0.02 

0.01 ?*&\z- 
HX HY HZ HI Hm 

Balance's Component 

c. 2se Optimisation 

Hn 

■ First order 6 coefficient 
equation 

■Second order 27 
coefficient equation 

"Second order 84 
coefficient equation 

"Third order 33 coefficient 
equation 

"Third order 96 coefficient 
equation 

§   0. 
HI 

E 
•O    0. 
c « 

0.07 

0.06 

0.05 

.04 

03 

i.02 

1.01 2^5 
HX HY HZ HI Hm 

Balance's Component 

d. 3se Optimisation 

Hn 

" First order 6 coefficient 
equation 

■ Second order 27 
coefficient equation 

"Second order 84 
coefficient equation 

"Third order 33 coefficient 
equation 

"Third order 96 coefficient 
equation 

Figure 13. Balance Calibration Model, [R]=[C][H] with 329 data points {cont'd) 
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Figure 13. Balance Calibration Model, [R]=[C][H] with 329 data points (cont'd) 
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D.5    Calibration Model: [H]=[C][R] (329 calibration data set) 
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Figure 14. Balance Calibration Model: [H]=[C][R] with 329 data points 
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Figure 14. Balance Calibration Model: [H]=[C][R] with 329 data points (cont'd) 
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Figure 14. Balance Calibration Model: [H]=[C][R] with 329 data points (cont'd) 
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D.6    Calibration Model: [H]=[C][R-H] (329 calibration data set) 
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Figure 15. Balance Calibration Model: [H]=[C][R-H] with 329 data points 
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Figure 15. Balance Calibration Model: [H]=[C][R-H] with 329 data points (cont'd) 

80 



DSTO-TR-0857 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 
^^F 

HX HY HZ HI Hm 

Balance's Component 

Hn 

■ First order 6 coefficient 
equation 

■Second order 27 
coefficient equation 

"Second order 84 
coefficient equation 

"Third order 33 coefficient 
equation 

"Third order 96 coefficient 
equation 

e. Chauvenet's Criterion Optimisation 

Figure 15. Balance Calibration Model: [H]=[C][R-H] with 329 data points (cont'd) 
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D.7    5 Component Calibration Model: [R]=[C][H] (1886 calibration 
data set) 
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Figure 16. 5 component calibration model: [R]=[C][H] with 1886 data points 
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D.8    5 Component Calibration Model: [H]=[C][R] (1886 calibration 
data set) 
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Figure 17. 5 component calibration model: [H]=[C][R] with 1886 data points 

83 



DSTO-TR-0857 

84 



DSTO-TR-0857 

DISTRIBUTION LIST 

Comparison and Analysis of Strain Gauge Balance Calibration Matrix Mathematical 
Models 

Sunny Yin Fat Leung 
Yoel Y. Link 

AUSTRALIA 

DEFENCE ORGANISATION 

S&T Program 
Chief Defence Scientist 1 
FAS Science Policy r shared copy 
AS Science Corporate Management J 
Director General Science Policy Development 
Counsellor Defence Science, London (Doc Data Sheet only) 
Counsellor Defence Science, Washington (Doc Data Sheet only) 
Director General Scientific Advisers and Trials and Scientific Adviser Policy and 

Command (shared copy) 
Navy Scientific Adviser (Doc Data Sheet and distribution list only) 
Scientific Adviser - Army (Doc Data Sheet and distribution list only) 
Air Force Scientific Adviser 
Director Trials 

Aeronautical and Maritime Research Laboratory 
Director 

Chief of Air Operations Division: CGuy 
Research Leader: N. Pollock 
Head: N. Matheson (3 copies) 
Author(s): S. Leung (3 copies) 

Y. Link (3 copies) 

G. Ainger I. Amott 
D. Carnell J. Clayton 
C. Edwards L. Erm 
B. Fairlie M. Glaister 
A. Gonzalez S. Lam 
P. Malone H. Quick 
R. Toffoletto 

DSTO Library and Archives 
Library Fishermens Bend 

85 



DSTO-TR-0857 

Library Maribyrnong 
Library Salisbury (2 copies) 
Australian Archives 
Library, MOD, Pyrmont (Doc Data sheet only) 
Library, MOD, HMAS Stirling 

Capability Development Division 
Director General Maritime Development (Doc Data Sheet only) 
Director General Land Development (Doc Data Sheet only) 
Director General C3I Development (Doc Data Sheet only) 
Director General Aerospace Development (Doc Data Sheet only) 

Intelligence Program 
DGSTA Defence Intelligence Organisation 

Corporate Support Program (libraries) 
OIC TRS, Defence Regional Library, Canberra 
National Library of Australia, 1 copy 
Officer in Charge, Document Exchange Centre (DEC)  (Doc Data Sheet and 

distribution list only) 
*US Defence Technical Information Centre, 2 copies 
*UK Defence Research Information Center, 2 copies 
*Canada Defence Scientific Information Service, 1 copy 
*NZ Defence Information Centre, 1 copy 

University and Colleges 

Australian Defence Force Academy 

Adelaide 
Flinders 
LaTrobe 
Melbourne 
Monash 
Newcastle 
New England 
Sydney 
NSW 
Queensland 
Tasmania 
Western Australia 
RMTT 
University College of the Northern Territory 

Library 
Head of Aerospace and 
Mechanical Engineering 
Barr Smith Library 
Library 
Library 
Engineering Library 
Hargrave Library 
Library 
Library 
Engineering Library 
Physical Sciences Library 
Library 
Engineering Library 
Library 
Library 
Library 

86 



DSTO-TR-0857 

Other Organisations 
NASA (Canberra) 
AGPS 

Prof. Dipl-Ing. Bernard Ewald, Darmstadt University of Technology, Germany 
Robin Galway, RobGal Aerotest Consulting, Ottawa, Canada 
David Coulton, ARA Ltd, UK 
Ron Law, Defence Evaluation Research Agency, Bedford, UK 
Michael Levkovitch, IAI Engineering Division, IAI, Israel 
Brandon Pae, Aero System Engineering, USA 
Paul Roberts, NASA Langley Research Center, USA 

Abstracting and Information Organisations 
INSPEC: Acquisitions Section Institution of Electrical Engineers 
Engineering Societies Library, US 
Documents Librarian, The Center for Research Libraries, US 

Information Exchange Agreement Partners 
Acquisitions Unit, Science Reference and Information Service, UK 
Library - Exchange Desk, National Institute of Standards and Technology, US 

SPARES (5 copies) 

Total number of copies:        80 

87 



Page classification: UNCLASSIFIED 

DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION 
DOCUMENT CONTROL DATA 1. PRIVACY MARKING/CAVEAT (OF 

DOCUMENT) 

2. TITLE 

Comparison and Analysis of Strain Gauge Balance Calibration 
Matrix Mathematical Models 

3. SECURITY CLASSIFICATION (FOR UNCLASSIFIED REPORTS 
THAT ARE LIMITED RELEASE USE (L) NEXT TO DOCUMENT 
CLASSIFICATION) 

Document 
Title 
Abstract 

(U) 
(U) 
(U) 

4. AUTHOR(S) 

Sunny Yin Fat Leung and Yoel Y. Link 

5. CORPORATE AUTHOR 

Aeronautical and Maritime Research Laboratory 
PO Box 4331 
Melbourne Vic 3001 Australia 

6a. DSTO NUMBER 
DSTO-TR-0857 

6b. AR NUMBER 
AR-011-051 

6c. TYPE OF REPORT 
Technical Report 

7. DOCUMENT DATE 
August 1999 

8. FILE NUMBER 
Ml/9/666 

9. TASK NUMBER 
98/179 

10. TASK SPONSOR 
RDI 

11. NO. OF PAGES 
101 

1Z NO. OF 
REFERENCES 
7 

13. Internet Addresss (URL) of PDF Version 

http://www.dsto.defence.gov.au/corporate/reports/DSTO-TR-0857.pdf 

14. RELEASE AUTHORITY 

Chief, Air Operations Division 

15. SECONDARY RELEASE STATEMENT OF THIS DOCUMENT 

Approved for public release 

OVERSEAS ENQUIRIES OUTSIDE STATED LIMITATIONS SHOULD BE REFERRED THROUGH DOCUMENT EXCHANGE, PO BOX 1500, SALISBURY, SA 5108 
16. DELIBERATE ANNOUNCEMENT 

No Limitations 

17. CASUAL ANNOUNCEMENT Yes 
18. DEFTEST DESCRIPTORS 

Strain gauges, Calibration, Wind tunnels, Matrices, Computer programs 

19. ABSTRACT 

The construction, comparison and analysis of three distinct strain gauge balance calibration matrix 
models with various orders of the calibration equations was conducted. The aims of the investigation 
were to identify the accuracy of the three different calibration matrix models and to analyse their 
behaviour with different data optimisation techniques. A computer program written in the C and 
X/Motif programming language has been developed to analyse the matrix models. Two different least 
squares methods and four optimisation techniques have been implemented within the software. The 
accuracy of each calibration model is evaluated using two statistical estimation methods. It was found 
that all three balance calibration models had similar behavior in terms of accuracy. The accuracy of the 
equation in estimating the loads experienced by the balance increases as the order of the calibration 
equation increases. 

Page classification: UNCLASSIFIED 


