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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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Balance Calibration Matrix Mathematical
Models

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

I:C ] Approximated calibration coefficient matrix

H Applied load matrix

H; Applied load reading of i" component

Hip The estimated load/moment of the i component for the pt

calibration data point

H. The measured load/moment of the i component for the pt
" calibration data point
[R] Voltage output matrix

Voltage output reading of it" component

Axial force component

Side force component

Normal force component

Rolling moment component

Pitching moment component

Yawing moment component

Standard error of the calculated load /moment (dimensionless)
The difference between the estimated and measured load/moment
Chauvenet’s criterion

CEBBETNRXD

sel; Standard error (with dimensional unit)
7 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 27 order 84 coefficient calibration equation and the 3+ order 96
coefficient calibration equation achieved a significant reduction in standard error
compared with the 2nd order 27 coefficient and the 3¢ 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 3t 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: '

L. [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 Model
Order of Number of [R] = [CI[H] [H] = [CI[R] | [H]=[CJ[R-H]
Equation Components
Ist 5 5 coefficients 5 coefficients
6 6 coefficients 6 coefficients
2nd 5 20 coefficients | 20 coefficients
6 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] = [CI[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:

[Rl=[c]H]

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.

Ri = Ci.lHl + Ci,ZHZ + Ci,3H3 + Ci.4H4 + CI,SHS + Ci,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.

R = Ci,sz + Ci.3H3 + Ci,4H4 + Ci.SHS + C"»GH‘S
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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R =C, H +C,H,+...+CH
+C H +C ppHy +. 4 CH
+C,HH,+C ;HH,+...+C HH(
where,i=1,...,6
2.1.2.2 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.
R =C,H,+C H,+...+C H
+C;poH," +C3yHy ...t C o H
+C xH,H,;+C, ,,H,H, +.....+C,  H H
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.

R =C, H, +C H,+...+C, H,

+Coyy|Hil+ Cypg|Ho|+ oo C g | H|

+C HE+CopHy e+ CrgoH

+ C,.JMH1|H1| + C,.'2[2|H2|H2|+ ...... + C,.,6|6,H6|H6|
+C,,HH,+C, ;HH, +....+C,  HH
+Cp |H.H,|+ Copy | Ho H |+t CijsqlHsHo|
+ C oy Hi|Ho |+ Cyyy H[Ho |+ oo+ C, gy H|H
+ CyppoHilH + Cypy [ HH oot C [ H | H

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.

R =C H +C ,H,+...+C (H
+Co H +C o H) 4+ C o H
+C ,HH,+C ;HH,+...+C HH
3 3
+CoynH,  +CoppHy et C g Hg
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 =C,H +C,H,+....+C,¢H
+Cpy|Hi|+ Cypy | Ho| + ot Copg | Ho|
+C H +C o ppHy et G H
+C,yy HH |+ C oy HolHo |+ oooec+C g H [ H |
+C, o, HH, +C, s H Hy + ...+ C, i HHg
+Cypoy[HyHo |+ Coppg |[H H [+ oot o |[HH |
+C, | H |+ CoyyH |H,|+..... + C, g H | H |
+ Cpyl Hi|H + Copyo|[ HL|H + oo C | H [ H g
+C i H +CigHy vt C g H
+Cpny |Hl3]+ Ci,lmlIH 23|+ ...... +Cyee |H 63|

where,i=1,...,6
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2.2 MODEL 2: [H] = [CII[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]=[CIR]

2.2.1 First order equations

2.2.1.1 First order, six component equation: 6 coefficients

H, =C R +C R, +C;3R, +C, yR, + C, ;R +C, Ry
where, i=1,...,6
2.2.1.2 First order, five component equation: 5 coefficients
- H, =C,,R,+C,;R,+C, ,R,+C, ;R +C (R,
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
H,=C, R +C,,R, +....+ C, (R,
+C R +C R, .+ C RS
+C 1, RR, +C, ;R R +......+ C, R R,

where, i=1,...,6

2.2.2.2 Second order, five component equation: 20 coefficients

+C;R,” +C 3R, ..o+ C, (R
+C, 3 RR, +C, R R, +......+ C, R R

where, i=2,...6
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2.2.2.3 Second order, six component equation: 84 coefficients
H,=C, R +C,R,+....+C (R,
+Cy R+ Cipg| Ry |+ -ovveat €y |R|
+C R +C R+t GRS
+CRIR |+ CpyRo|Ro| + oot C g Re|Re]

22|
+C,,RR, +C,;RR; +......+ C, 5 R R
* Ci,|12[ |R1R2| + Ci,|l3| |R1R3‘ Foeenes + Ci,|56| IR5R6|

+C,ya R |Ro|+ C, g R Ry + vt €, g Rs|Re|
+CpyalR|R, +Cpys R Rs + oo+ 5| RS R
where, i=1,...,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
H,=C, R +C,,R, +....+C R,

+C R +C R, .t C RS

+C,,RR,+C, ;R R, +.....+ C, R R

3 3 3
+C,.'mR1 +Ci.mR2 +oeeen + C,.'666R6

where, i=1,...,6
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2.2.3.2 Third order, six component equation: 96 coefficients
H,=C, R +C,,R,+....+ C, (R,

+Cyy IR|+ Cipy R,|+......# Cuyg |R]
+C, R +C, R+ +C, RS
+ C,.J|]|R1]Rll+ Coap Ry|R,|+ ...t C.,6[6|R6!R6|
+C, ,RR,+C, ;RR, +.....+ C,  RR¢
+Cp|R R |+ Cpiy |R R+ oo+ C 5 | RS R
+C,yyRIR, |+ C g R|Rs |+ ovvss 4 €y Rs| R |
+Cya R R, + Cpys | RRs + v C | R R
+C R +Copn R et C RS
+ Ci,lmllRls +C,p |R23| et G |R63 I

where, i=1,...,6

23  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,]RRl + Ci,ZRRZ + Ci,3RR3 + Ci,4RR4 + Ci,SRRS + Ci.6RR6

where, i=1,...,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
H;=C, xR +C; s Ry +......+ C;  R¢
(CoH +CopHy oo+ CoggH )
~(C,pHH, +C o H\H,y + et C 55 H H)

where, i=1,...,6

2.3.2.2 Second order equation: 84 coefficients

- (Ci,lll]H |+ Cooy H|H |+ ot C gg H o[ H 6|)
_(C'.lele +Ci,13H1H3 tone +Ci.56H5H6)

—(Cpa |+ Cp LB et G L)
- (Ci,l|2|H1|H2| + Ci,l|3|H1|H3l Foonen. + Ci,s]6[H5|H6|)
CopalFolH + €y B H + ot C gl HE)
where, i=1,...,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
H;=C;pR +C,ppR, +......+ C, o R

(Co B +C pHy ot CoieH )
~(C,H,H, +C,\;H\H, +.....+C, scHHy)
—(CornH +CoppHy + oot CrgieH )

where, i=1,...,6
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2.3.3.2 Third order equation: 96 coefficients

( CoH2+C pH, +..... +C,.,66H62)
(Co HH + €y HH | . +C,gqHolHd)
(c HH,+C, H H,+...+C  HH,)

il

(
(,,”H +C,mH - +C,.‘666H63)
-c.

where, i=1,...,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 34 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 34 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 this 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:

Rl.l R2,l R3,1 R4,1 RS,I R6,1

R1,2 R2,2 R3,2 R4,2 R5,2 R6,2

[R]= Rl,3 R2,3 R3.3 R4'3 Rs,s Rs,s

_RL ’ R, ’ R,, R, ’ R ’ R, » |
Hu H2,1 H3,1 H6,13
H 1,2 H 2,2 H 32 7 H 6,23
[H]'_‘ H,, H2,3 H3,3 Hé,s3
_Hl,p H2,p H3.p Hﬁ,P3_

Note: the size of matrix [H] depends on the complexity of the calibration model. For
example, in the 3w 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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0D
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]

31 C4,1 C5,1 C6.1

0
a
~

O
e
a
D

[é]: Cis C,s G, Css Cs, Css

L C1,666 C2,666 C3.666 C4. 666 C5.666 C6,666 i

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

el= (=T =) [T [R]

3.2 Ramaswamy Least Squares Method

The mathematical expression of the 3 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,=Y|C.H,, +C i, , +C o H, , +++ CygeH, — R, [ where i=1,...6.

6p

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

z [Ci,lHl,p + Ci,ZHZ,p + Ci,3H3,p teeet Ci,666H6,p3 - Ri,p ] Hl,p =0
z [Ci,lHI.p +C,H,,+C H;  ++ Ci,666H6,p3 -R,, ] H,,6=
Z [Ci,lHl,p + C;,sz,p + Ci,aHs,p +eet Ci,666H6,p3 - Ri,p ] H3,p =0

z [Ci,lHl,p + Ci.ZHZ.p + Ci,3H3,p +eeet Ci,666H6.p3 - Ri,p ] H6,p3 =0

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

licl=[el'[4]

where,

12
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i ZHLPHLP EHLPHZP ZHI-PHM ZHLPHG.p3 ]
ZHMHLP ZHZPHLP ZHZ,pHS»p ZHZ,pHG';
[E]= ZHMHLP zHlpHZF ZHllep ZHS.pHG,p3
_zHele,p zHé'psHlp ZH&psHs,p sz,psHa,:_
| ZHLPRI.F ZHLPRZP ZHLP-RlP ZHLPRM 7
2H2,pR1vp zHZ.pRZ»p zHZ.pRM ZHLPRGJ’
[A]= ZHMRLP ZHM R2,p ZHWR“ ZHlPRG,P
,2H6,P3Rlvp ZHG.paRM 2H6,P3R3,p 2H6,p3R6,p i

Cl A CZ.] C3,1 C4,l CS.] C6.l

1,2 C2,2 3,2 4,2 5.2 6,2

[C] = Cl,a C2,3 C3,3 C4,3 Cs,s C6,3

__Cl,666 Coess Ciess Casss  Csees Cs,ess_

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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41 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=[c1]F]+[c2]G]

where, [C1] 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]=[C1]'{[F’]-[c2]G]}
[Fl=[c1}*[F]+ [p]G] where, [D]=-{c1]" [c2]}
In the first iteration, it is assumed there is no interaction between components of the

balance, so that;
[Fl=[F]=[c1]'[F] --Step 1

In the second iteration and onwards, the interactions between components are taken
into consideration in the reverse calibration process. The true loads pairs matrix [G1]
can be calculated using the [F1] matrix.

[F]=[F,]=[F]+[P]G,] - Step 2

For further iterations, step two is repeated,
[F]=[F]+[p]G,] - Step 3

In general form, the reverse calibration process can be written as,
[F,]=[F}+[P]G...]

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.

42 Model 2: [H] = [CI[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
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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 Model 3: [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:
| [#)=[c1]R]-[c2]A"]
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]),
[C1] 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;

[#,]=[c1]R]

In the second iteration, the value of [H"’] is obtained from [Hi]. -
[a#,]=[c1IR]-[c2]H"]

In general form: H, |=[c1]R]-[c2]H", ]

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.

44  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 2 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
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The following example demonstrates a six component calibration coefficient matrix for
a five component balance calibration equation.

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

Cl C2 C3 C4 C5 c6
Hy '1 00000 _____ 0.00000 0.00000 0.Q0000Q 0.00000___ _._._ QOQDQO,__E ]
H, 'o 00000 1 6.77281e~3  1.38834e-5  1.03006e-3  3.04363¢-6 -2.83162¢—4
H,, [{0.00000! : 7.09958¢~5  3.24193¢-3 -5.75365¢-4 2.50119¢-4 9.79163¢—6
H, [i0. 00000; 1-3.18513¢—5  6.99459¢-5 9.30475¢—2 6.49542¢—4 2.84688¢-4

'000000' 1—444862e 6 -1.64417¢—5 1.03809¢—3 3.97225¢-2 8.74806e—4
000000':873207e 5 —6.00392e—6 -1.35077e—2 1.18139e—4 7.422104e-2

m

aniiias

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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Equation 1

where,  f 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,
Rip is the measured pt component of the strain gauge balance output,

I’é,., , is the calculated (approximated) force or moment component,
sel; 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 Egquation 1 is divided by the corresponding balance component’s
maximum design load. Hence,

o = Standard Error, (se1, )[N or N-m]
 Maximum Design Load Range;, [N or N- m]
Similar to the definition of standard deviation, standard error can be used to describe
the distribution of data points. For example, 1se 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.

*x100% Equation 2

 is the mean of the data set

.
. H
] [}
. H
1 1
1 ]
N .
1 1
. .
1 )
o .

i - ‘ i X
p-3se p-2se p-1se B p+lse p+2se p+3se
Figure 1. Standard error distribution
5.2 Coefficient of Multiple Correlation

The coefficient of multiple correlation, 7;, 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
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i(ﬁi,p -H, )2

Lp
p=l

r. =

i

N Equation 3

A — N A
S@, -7, +>E,-1,,]

p=l p=l

A

where, H, , is the estimated value of load/moment,
H_',., , is the mean of the component’s load /moment for all the calibration data,

H, , is the measured value of load/moment.
ri  is the coefficient of multiple correlation

The range of i is from 0 to 1. If i = 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, bi.
b, = S€i X maximum design load,
' 100

8,=H., -1,

ip

where, b; is the outlier tolerance,

8y is the difference between the estimated and measured load / moment,
Hj, is the estimated load / moment,

A

H,, is the measured load / moment.

The condition selected for an outlier is:

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) ® Estimated value using calibration
-ve +ve equation (fall within the outlier
tolerance)
« i > ‘-.; i % Estimated value using calibration
'@ ! equation (fall outside the outlier
1 1
E . .i tolerance)
i ; Range of outlier
§ o o i / tolerance (+b;)
Y
* e !

Figure 2. Standard error optimisation — definition of outlier

6.3 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,

9. =|Hi,p —H,-,,,I
The condition selected for an outlier is:
8,27 se
where, 7 is the Chauvenet’s Criterion, which can be calculated by the
expression:
5 .
= ZA.' [ln(N)]
i=0
where, Ao =0.720185 A1 =0.674947

A, =-0.0771831 A; =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] 27d 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 24 order 84 coefficient
equation and the 3+ order 96 coefficient equation, the [H]=[C][R-H] and [R]=[C][H]
models have a slightly lower standard error (=3.64x107%) 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

22




DSTO-TR-0857

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 HIl 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, Hl, achieved a more significant reduction in standard error of 0.004%
(0.14070% to 0.13685%) for the 3 order, 96 coefficient equation of the [R]=[C][H]
model compared with the 27 order, 84 coefficient equation of the same model.
Therefore, the use of the 3t 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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Figure 5. Balance Calibration Model: [R]=[C][H] with 1886 data points
Standard Error [%]
HX HY HZ HIl Hm Hn Average
6 coeff. | 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 Hl 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 1se 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

25




DSTO-TR-0857

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

7.4.3 ‘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

T
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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 Chauvenet’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 1t 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.)

0.7

0.6

0.5

0.4 T DOwithout Chauvenet's Criterion

0.3 T Bwith Chauvenet's Criterion

Standard Error [%]

0.2 T

0.1 T

HX HY HZ HI

Balance's Component

Figure 7. Effect of Chauvenet’s Criterion on Standard Errors for [R]=[CI[H], 1+t 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 (1se optimisation) calibration matrix with non-optimised
calibration data for the [H]=[C]{R], 2" 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.

0.4

0.35

Optimised calibration matrix
with non-optimised calibration
data

0.3

0.25

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

0.2

0.15

Standard Error [%)]

B Optimised calibration matrix
with optimised calibration data

0.1 7

Z

.
N\
N\
\
\
\

N TN

Balance Component

Figure 8. Calibration model: [H]=[C][R], 27 order equations with 1886 data points
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Calibration Matrix 1se Optimised Calibration | Non-optimised Calibration
Data Data

1se optimised se1 0.03206% se1 0.06598%
calibration matrix se2 0.05795% se2 0.16158%
se3 0.04057% se3 0.10531%
se4 0.11129% ses 0.35291%
ses 0.02717% ses 0.15965%
S€s 0.04546% €6 0.10913%
Non-optimised . = se1 0.05858%
calibration matrix s€2 0.11579%
ses 0.08537%
ses 0.21562%
ses 0.06154%
ses 0.09877%

Table 5. Standard errors for 1se optimised calibration matrix with non-optimised calibration
data for the [R]=[CI[H], 2 order calibration equation with 1886 data points

Calibration Matrix 1se Optimised Calibration | Non-optimised Calibration
Data Data

1se optimised se1 0.03264% se1 0.06421%
calibration matrix sez 0.05706% se2 0.15216%
ses 0.04034% ses 0.10593%
ses 0.11079% ses 0.34769%
ses 0.02618% ses 0.16481%
s5€6 0.04572% ses 0.11289%
Non-optimised se1 0.05860%
calibration matrix sez 0.11663%
ses 0.08537%
se4 0.21537%
ses 0.06149%
ses 0.09848%

Table 6. Standard errors for 1se optimised calibration matrix with non-optimised calibration
data for the [H]=[CI[R], 2 order calibration equation with 1886 data points
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Calibration Matrix

1se Optimised Calibration

Non-optimised Calibration

Data Data
1se optimised se1 0.03247% se1 0.06639%
calibration matrix ) 0.05742% se2 0.15661%
se3 0.04042% ses 0.10463%
se4 0.11101% seq 0.34818%
ses 0.02667% ses 0.16417%
Ses 0.04556% S€s 0.11018%
Non-optimised se1 0.05858%
calibration matrix sez 0.11579%
ses3 0.08537%
seq 0.21562%
ses 0.06154%
ses 0.09877%

Table 7. Standard errors for 1se optimised calibration matrix with non-optimised calibration

data for the [H]=[C][R-H], 20 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.
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Figure 9. Chauvenet’s Criterion optimisation for calibration model: [H]=[C][R], 2% order

HZ

Balance Component

equations with 1886 data points
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Calibration Matrix Chauvenet’s Criterion Non-optimised Calibration
| Optimised Calibration Data Data
| Chauvenet’s Criterion | se: 0.05862% se1 0.05858%
optimised calibration | se; 0.11711% sez 0.11579%
matrix ses 0.08546% se3 0.08537%
ses 0.21672% se4 0.21562%
ses 0.06168% ses 0.06154%

ses 0.09957% seg 0.09877%

[HI=[C][R], 2d order, 27 coefficient equati
Chauvenet’s Criterion | se: 0.05866% - se1 0.05860%
optimised calibration | se; 0.11798% sez 0.11663%
matrix ses 0.08548% se3 0.08537%
ses 0.21654% sey 0.21537%
ses 0.06161% ses 0.06149%
0.09918% 0.09848%
Chauvenet's Criterion | sei 0.05862% se1 0.05858%
optimised calibration | se; 0.11713% se2 0.11579%
matrix se3 0.08546% ses 0.08537%
ses 0.06168% ses 0.06154%
ses 0.09956% ses 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

' ses 0.21674% seq 0.21562%
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....... H¢, Ri...... Re} and a balance design load range input file, listing the
maximum design load range for a particular balance under investigation (see
Appendix B.1 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

( START )
o B

User input _ act_model()
- determine which functions of Activate /  deactivate
CALIB should be activated functions of CALIB
Calibration data input file rile( )
- contains calibration data > Transfer calibration data
. into corresponding arrays
Balance design load
¢ range data input file
rfile2( )
faa’:agr;cs;tiae f,i,%':,:‘;zg - Transfer balance design load ‘
L____/"'"—_ range into corresponding array
dataout( )

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

filter()
Eliminate all close to zero data

Zero' filter: T/F points, range defined by user

Calibration data output
file

+

Calibration model and equation
O [H]=[C][R-H] (6, 27,84,33,96)

® [R]=[C][H] (5, 6, 20, 27,84,33,96)
©® [HI=[CIR] (5, 6, 20, 27,84,33,96)
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(CALIB’s flow 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)

——» Perform

7

RR_modell()

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

1]

. Multivariable

Regression
Ramaswamy’s LS

IS

v

leastsquare1()
multivariable
regression to calculate [C]).

v

leastsquare2 1

Perform  Ramaswamy’s
LS to calculate [C].

v

rev_calib1()
Perform reverse calibration
using [C].

\V

gaussij()

Perform matrix inversion using Gauss-

Jordan elimination with full pivoting
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(CALIB’s flow chart contd)

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

RR_model2()

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

[C] calculation:

a. Multivariable
Regression
Ramaswamy’s LS

1]
o

v v

leastsquare1() leastsquare2 2()
| Perform multivariable Perform  Ramaswamy’s <4
regression to calculate [C]. LS to calculate [C].

v

rev_calib2()

Perform reverse calibration
using [C].

\V

gaussij()
Perform matrix inversion using Gauss-
Jordan elimination with full pivoting
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(CALIB’s flow chart contd)

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

RR_model3()
Create the array for [C]

calculation for [H]=[C]{R]

In

[C] calculation:
a. Multivariable
Regression
Ramaswamy’s LS

IS

v

leastsquare1
—P | Perform multivariable
regression to calculate [C].

v

leastsquare2 3
Perform  Ramaswamy’s
LS to calculate {C].

-

v

using [C].

rev_calib3()

Perform reverse calibration

gaussij()
Perform matrix inversion using Gauss-
Jordan elimination with full pivoting
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(CALIB’s flow chart contd)

Y
v

Perform statistical analysis on
the accuracy of the calibration

!

se Optimisation and
Chauvenet'’s Criterion:
I/E

Print out all the results to an
output file

coeff( )

.

Optimisation Routine
Selection

a. S.E. Optimisation

Calibration data output
file

b. Chauvenet's Criterion

C

'
sToP )

y

v

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

chauvenet( )

Perform Chauvenet's Criterion outlier
elimination on the calibration data

|

dataout()
Output calibration data
from the corresponding
arrays  (for  checking

purposes)

Calibration data output
file after S.E. Optimisation

v

dataout,
Output calibration data
from the corresponding
arrays  (for  checking

purposes)

Calibration data output
file after Chauvenet’s
Criterion Optimisation
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(CALIB’s flow chart contd)

<

Q<€

o/
\o/

g€

statistic( )

Perform statistical analysis on
the accuracy of the calibration

everse calibration using
non-optimised calibration
data
T/E

coeff()
> Print out all the results onto
an output file

v

Calibration data output
file

Lo

v

rev_calibi()
Perform reverse calibration
using [C] with non-optimised
calibration data for
[H]=[CIIR-H]

rev_calib2()
Perform reverse calibration
using [C] with non-optimised
calibration data for
[RI=[CIH]

rev_calib3
Perform reverse calibration
using {C] with non-optimised
calibration data for
[HI=[C]IR]
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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 27 order 84
and 3+ 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,
wherei =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,H +C,,H,+C,;H,+C, ,H,+C,;H;+C,(H,
A.1.2 First order, 5 component equation with 5 coefficients
R =C,H,+C ,H,+C, H,+C, ;H,+C ,H,
where,i=2...5

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

R=C,H +C,H,+C;H,+C H,+C H;+C,(H,
+ Ci.llHl2 + Ci.22H22 + Ci,33H32 + C.'.44H42 + Ci.ssHs2 + Ci.ssHez
+C,H\H,+C,H\H,+C,\ ,HH, +C, ;HH,+C, ,H Hg
+C, ,H,H,+C, ,,H,H,+C, ,;H,H;+C, ,cH,H
+C3H H +C, 3 H H +C, 3H H
+CosHHs +C s H Hy
+C,ssHsHg

A.14 Second order, 5 component equation with 20 coefficients

R =C,H,+CH,+C, H,+C,;H;+C,H,
+C, o H, +C o H  +C, H 2 +C i H +C g H
+C,,,H,H,+C, ,,H,H,+C, ,;H,H;+C, , H,H|
+ Ci,34H3H4 + Ci,35H3H5 + Ci,36H3H6
+ Ci.45H4HS + Ci.46H4H6
+ Ci.56H5H6

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

R=CH +C,H,+C;H,+C H, +C H;+C H,
+Coy H) +C o H,  +C H,  +C, W H 4+ CgH +C g H
+C,,HH,+C ;HH,+C, ,HH,+C, HH;+C ,HH
+C 5l Hy +C o H H +C s H H +C oy H O H
+C3H;H,+C, ;;H.H,+C, ;cH,H,
+CysH Hs +C, 4 H Hy
+CssHsHy
+ Ci.111H13 + Ci.222H23 + Ci.333H33 + Ci,444H43 + Ci,555H53Ci,666H63
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A.1.6 Second order, 6 component equation with 84 coefficients

R =C H +C,,H,+C;H,+C, H,+C ;H;+ CieH,
+Cypy|Hy|+C,py|Ho |+ Copy |H,|+C, qlH|+C,5 |Hy|+C,q|H |
+Co H2 +CipHy  +C o Hy +CyH +C g H” +Co o H
+ .y Hy[Hy |+ €y Ho[Ho |+ C,ayHalHs|+C g H |H |+ C, gy H|Hy|+C, g HolH|
+C,,HH, +C, x;HH,+C,\ ,H H,+C,;H H;+C,, ;H H,
+C, yH,H, +CpH H, +CopsH,Hy +C o H Hg
+C, 3 HyH, +C s H,H +C, o H H |
+C, H,H+C, H H
+C, HsH,
+Cyy|H H |+ Cpy |H,H,|+C,yy |H,H | +C,py |H,Hy|+C,pq |H.H |
+C,ppg | Ho Hs |+ Cpy |HH | +C,pp |HH |+ C, g |H,H|
+Ci sy |H H |+ Cpq|HoH |+ C |H,H|
+C, g H H|+ Cpoq | H H |
+ Ci,|56||H5H6|
+C,yy HLHo |+ Coyy H|Ho |+ Cyy Hy[H |+ C g B |H |+ C g H, |H|
+ C,.,2|3]H2|H3 |+C, 4 H,|H |+ C, yH,|H |+ Ci’2|6|H2[H6|
+C,yqHs |H,|+C,yq H,|H|+C, y4H,|H,|
+C, g Ho|Hs|+C, ygHalHe|
+C, 4¢H; \H|

+CyyyolH,|H, + c,.,|1,3|H, |H, +C,p \H\|H, + CpslHL|Hs + C,,_“|6|H, |H,
+Cpops | Ho|Hy + Cpgpa| Ho|Ho + Cppp | Ho|H + C, | H|H

+C, 43|4|H3|H4 + c,._|3,5|H3|H5 + C,,,|3[6|H3|H6

+C,ys|Hu|Hs +C, s/ HalHe

+ C,.,|5|6|H5|H6
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A.1.7 Third order, 6 component equation with 96 coefficients

R =C,H +C,H,+C H,+C H,+C H;+C,H
|1||H |+C |2||H |+C, |3||H |+C, !4||H |+C, |5||H |+C, |6|'H6|

+C;H, +C, »H, +C, 33H +C, 4H, +C, ssH s +C, 66H

+C,yyHi|H |+ C, 2|2|Hz[Hz|+ 3y HalH|+C g H |H,|+C, 44 H;|H, |+C, gqHs |H|

+C,,HH,+C,;HH,+C,  ,HH,+C,;HH;+C, ;H Hg

+C,pH,H, +C, o H H, +C oy H H +C oy H H

+C, 3 H,H, +C, ; H H +C, 3 H,H

+C, ;sH H+C, (H H

+C, xH H,

+C, M)H H,|+C, l13|]H Hy|+C, |14||H H,|+C, sl Hy+C, l16||H Hy|
|HoH, |+ Cppy |HLH |+ C, o | HLH |+ Copag|HoHo|

i,|34|lH SH|+ Cips |HH |+ Cipsl |H,H|
+C,._145||H4H5|+C,.’|46I|H4H6|

|56||H H6l
Hi|H,|+C,

1 12 i3

: J23] 124|

H|H|+ C ||+ C, g H, |H|+C, 6
+C, H,|H,|+C, 2|4,1512|1ara|+c 2|5|H2|H |+C,.,2]6]H2|H6|
CogqgHa|Ho|+ C, g HlH| +C, g Hi|H |
4]5|H4'Hs|+ 4|6|H4|H6|
+C,5qHslH|
|H,|H, +C,N3|H |H, +C,,.|H\|H, +C|1|5|H1|H +C, 1I6|H |H
+C[2|3|H2|H +C|2|4|H2|H +C, l2,5|H2|H +C, el HolH
+C,H4|H3|H +C, 3|5|H3|H +c|3]6|H3|H
+C, 44|5|H4|H +C, ol Ha|He

|H|He

H|H|

1|1|2 ifi4

Ciss
+Cy i H +CpppHy' +CopgHy +C o H .+ CssHC g + He
+lellH |+C|ml|H |+C[333||H |+c|444,|H ]+c|555,|H I+C1666||H |
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A.2 Calibration Model: [H] = [CI[R]

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

H,=C, R +C,,R,+C, 3R, +C, R, +C;sR;+ C, (R,
A.2.2 First order, 5 component equation with 5 coefficients
H,=C,,R,+C;R,+C, R, +C, ;R +C (R,
where, i=2...5

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

H,=C,\R +C, ,R,+C;R;+C, R, +C,sR; +C, (R
+ C'i,lIRlz + C‘i,22R22 + Ci’33R32 + C"i.44R42 + Ci,55R52 + Ci,66R62
+C,,RR,+C,;RR; +C, ,RR,+C, ;sRR; +C, (R R
+ Ci,23R2R3 + Ci.24R2R4 + Ci,ZSRZRS + Ci,26R2R6
+ Ci,34R3R4 + Ci,35R3RS + Ci,36R3R6
+ Ci,45R4R5 + Ci.46R4R6
+ Ci,S6RSR6

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

H,=C,,R,+C,;R, +C, ,R,+C, R; +C, (R
+ Ci,22R22 + Ci,33R32 + Ci.44R42 + Ci.SSRS2 + Ci,SGRG2
+C, 3RR;+C,  R,R, +C, ;R Rs +C, (R R
+C, 34 R;R, +C, ;sR,R; + C, 3, RiR;
+ Ci.45R4R5 + Ci.46R4R6
+ Ci,56R5R6

where, i =2...5

45
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A.2.5 Third order, 6 component equation with 33 coefficients
H;=C, R +C,R,+C;R;+C, ;R +C, ;R +C, R
+ Ci,11R12 + C'i,22R22 + (:i,.’:BRS2 + C'i.44R42 + Ci,SSRS2 + Ci.66R62
+ Ci,lZRIRZ + Ci,l3RlR3 + Ci,l4R1R4 + Ci.lSRlRS + Ci,lGRlRG
+ Ci,23R2R3 + Ci,24R2R4 + Ci.ZSRZRS + Ci,26R2R6
+ Ci.34R3R4 + Ci,35R3R5 + Ci,36R3R6
+ C:‘,4SR4R5 + Ci,46R4R6
+ Ci,SGRSRG
+ Ci.lllRl3 + Ci.222R23 + Ci,333R33 + C:'.444R43 + CI,SSSR53C1',666R63
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A.2.6 Second order, 6 component equation with 84 coefficients

H,=C, R +C,R,+C;R,+C, R, +C R; +C,¢R;
+CylR|+C, |z||Rz|+C.|3;|Rs|+ [ Ral + CogRs |+Cx|6||R6|
+C“R 2+C, R, +C,33R +C uR, +C55R +C,66R
1|1|R IR |+C 2|2|R2|R2|+C: 3|3|R3lR3|+Cx 4|4|R4lR4l+C: 5|5|R5|Rs‘+c 6|6]R |R l
+C, ,RR, +C, ;RR;+C,} ,RR, +C,;sRR +C, ;R R

14
+C, 3R,R; +C  ,R\R, + C:_25R2R5 +C; R, R
+C, 3 R,R, +C, 1R, Rs + C, xRy Ry
+C, sR,Rs +C, sR,R;
+c, s6RsRg
+C,puy|R R+ Cyppy|R B[+ Cypy R R, |+ C g [R RS| + €, nglRiRd|
+C,jpy|RoRs |+ C, 1l RR|+C, | RoR 5|+ Cippg|RaRe|
+C, o |RsRy|+ C,yq | R, R |+ C, 1| RoRs|
,.'|45||R4R5 |+ Cipag IR,Ry|
+C, 154/ RsRe|
+C o RRo|+ Coyy Ry |Ry|+ C. R |R|+ Cy R|Rs |+C, 19k |R|
CayRolRs| + C g Ro|Rul+ C, g Ro|R| + C, g R, |R|
+C, 34 Rs|R|+ C 55 Rs |Rs|+C, 54 Rs|Re|
+C, 4|5|R4|R5|+c, i R,|Rq|
,s)s| 5|R6|
+C, lllz|R R, +C.yys|R R, +Cpyal R Ry + Cpys R |Rs + C, | R | Rs
+C, |2|3|R IR, +C, |2|4|R |R,+C, [2|5|R2|R +C, l2I6|R2|R
+C,yaalRol Ry + Cpys|Ro| Ry + 5| Ry[Rs
+%M&W+%M&W
+C,156/Rs|Rs
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A.2.7 Third order, 6 component equation with 96 coefficients

H,=C, R +C,,R,+C, R, +C, ,R,+C, ;R +C, (R,
+Cypy|R |+ CypyRo|+ Copy |Ry|+C, 4 Rq|+Cj5|Rs |+C.yg|Re|
+C; R +C R +CyR +C, R +C 3RS +C RS’
+C,y R, R |+C, R, |R,|+ C,.,3|3|R3|R3| +C, 4qRs IR+ Ci,5|5!R5|R5| +C, gqRs IRy|
+C;,RR,+C, ;,RR, +C, ,RR,+C, ;RR;+C, ,RR
+C, R, R, +C, 1, R,R, +C, ,sR,Rs +C, xR, Ry
+C, 3, R,R, +C, ;R R+ C, 1R, R
+C; 4sRRs +C, xR R,
+C, 5 RsRs
+ Gy |R Ry |+ Coppy |R Rs|+ Copy R R|+ C g |R Rs| + C g | R R
+C,ypy | RoRs |+ C oy |RoRal+ Cppg|RoRs |+ C g |R Ry
+Cyq | RsRy| + C g |Ro R |+ C, 5 | Rs R
+Cpas | ReRs |+ C. g | RuRe|
+Cy |RsRq|
+C, iy RIR,|+ C, iy R, |R;|+ CoyqR R|+C, 4R, IRy|+ CiygRi |Rq|
+C, oy Ro|Rs|+ C, g Ro|Ry| + C, g Ry RS |+ Ci'2|6]R2|R6l
+ C,.,3|4|R3]R4| +C, 39 Rs Rs|+ Ciyq R|Ry]
+C, 4y Rel Rs| + C, 4 Re|R|
+C, 59Rs |R|
+ C‘.'|1|2|R, IR, + C,._N3|Rl R, + C.~,|114|Rx IR, + C,.,|1|5|R, IR, + c,.,lllépfe1 IR
+C1p|Ro| Ry + C o Ro|Ry + C, | Ro | Rs + CipelRe|Rs
+C,15al Rs| Ry + C, 55| Ro|Rs + €y | R [ R
+c,.,|4|5|1e,,|1e5 + ci,,,‘|6|1e4|R6
+ c,._|5|6|R5 IR
+C R +Copy R + €y R +C iR +CgssRs +CgesRe

3 3 3 3 3 3
+Ci,|lll[{Rl I+Ci,|222| IRZ I+Ci.|333|’R3 l+Ci,|444|lR4 ‘+Ci.|555||R5 I+Ci.|666| ’RG |
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A.3 Calibration Model: [H] = [CI[R-H]

A.3.1 First order, 6 component equation with 6 coefficients
H; =C,zR +C 3Ry +C 33 R+ C, 4y Ry + C g Rs + C o R
A.3.2 Second order, 6 component equation with 27 coefficients

H; =C;gR +C Ry + C, 3y Ry + C, g Ry + C, xR + CisxRs
(C H2 +C o ) +C,H 2 +CoHE +CigH +CrH )
- (C.',nHle +CsHHy+C H\H, +C, sH H + CiiH H )
- (Ci.23H2H3 + C.',24H2H4 + Ci,ZSHZHS + Ci,26H2H6)
- (Ci,34H sH, + C.',ssH sHs+ Ci.36H sH 6)
- (Ci,45H4H5 + Ci,46H4H6)
- (Ci,56H5H6)

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

H;=C;gR +C0pR, + C, 53Ry + C g R, + C, g Rs + C, Ry
- (Ci,llle + Ci,22H22 + Ci.asHsz + Ci,44H42 + Ci,ssHs2 + Ci.ssHsz)
- (Ci.leIHZ + Ci.13H1H3 + Ci,l4HlH4 + Ci,lSHlHS + Ci,16H1H6)
- (Ci,23H2H3 + Ci,24H2H4 + Ci,ZSH?.HS + Ci.26H2H6)
- (Cx,uH sHy+ Ci.SSH sH s+ Ci,36H sH 6)
- (Ci.45H4H5 + Ci,46H4H6)

- (C'.ssHsHs)

i

- (Ci.lllH13 + Ci,222H23 + Ci,3331133 + C‘i,4441143 + Ci,555H53 + Ci,666H63)
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A.3.4 Second order, 6 component equation with 84 coefficients

Hi = Ci,lRRl + Ci.ZRRZ + Ci,3RR3 + Ci,4RR4 + Ci,SRRS + Ci,GRR6

50

—(Ci,l|H1|+ Ci,2|H2|+ C;,3|H3|+ Ci,4|H4|+ Ci,S|H5|+ Ci.6|H6|)

- ( i.11H12 + Ci.22H22 + Ci.33H32 + Ci.44H42 + Ci,ssHs2 + Ci,66H62 )

- (Ci,1|1|Hl IHII+ Ci,2[2|H2|H2| + Ci,3|3|H3 |H3 | + Ci,4|4| H4|H4| + Ci,5|5|H5'H5] + Ci.6|6|H6|H6l)
- (Ci,12H1H2 +CH\Hy+C HH, +C,\;H Hs+ C:,usHle)

- (Ci,23H2H3 +CipHyHy+CpsHyH +C oy HyHg )

—\CisH3H, +C 5 H3H +Ci,36H3H6) '

(CusHHs +CusH H)

—(C,56HH,)

(o Hal+ g L H |+ €| L HL + C g L H + Cpg L)
(o |+ C o | HoHL |+ C g L H |+ € HH )
(o[ HoHo |+ Cpg HH o+ C g o H)
(s HH |+ Cpug L)
(Ci.|56[ |H;H 6])

(Copg Bl Hal+ Cog B H| + Cy HLH |+ €,y By Ho |+ C B H )
(€ Hal Hal+ C gy HlH |+ C g Hol | + € B H )

(€. HolH |+ €y Hol |+ C g HoH )

(Cz.4!s|H o|Hs|+C, 4qH.|H sl)

(Ci,5|6|H5|H6|)

(C oyl + €y L H + C [ H + C s BB+ C L)
(Coppp HalH + €y HL B + €y o H + C | H|H)
(el Hol B+ C s | + C gl H )

(c,.'l aslHulHs +Cpy|H|H )

(€| o)
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A.3.5 Third order, 6 component equation with 96 coefficients

H,=C, xR, +C,,zR, +C,3xR, +C, xR, +C,5xRs +C, xR

—(CoHL|+ C o Ho| + C ool Hi| + C g H |+ CoslH| + Co )

(ConH + ConHy + CogH +C 4 CoH® +C g HY)
(C,-,1|1|H W|H|+ CopH 2|Ho|+ CiyyH | H |+ CiygH JH|+ CsqH s|Hs|+ CiogH o|H 6|)
(CoiH,H, +C, sH,H, +C; ) H\H, +C, s HHy +C, H,Hy)

i,

—(CypyHoHy+ Cy 0 H H, +CpsHyHy +Co oy HLH )

~(CiseHyH, +C,iHyHy +C oy H H,)

~(C,usH Hy +C, H, H)

- Ci,SGH sH 6 )

(Cal LB+ Copa L + Cop L H + C g HLH |+ C g HLH)
(o o H |+ €y Ho |+ C g HLH |+ C g [HLH)
(Ci,|34[|H3H4| + Ci,|351 IHsHsl + Ci.|36| |H3H6|)

(Ci.|4s] |H 4H 5 I + Ci.|46| IH 4H 6|)

(C.palHsHe)

(c,.,1|21H1|H2| +C,yy By |Ho| + C, g H[H |+ C, g HyHs| + Cyg H, |H6|)
(Ci.2|3|H2|H3| + Ci.2|4|H2|H4| + Ci,2|5|H2|H5| + Ci,2|6|H2|H6|)

(C,.,sl‘,le |H, |+ C, 34 H,|H |+ Ci,3|6|H3|H6|)

(ci,4|5,H4|H5| +C, gqHalHe |)

(C.5qHs/H)

(ol L H + € L H + Copga L H + Cpys HL | + €l ELE )
(Copgal ol + €y | HolH + C | HL|H + €y IE,)
(Coppel ol + sl Ho|H + €, H| )

(Ci.|4|5|H 4|H st Ci,|4|6|H 4|H 6 )

(Ci,|5|6|H 5 'H 6 )

(C‘l',llllil3 + Ci.2221123 + C‘i,3331133 + Ci.444H43 + C‘i.SSSIJS3 + Ci,666H63)

(c,.,Il [+ Copa B[+ o [+ g ||+ GBS |+ Ce I |)
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Appendix B Program Input/ Output Listings

Data Input File Sample — Subset of the 1886 data points

B.1

1622°0
S0E2°0
86£C°0
§8582°0
9v9T 0
892°0
18520
€9%2°0
TELT O
£6ST°0
SLYT 0
92510
TSIT 0
F6LT 0
LZ6T'0
98610
99810
80LT"0
680°0
LLO"O
90°'0
L0"0
SE80°0
8660°0
ISIT 0
v121°0
S80T"0
€160°0
SE€20°0
8200°0
11100~
1£00° 0~
SL10°0
LSE0" 0
LYS0°0
12900
85Y0° 0
£620°0
zZiz'o
5202°0
8061°0
z961°0
890Z°0
6612°0
60€2°'0
GEZ'0
%220

86810~
6L81'0-
L1610~
S881°0-
v961°0-
2961 0~
556170~
966170~
96170~

V6T 0~
v881° 0~
€C6T 0~
PEGT 0~
8261° 0~
LTI6T 0~
L8810~
6170~

EveT 0~

288170~

61" 0-
SS81°0-
z581° 0~
968T°0-
618170~
1981°0-
2S81° 0~
SBT ' 0-
Z88T 0~
VEBT 0-
18LT 0~
¥8LL"0-
T8LT 0~
1€81° 0~
9EBT " 0-
6181 0-
L6LT 0~
L6LT 0~
9187 0~
6£61°0~
6161°0-
8561° 0~
8161° 0~
LI61 0~
161" 0-
LZ6T" 0~
8167°0-
2261°0-

€1E0"0-
S0£0° 0~
VETO" 0-
£20° 0-
¥0Z0° 0-
Z0Z0 " 0-
pYZ0° 0-
ySco - 0-
£0€0° 0
LSTO" 0
£20°0
SYE0° 0
6L20°0
80€0°0
S£0°0
LLED" O
vVED 0
€070
¥880°0
9680° 0
9080°0
8180°0
¥S80° 0
8580°0
£060°0
L1600
6160°0
£880°0
60TT"0
8L0T" 0
£LOT" 0
VLOT 0
vLOT 0
ZLOT" 0
80TT" 0
91TT" 0
9TTT" 0
TLOT’ 0
Z10° 0-
S¥10°0-
8E10° 0~
TT10°0-
90T0°0-
§900° 0~
¥E00°0-
¥000° 0~
v%00° 0~
[u ‘w

980°0-  8£59°C
65L0°0- TLS9°C
6VL0O'0- 8E59°C
S290°0- ¥PS9°C
825070~ 1¥S9°¢
¥TS0'0- 12692
6950°0- L59°F
ZYLO 0~ §959°T
VOET 0- 189 'e-
TEYI 0~ V089 Z-
92S1° 0~ ¥089°Z-
9YPT 0- 183" -
L6ET 0- 6189°C-
PLET 0~ 8189°2-
Z0ZT'0- S189°'2-
9€TT"0- 8089°¢-
652T°'0- 8189°¢-
PET'0-  ELLY'T-
LOBT 0~ ¥L96"L-
9T61°0~ TL6"L-
T60Z°0- 8TL6'L-
886T°0- 6696° L-
6981°0- TOLE'L-
88LT0- 6L96°L-
PILT O~ €£€96°L-
60L1°0- 1596°L-
95LT 0~ SE96°L-
SEBT 0- 5896  L-
60€Z°0- §592°€1-
2IPZ 0- 9992 EI-
805Z°0- LOLZ €I-
90¥Z°0- VLOZ EI-
VLEZ 0- 8Z9T'CT-
YLze 0- 9092 £I-
98120~ 6092 €I~
8E1Z°0- TLST E1-
T612°0- €092 €I-
vZZ 0- €992’ €1-
8860°0- E£610°0-
9211'0- T1610°0-
POZI 0~ 9LIO'O-
60T°0- S610°0-
L960°0- 8220 0-
TL60 0~ TETO'0-
9£80°0~ 6L10°0-
5280°'0- T£20'0-
£960°0~ T1810°0-
"1 'z ‘A ‘%]

AW ILAdLAO E9AIvNd

S6VE"6
2900° L
89CE°¢C
p16E°2-
96L1" L-
PELS " 6-
€48L° ¥~
LSLT'O
298170
89°p
v19€°6
SST0°L
£VEE' T
958€" 2~
691" L-
995" 6-
9ELL V-
S¥81°0
£€8T°0Q
88L9° ¥
18S£°6
6S10°L
TYEE'Z
1€8€°2-
8591" L-
11956~
80LL ¥~
€810
LLLLTO
€0L9° ¥
BLYE" 6
9900°L
782E°2
88€"2-
PELT L~
1695 6~
TLLL B~
EVLT O
TEBI' 0
6089°V
£8S€°6
970" L
LTEE T
98¢€° 2~
ZOLT L~
L995" 6-
TLLL V-

9€68° T
6LL8°T
LL88'T
£16°2
62L8°T
L8L8°2
£6L8°2
L0682
5688°2
zTY8 T
£598°2
¥98°¢
5L98°C
£668°2
SLL8"C
9688°¢C
2588°¢C
2L68°T
2158°2

vv8°2Z

982

1582,

6868°¢

¥558°¢C

VELS T

¥998°¢

5618°¢
£298°¢

£vp8° 2

£958°¢

8158°2
8858°2

Z¥58°¢

¥ES8' T

8616°¢

¥168°C
98°2

Ly6L"2
8£06°2
S¥88° 7
8068
78L8°¢C
L8S8°C
5968°C
¥168°¢
zLe'e
1L8°¢T

6098° V- 0
6688°¥-  LI00°0-
8588°V-  VT00°0-
v¥8 v~  LT00°0-
8996°y-  500°'0-
8L00'S-  BEOO'O-
LE66'¥-  ET00°0-
£886°'p-  8¥00°0
STI0°S-  L0G0~0
LO66' V-  90T0°D
9TLE V-  9200°0-
9EL6 P~  $900°0
60%6°v-  L900°'0-
LZE6°V-  1ET0°0-
1200°6-  1800°0-
€206 v~  ¥ST0°0-
6966°y-  ¥g0°0-
ZLE6 ¥~  T0°0-
8£10°S-  €£¥0°0-

7666 V-  £50°0-

586°V-  LEYO'0-

6L10°S-  DED O-

L86°V-  68V0°0-

9TI6°P-  $090°0-

PES6°D-  6TS0°0-

TEI6 P~  BELO'O-

9086°F-  LEPO 0-

£996°V-  STPO O-

29L6'b-  LGYO 0~

LS96°%-  9650°0-

TIL6 P~  TTS0°0-

L296'V-  £6V0°0-

8800°G-  LSV0'0-

TI86°b-  8850°0-

6v00°5- L6900~

9LLE P~  SSV0'0-

€9L6 ¥~ 8550 0-

TSL6 V-  8L90°0-
ZLLE'D-  BL0'0-
€LVE b~  6VI0'0-
5656°v- 621070~
€056° 7~  B86T0°0-
?S56°V-  9vE0'0-
€E66°V-  6220°0-
SEL6' V-  9€20°0-
S8L6° V-  E£IT0°0-
vIL6 ¥-  UVT0 0-

w/N 10 N

7888 0¢-
1190°62-
zOLS 1€~
€€80° 0€-
68V€°62-
60LL" 0€-
pE8S 62
966L° 1€-
1881 0€-
8816°0€-
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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 (2)
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
Model equation:

R = C1*HX + C2*HY + C3*HZ + C4*HL + CS*Hm + C6*Hn

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%

*Zaro data point({s)’' filter NOT ACTIVATED

Optimisation for outlier(s) elimination: NOT ACTIVATED

Balance Calibration Coefficients (Transposed)

Lk X X J » » * » ®xH E K 2 LR X J

co1
€02
co3
<04
[os1:3
co6

HX
9.56131564e-03
~1.11586112e-05
~3.55989620e-05
4.67655411e-04
6.46963845e-04
8.21138210e-04

HY
.54069253e-06
.77280604e-03
.38857130e-05
.03005363e-03
.04742113e-06
.83188524e-04

N WE R oe

HZ
-1.71699722e-05
7.101061260-05
3.241904470-03
-5.75349267e-04
2.50076814e-04
1.00852295e~-05

Chauvenet’s Criterion for outlier(s) elimination: NOT ACTIVATED

The calibration data input file contains 1886 data points.

Hl
-3.71443729e-06
-3.18480774e-05

6.994040242-0S
9.30475144e-02
6.49532542¢-04
2.84751339%e-04

calibration Coefficients (Transposed)

#
# Normalised Balance
#

#

col
co2
co3
co04
coS
co6

co6

B
1.00000000e+00
~1.16705813e~03
-3.72322841e-03
4.8911198%e-02
6.76647304e-02
8.58812993e-02

9.56131564e-03
0.00000000e+00
0.00000000e+00
0.00000000e+00
0.00000000e+00
0.00000000e+00

HY
2.27482157e-04
1.00000000e+00
2.05021566e-03
1.52086687e~01
4.499495656-04

-4.18125844e-02

HY
0.00000000e+00
6.77280604e-03
0.00000000e+00
0.00000000e+00
0.00000000e+00
0.00000000e+00

HZ
~5.29626097e-03
2.19039806e~-02
1.00000000e+00
-1.77472616e-01
7.71388596e-02
3.110896560-03

HZ
0.00000000e+00
0.00000000e+00
3.24190447e-03
0.00000000e+00
0.00000000a+00
0.00000000e+00

Hl
-3.99197907e-05
-3.42277573e-04

7.51663307e-04
1.00000000e+00
6.98065442e-03
3.06027884e-03

0.00000000e+00
0.00000000e+00
0.00000000e+00
9.30475144e-02
0.00000000e+00
0.00000000e+00

# vemccccccnccaa-

# HX HY HZ Hl
0.43587058% 0.16950011% 0.13213621% 0.60054345%

[ -

# Coefficient of multiple correlation

’ - -

# 224 BY HZ Hl
0.99993341 0.99998672 0.99999345 0.99992707
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Hm
9.2690185%e-07
-4.4494148%e-06
-1.64403613e-05
1.03809403e-03
3.97225368e-02
8.74790649e-04

Hm
2.33344075e-05
~1.12012355e-04
-4.13879944e-04
2.61336288e-02
1.00000000e+00
2.20225273e-02

Hm
0.00000000a+00
0.00000000a+00
0.00000000e+00
0.00000000e+00
3.97225368e-02
0.00000000e+00

Hm
0.07482476%

Hm
0.99999778

Hn
-2.37977230e-05
8.73411563e-05
-6.03888326e-06
-1.35076731e~02
1.1808033%¢-04
7.42214482e-02

Hn
-3.20631348e-04
1.17676438e-03
~8.13630480e-05
~1.81991505e-01
1.59091936e-03
1.00000000e+00

Hn
0.00000000e+00
0.00000000e+00
0.00000000e+00
0.00000000e+00
0.00000000e+00
7.42214482e-02

Hn
0.14332177%

Hn
0.99999451
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Appendix C Computer Program’s Graphical User
Interface (GUI)

Running CALIB provides the user with the following window:

CALIB - Strain Gauge Balance Calibration

Calibration Modzl: (Plegce veiect 3 calibration modall le

Data input File; {Default data input file: lcad.dat) Iselact data input file
Result Qutput Fite:  {(Default CALIB cutput file: coeffout

™ Activate ‘zero’ data points filter ‘zere' filter range [%]:

Regression model for Calibration Coefficients Calculation:

®: Multivariable Regression -7 Ramaswamy’s Least Square Method

™ Introduce tolerance into the R and H measured value:
Tolerances in m2asured R and H values:

dird diH):

Optimisation Configuration ) , N
N Activate Chauvenet’s Critarion
8 No Optimisation

{7 1 S.E Optimisation [C] Mafrix Computation Using Optimised Data

" 2 5.E Optimisation 7 sctivate Reverse Optimisation

5 S.E. Optimisation & De-activate Reverse Optimisation

auIT Wwaiting for commana
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By clicking _Select M’i‘de‘ , a separate window containing all the available

calibration equations will appear as shown below.

CALIB (Yersion 1.0)
CALIB Strain Gau,ge Ba[ance Cahbmtzon

—— e [H] = [CHR-H] e e e —
[H}=[C}{R—H]: First order calibration equation (6 coeffs.)
. [HI=[C][R-HI: Second order calibration equation (27 coeffs.)
. [HI=[C]{R—H]: Second o:del calibration equation (84 coeffs.)

" 2 S.E. Optimisation T Activate Reverse Optimisation

™ 3 S.E. Optimisation ) De-Activate Reverse Optlmlsatlon

EXECUTE i Waiting for command
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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 1.03

CALIB - Strain Gauge Balance

Calibration todal: [HI={CHR-H] Third crder coefficients definition (46

Data input File: (Default data input file: lcad.dat)

Result Output File:  (Default CALIE output file: coeffout)  [Select data sutput file

™ Activate ‘zerd’ data points filter Zero' fliter range [%1:

Regression madel Tor Calibration Coefficients Calcutation:

® Multivariable Regrassion {7 Ramaswamy’s Least Square Methaod

7 Introduce tolerance into th

Optimisation Configuration e
L 2net’s Criterion
& No Optimisation

1 S.E Optimisation [C] Matrix Computation Using Optimised Data
T2 S.E Qptimisation I activate Revarse Optimisation

7 3 SE Optimisation ® De-Activate Reverse Optimisation

QuIT
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Appendix D Graphs

D.1 Calibration Model: [R]=[CI[H] (1886 calibration data set)

0.7
0.6 A —*—First order 6 coefficient
equation
0.5
— —#-Second order 27 coefficient
B \ equation
S 04
”‘f ——Second order 84 coefficient
& equation
e 03
o]
0 / x =*=Third order 33 coefficient
tion
0.2 \\\/ / \ equal
o1 / \\ / =*=Third order 96 coefficient
. = 7 =% equation
—
[ 4
0
HX HY HZ HI Hm Hn
Balance Components
a. No optimisation
0.7
0.6 —*—First order 6 coefficient equation
3 0.5 —#-Second order 27 coefficient
s equation
Sor
2 04
w —+—Second order 84 coefficient
i1 equation (Divergence)
]
] 0.3
c'ng =%~ Third order 33 coefficient
0.2 ‘ /.\ equation
~ A a N -*=Third order 96 coefficient
0.1 e J/ N equation (Divergence)
'//I\_ y/o
0 » * » » *
HX HY HZ HI Hm Hn

Balance Component

b. 1se optimisation

Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points
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-+ Second order 84 coefficient
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—*=Third order 96 coefficient
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Balance Component

d. 3se optimisation

Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points (cont'd)
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0.7
0.6 —*First order 6 coefficient
equation
0.5 A ’
T —*-Second order 27 coefficient
°‘:‘ equation
£ 04
w -+ Second order 84 coefficient
g \ ) equation
T 0.3 \
% \ / . —*=Third order 33 coefficient
0.2 \\ /\ equation
» \// " —*Third order 96 coefficient
0.1 e N ) equation
é =K
0
HX HY HZ HI Hm Hn
Balance's Component
e. Chauvenet’s Criterion optimisation
0.7
06 » —*First order 6 coefficient
/ \ equation
o 05 -=-Second order 27 coefficient
% . equation
2 04
‘_’6' \ -+ Second order 84 coefficient
5 /\ equation (Divergence)
g 03
5 / N
n \ / YN =*Third order 33 coefficient
0.2 \\ \/ / \ equation
//‘:J \%’é ~=Third order 96 coefficient
1 . ird order 96 coefficien
0 / N equation (Divergence)
0 * = * * * x
HX HY Hz HI Hm Hn
Balance Component
f- 1se optimisation with non-optimised calibration data
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]J[H] with 1886 data points (cont’d)
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0.7
0.6 2 ~*First order 6 coefficient
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. 0.5 -=- Second order 27 coefficient
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5 04—\
w —*—Second order 84 coefficient
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‘g 0.3
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0.1 / /\ \\ ,/ =*~Third order 96 coefficient
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0

HX HY HZ HI Hm Hn
Balance Component

i. Chauvenet’s Criterion with non-optimised calibration data

Figure 10. Balance Calibration Model [R]=[C][H] with 1886 data points (cont’d)
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D.2 Calibration Model: [Hl=[C][R] (1886 calibration data set)
0.7
0.6 > =+ First order 6 coefficient
equation
= 05 ~#- Second order 27 coefficient
s | equation
2 04
w —*Second order 84 coefficient
g equation
o 0.3 -
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0.2 \\\/ / \ equation
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0.1
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0
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0.7
0.6 —* First order 6 coefficient
: equation
= 05 -#-Second order 27 coefficient
s equation
2 04
W —+Second order 84 coefficient
g equation
° 03
% =*=Third order 33 coefficient
0.2 /‘\ equation
S~ A a N\ =*~Third order 96 coefficient
0.1 ] L~ N equation
/
.4/#'\5./4/‘\&2—:.
0
HX HY HZ Hi Hm Hn
Balance Component

b. 1se optimisation

Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points
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Standard Error (%)

Standard Error (%)
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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]=[CI[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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i. Chauvenet’s Criterion with non-optimised calibration data

Figure 11. Balance Calibration Model, [H]=[C][R] with 1886 data points (cont’d)
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D.3 Calibration Model: [H]=[CI[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]=[CI[R-H] with 1886 data points (cont'd)
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Standard Error (%)
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Figure 12. Balance Calibration Model, [H]=[CI[R-H] with 1886 data points (cont'd)
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D.4 Calibration Model: [R]I=[CI[H] (329 calibration data set)
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Figure 13. Balance Calibration Model, [R]=[CI[H] with 329 data points
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Standard Error [%]
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Figure 13. Balance Calibration Model, [R]=[CI[H] with 329 data points (cont’d)
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Figure 13. Balance Calibration Model, [R]=[CI[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]=[CI[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]=[CI[R-H] (329 calibration data set)
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Figure 15. Balance Calibration Model: [H]=[CI[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)
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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]=[CI[H] (1886 calibration
data set)
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Figure 16. 5 component calibration model: [R]=[CI[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
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