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Abstract: This paper presents a 3-component external balance, specifically designed, built, and
calibrated at the National Institute for Aerospace Technology (INTA) for measuring aerodynamic
forces on Micro Aerial Vehicles in the wind tunnel. The balance employs high-precision strain gauge
cells as its load-sensing elements, strategically positioned in a metallic structure to measure lift force,
aerodynamic drag force, and pitching moment. The entire calibration process of the balance, including
the mathematical formulation to derive the calibration matrix and the calibration bench designed
and manufactured for this purpose, is detailed in this paper. Moreover, the complete analysis of
component interferences of the aerodynamic components and an assessment of the uncertainties

inherent in the system are presented.

Keywords: external balance; calibration; measurement

1. Introduction

A wind tunnel balance is a highly engineered and adaptable structural device specifi-
cally designed to measure aerodynamic loads on a scale model during wind tunnel testing.
In their study, Gonzalez et al. [1] provide an extensive overview of these devices in Fluid
Mechanics, offering insights into their types, components, and calibration techniques. These
balances are typically divided into the following two primary categories: internal and ex-
ternal, based on their placement within the test setup. An internal balance is embedded
within the model, while an external balance operates outside the model or test section [2].

External balances come in either multi-piece or one-piece configurations. The one-
piece balance is tailored to measure aerodynamic loads in half-model tests [3,4], whereas
a multi-piece balance consists of separate force transducers linked together by a frame-
work [5]. Positioned outside the model or test section, external balances can be optimized
for various requirements, such as enhanced sensitivity, stiffness, and the decoupling of load
interactions [6].

The accuracy and reliability of wind tunnel balance measurements are influenced
by several factors. A well-thought-out design and meticulous calibration process are key
elements in ensuring the device’s performance. Selecting the most suitable balance type and
tailoring its components to the specific testing requirements are fundamental to achieving
accurate and repeatable measurements [7]. For example, the Institute of Aeronautics and
Space in Brazil employs a specialized external balance equipped with six strain gauge load
cells, which allows for precise measurements in both subsonic and transonic wind tunnel
facilities. These balances are also widely used in full-scale automobile testing, highlighting
their versatility and importance in a wide range of aerodynamic studies [8].

Another in-depth resource on wind tunnel balances and their applications can be found
in [9-13]. Morris [10] and Raush [11] focus on the development of force balance systems
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specifically for educational wind tunnels. They use a design approach using flexible rods
for measuring forces in wind tunnels that will enhance sensitivity and flexibility, making
it suitable for educational purposes. Vadassery [12] described the fabrication and testing
of an external balance for measuring drag force in hypersonic shock tunnels. Ulbrich [13]
investigated a load diagram technique for strain-gauge balances in wind tunnels, benefiting
from the experimental and practical applications in aerodynamic testing. Bardera [14]
investigated balance concepts specifically tailored for UAVs (Unmanned Aerial Vehicles),
providing a detailed explanation of the calibration process and force measurements on
a model designed and tested at INTA. These vehicles often experience low aerodynamic
loads due to their small dimensions and low flight range, which is a challenge that becomes
even more significant as the dimensions of these vehicles decrease, as seen in smaller UAVs
and Micro Air Vehicles (MAVs) [15,16]. In these cases, maximum aerodynamic loads are
typically limited to 3-4 Newtons, for which commercial balances are generally unavailable.
Standard balance systems lack the necessary sensitivity and precision to measure such
small forces accurately, resulting in limited options for effective force measurement in
MAV applications.

Due to the absence of commercially available balances suitable for these low load
ranges, it is essential to design, manufacture, and precisely calibrate a prototype. Such a
prototype must be engineered with high sensitivity to reliably measure forces in this low
range, ensuring accurate aerodynamic data collection for MAVs and other small-scale UAVs.
This approach addresses the need for high-resolution force measurements in low-Reynolds-
number environments, facilitating advancements in MAV performance evaluation and
aerodynamic research.

The three-component external balance discussed in this paper was specifically de-
signed and built by the Experimental Aerodynamics Area of INTA to measure aerodynamic
forces on Micro Aerial Vehicles (MAVs) in a wind tunnel [17,18]. The load-sensing elements
used in this balance are high-precision strain gauge load cells, renowned for their excel-
lent repeatability and linearity. The geometric design of the load-sensing system allows
for complete separation and independent measurement of the three key components of
aerodynamic loading, namely, lift force, aerodynamic drag force, and pitching moment.
The complete balance calibration process is detailed in the next sections, including the
mathematical formulation used to obtain the calibration matrix, an analysis of interactions
between the force components, and an evaluation of the uncertainties associated with the
external balance.

2. External Balance Prototype

Figure 1 shows an overview of the external balance design, illustrating the three load
cells (LC — 1, LC — 2, and LC — 3) together with the different mechanisms employed for
measuring lift force (L), aerodynamic drag force (D), and pitching moment (My).

This prototype will consist of a metallic structure composed of several mechanisms,
designed to isolate and measure the forces involved. These mechanisms form the core
components of the mechanical balance, facilitating accurate force measurements. The
instrumentation of the external balance uses three piezoresistive sensors, specifically, three
bending load cells, fixed to various mechanisms, bearing, and bushing, enabling the mea-
surement of lift, aerodynamic drag, and pitching moment. All components that constitute
the 3-component external balance are a rectangular base, three mechanisms (1, 2, and 3),
a balancing counterweight, three load cells (LC — 1, LC — 2, and LC — 3), two load cell
supports, load cell locking systems, ball bearings and bushings, component “U”, a bearing
assembly, and a rod. The joints of the different mechanisms are formed by a set of ball
bearings with bushings, allowing the forces in the X (aerodynamic drag) and Z (lift) axes
to be properly transmitted to the load cells independently. Thus, during operation of the
system, due to the lift force of the MAV in the vertical direction, mechanism 1, to which
the model is attached, moves in the Z direction and forces mechanism 3 to rotate around
the fixed joint. Mechanism 3 creates a force that generates a state of bending loads on the
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L: Lift force

D: Aerodynamic drag force

M,,: Pitching moment

LC — 1:Load cell of 200 g (L)
LC —2:Load cell of 1000 g (D)
LC —3:Load cell of 200 g (M,,)
P;: Force appliedto LC-1

P,: Force applied to LC-2

P;: Force appliedto LC-3

Mechanism 2

load cell (LC — 3) and thus the lift force is measured. In the case of the drag force on the
MAV in the X direction, the force is transmitted from mechanism 1 through mechanism 2.
Commercial load cells with a measurement range of 200 ¢ (LC — 1 and LC — 3) and 1000 g
(LC — 2) were used.
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Figure 1. Diagram of the forces generated in the external balance (left) and 3D balance design with
the position of the mechanisms and load cells (right).

Figure 2 shows the junction between the load cell for measuring lift (LC — 2) and
mechanism 3. The load cell is aligned in the same direction as mechanism 3 (in X-axis) and
is interconnected through a combination of two ball bearings (bearing A) and bushings
(A.1, A2, and A.3). The component “B” is meticulously crafted to facilitate the integration
between the bearing assembly and the load cell within mechanism 3. To ensure controlled
movement, the opposing side of the load cell is intentionally immobilized, allowing only
rotational motion at the junction with mechanism 3.

L]

> Shaft M5

Bush A1
Bush A3

Figure 2. 3D view (left) and manufactured assembly (right) for the lift measurement.
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Figure 3 illustrates the connection between the LC — 2 load cell, utilized for measuring
aerodynamic drag force, and mechanism 2. The LC — 2 load cell is oriented perpendicularly
to mechanism 2 and affixed to it via a set of 4 ball bearings (bearing C) and bushings (B.1).
Similar to the previous case, one end of the load cell remains fixed to prevent undesirable
movement (fixed to the support), allowing controlled motion within the bearing section.

Mechanism 2

e

Bush B.1
Bush B.1

J00 @ oy

\ Shaft M6
Bearing C (x4)

LC—2

Figure 3. 3D view (left) and manufactured assembly (right) for the drag measurement.

Figure 4 shows the assembly required to measure the pitching moment (M, ). The load
cell (LC — 3) is positioned horizontally, in the X-axis direction. The assembly involves a
bearing assembly (bearing D) and bushings (C.1), enabling rotational movement on one
side of the load cell while keeping the other side stationary to prevent unintended motion
(fixed to the mechanism 1).

\JﬂJ

Bearing D (x2) «

Screw M5 (x2)

0

{Bush C.1(x2)

Bush C.2 (x2)

Figure 4. 3D view (left) and manufactured assembly (right) for the pitching moment measurement.

Figure 5 shows the junction of the external balance with the wind tunnel model,
including the components required for adjusting the position of the model. The component
“U” enables the wind tunnel model to rotate along the Y-axis, while the bearing assembly
allows adjusting the angle of attack («).
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Figure 5. 3D view (left) and manufactured assembly (right) corresponding to the junction between
the external balance and the wind tunnel model.

3. Force Measurements with Balance

When the balance is loaded with a load vector or state of load [Fr|, the resulting
output signal is measured to generate the matrix [Fr]. These matrices can be related by the
following expression (1) [19]:

[Fr] = [K[FL] @

where [K] is the calibration matrix and the subscripts “R” and “L” are indicating reading
and applied load, respectively. Measured forces will be given by the recorded signal in
the load cells, but when a pure load is applied, all load cells record a signal, mainly due to
misalignments and deformations of the balance, producing an error called the interaction
load effect. The balance equation gives applied loads as a function of the measured signal
using the following formula:

[Fr] = [E][FR] 2

where [E] is the evaluation matrix, calculated as [E] = [K] .

This equation is used during the wind tunnel tests so that applied loads are unknown,
output signals are measured, and matrix A is previously determined using the calibra-
tion process. Usually, in practice, forces acting on balance are given by the following
matrix expression:

[F] = [A][U] + [R] )

where [F] is the force matrix, [A] is the unknown matrix to be determined by calibration,
[U] is the output signals matrix containing the output of the three load cells, and finally, [R]
is the residual matrix of the fitting mathematical model used.

The forces acting on the external 3-component balance can be expressed as a function of
the output voltages of the 3 load cells by the following second-order polynomial expression:

N N N
=1 i—kk=1

1”217
1

where F; is the force or moment of the balance at position “i” within the matrix of forces
and moments, U; are the output voltages of the load cells (j = 1,2,3) and the term A;;
represents the linear terms of the mathematical model. Moreover, A;j corresponds to
the second-order contributions, and R; is the residual or fit error. The upper index of the
summation is N = 3, since there are only 3 output signals from the load cells.

The generic development of a force or moment component, resulting from a com-
bination of the 3 output voltage signals recorded in the acquisition system, is detailed
below. Therefore, Expression (4) is broken down into first-order linear terms and up to
second-order terms (quadratic and cross terms).
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AUy’ AiUpUs + A, UsU;,  + R
Fl. = Ai1U1 +Ai2U2 +Ai3U3 + Aizzuzz Af21U2 1 i31Y3VY1 i
2 i32¥Y3Y2
Ai33U3 (5)
Linear terms Quadratic terms Cross-terms Residual

Normally, the forces and moments acting on the balance are given by the following
expression, in matrix form:
[F] = [A][U] + [R] (6)

where [F| is the matrix of forces and moments, [A] is the matrix to be obtained by
calibration, [U] is the matrix of output voltages of the 3 load cells, and finally, [R] is
the residual matrix. In general, several hundreds of load cases are necessary to determine
the matrix [A] to be representative of the behavior of the balance. The structure of the
matrix terms corresponding to each matrix is shown below, together with the dimensions
of each matrix, taking into account that the number of load cases is n = 200. The matrix of
forces and moments [F| is defined as follows:

Fx,l Fx,Z e Fx,n
Fz,l Fz,z to Fy,n (7)
]\/Iy,1 M]/,Z e My,n

[F]

3xn —

This matrix has a dimension of 3 x n due to the fact that the balance only measures
the force in the X direction (Fy), the force in the Z direction (F;), and the moment on the Y
axis (My). The matrix [F] has units of grams (g) for forces and grams per meter (g-m) for
momentum, for calibration purposes, although forces should be converted to Newtons (N)
and pitching moments to (N-m), as corresponding to SI units. The calibration matrix [A]
will present the following dimension:

A1l Alp A1z Arg Ay A Ay Alg Al
[Alayg = [ A21 A2p Asz Apy Aps Axg Axy Apxg Ajg (8)
A3n Aszp Az Aszs Aszs Az Azy Aszg Asg

The output signal matrix [U] will be composed of linear, quadratic, and cross terms to
solve the second-order equation of the balance forces. Therefore, this matrix would have a
dimension of 9 x 1, where the 9 rows are arranged such that the linear terms are in the first
3 rows, the quadratic terms in the next 3 rows, and finally, the cross terms in the last 3 rows,

such that:
U1,1 ul,z U1,3 U1,4 e lll,n
Upy Upp Ups Uzg ... Uy
U1 Uzp Uzs Usy ... Usy
ui, ui, Ui Ui, ... Ui,
us, uz, ux, uz, ... u:
[u]9xn = u%’l u%’z U%’g) u%’4 u%’n (9)
31 Yzp Uzz Uz, ... Uz,
ul,l uZ,l .. ce .. Ulrn uZ,n
Upilss ... ... . Upulls,
U1,1 U3[1 cee c.. Ul,n U3,n

Finally, the residual matrix [R] is defined in the following expression with a dimension
of [3 x n]:
Ri1 Rip RisRia -0 Ryp
Ry1 Rop RosRpy ... Roy (10)
R31 Rsp R33R3a ... Rsp

[R]

3xn
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To obtain the matrix A an estimator of the force matrix [F] is defined as follows:
[F] = [A)[u] (11)
So that the residual matrix is given as follows:
[R] = [F] = [F] (12)

The matrix [A] is obtained by multivariate linear regression (linear in parameters and
nonlinear in variables), resolving it by the method of least squares in matrix form. The
problem solution is to find the matrix with the minimum square error, and multiplying

both sides of the equation by [U] T, we obtain the following equation:
B [u)" = (Ajuugt (13)

and finally, the matrix [A] is as follows:

4] = (A" (™) (14)

where T and —1 indicate transpose matrix and inverse, respectively.

4. Balance Calibration

The main objective of the calibration process is to get experimental information for the
computation of the matrix [A].

The static calibration of the external balance required the design and fabrication of a
calibration bench (Figure 6) composed of a structure outside the balance, a central body,
pulleys, wires, supports, and weights. The central body is formed by a set of metallic parts
located around the balance (Figure 6B). First, 2 circular pieces are placed, one on each side
of the symmetry axis of the balance to generate the pitching moment, followed by 2 square
pieces to generate the lift and drag. The diameter of the circular pieces was 4 cm based on
the expected pitching moment, and the area of the square pieces was 4 x 4 cm? with a hole
inside to house a bearing. Additionally, 4 holes were made, one on each face of the piece,
aligned with the symmetry axis of the balance, allowing the application of loads in the lift
and drag directions. The outer structure (Figure 6C) was used to fix the pulleys (6 in total),
while the weights were placed on top of the supports, which in turn were connected to
the central body with wires. Figure 6B shows an example of combined load application
(positive drag force, +D, positive lift force, +L, and positive pitching moment, M,).

Figure 6. (A) Body, (B) 3 directions, and (C) components for the calibration process.
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Since the external balance prototype was designed with the objective of measuring
3 components (L, D , and My), loads in 3 different directions must be applied during the
calibration process. The selected loads were pure loads (in a single direction) and combined
loads (in 2 directions). Figure 7 shows a diagram of the central body with the application
load points (12 in total) and the direction of the aerodynamic components based on the
balance axes.

Figure 7. Diagram of directions of the measured components. Orange color indicates the positive
forces, while the green color indicates negative forces.

In the calibration process, a maximum load (Fy.y) and 2 intermediate loads (1/3F;;ax
and 2/3F;,x) are selected. Thus, in each loading case, there will be 7 measurement points,
corresponding to the loading phase (zero, 1/3Fax, 2/3Fuax, and Fyay) and the unloading
phase (2/3Fax, 1/3Fax, and zero).

Since the forces expected during the tests with the balance will vary depending on the
direction of application, the loads applied in the lift direction (Z-axis) will be greater than
the loads applied in the drag direction (Y-axis). To evaluate the forces and the moment,
weights of 35 g and 77 g are used. For instance, when loads are applied to points 3 and
5, the balance is subjected to a pure force in the +Z direction, generating a positive lift
force (orange arrows in Figure 8). Conversely, when loads are applied to points 7 and 8§,
the pure force is generated in the —Z direction (green arrows), creating negative lift. To
generate a pure force in the =X direction, the same procedure as before is followed, but
35 g weights are used. By applying a load in the +X direction, the balance is subjected
to a pure positive drag force according to the balance axes (orange arrows in Figure 8).
Conversely, if the load is applied in the —X direction, the pure drag force is negative (green
arrows). The following tables show an example of load application for the lift force in the
+Z direction (Table 1), generating a positive force according to the balance axes, and for the
aerodynamic drag force in the — X direction (Table 2), generating a negative force according
to the balance axes.
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Figure 8. (A) Loads to generate pure lift and (B) pure aerodynamic drag force.
Table 1. Loading and unloading phase to generate pure lift force +L
Loads P.3(+L) P.5(+L) P.7(-L) P.8(-L) L(N) D) My(Nm)
0 0 0 0 0 0 0 0
+1/3Lax 1x77g 1x77g 0 0 1.54 0 0
+2/3Lax 2x77g 2x77g 0 0 3.09 0 0
+Linax 3x77g 3x77g 0 0 4.64 0 0
+2/3Lax 2x77¢g 2x77¢g 0 0 3.09 0 0
+1/3Lyax 1x77g 1x77g 0 0 1.54 0 0
0 0 0 0 0 0 0 0
Table 2. Loading and unloading phase to generate pure drag force —D
Loads P.2(-D) P.4(-D) P.1(+D) P.6(+D) L(N) D(N) My (Nm)
0 0 0 0 0 0 0 0
—1/3Dy0x 1x35g 1x35g 0 0 0 —0.70 0
—2/3Dax 2x35g 2x35g 0 0 0 —1.41 0
—Diax 3x35g 3x35¢g 0 0 0 -2.10 0
—2/3Dy0x 2x35g 2x35g 0 0 0 —-1.41 0
—1/3D 0 1x35g 1x35¢g 0 0 0 —0.70 0
0 0 0 0 0 0 0 0

To generate a pure pitching moment (see Figure 9), loads will be applied to points 9,
10, 11, and 12 of the circular pieces in such a way that a positive or negative moment is
generated depending on the applied loads. Additionally, loads are applied to points 3 and
5 to generate force in the +Z direction and counterbalance them with the loads applied to
the circular pieces so that no lift is generated and only the pitching moment is generated.
Figure 9 shows an example for generating 2/3My;,x and Table 3 indicates the loading and
unloading phase to generate pure positive pitching moment, +M,,.
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U ‘x
Y
Figure 9. Loads to generate pure pitching moment.
Table 3. Loading and unloading phase to generate pure pitching moment + M,
Loads P.3(+L) P.5(+L) pP.9 P.10 P11 P12 L(N) D(N) My(Nm)
0 0 0 0 0 0 0 0 0 0
1x77g+ 1x77g+ _
+1/3Mym,1x 1x35g 1x35g 1x77¢g 1x35¢g 1x77¢g 1x35¢g 0.0007 0 0.016
1x77g+ 1x77g+ 1x77g+ 1x77g+ B
+2/3Mymax 2x35g 2x35g 1x35g 1x35g 1x35g 1x35g 0.009 0 0.037
1x77g+ 1x77g+ 1x77g+ 1x77g+ B
+Mymax 2x35g 2x35g 2x35g 1x35¢g 2x35g 1x35¢g 0.704 0 0.044
1x77g+ 1x77g+ 1x77g+ 1x77g+ _
+2/3Mymax 2x35g 2x35g 1x35g 1x35¢g 1x35g 1x35¢g 0.008 0 0.037
1x77g+ 1x77g+
+1/3Mymax 1x35g 1x35g 1x77¢g 1x35g 1x77¢g 1x35g  —0.0007 0 0.016
0 0 0 0 0 0 0 0 0 0

A. Data acquisition

The balance is composed of 3 load cells, each consisting of 4 strain gauges connected
by a Wheatstone bridge that will provide 3 output electrical signals with voltages (Uy,
U,, and Us). These electrical signals are read using HX711 modules (A/D converter)
connected to the Arduino microcontroller, which was powered by 5 V voltage. For each
load application case, a record of the 3 electrical signals is obtained for a recording time of
10 s, with a sampling frequency of 10 Hz, resulting in 100 equally spaced measurements
over time. According to the manufacturer’s specifications, the load cells have an error
equal to € = 0.05% = 0.0005 = 5-10~#, which is much smaller than the resolution of the
converter (224 =16,777,216), and therefore, the acquisition of the scale signals is verified.
The HX711 A/D converter amplifies the analog output signal of the load cell with a gain of

128. The signals will then be digitized and expressed in bits.
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[A]3x9 =

—5.536"%
3.929°6
1.321°8

B. Matrix [A]

The calibration matrix [A] presents the following form:

234176 —44697° 8624712 8316713  2999-11  _40278-12 g506~14 8161 14
—8.8927° —877376 —9280° 1 151813 4551712 749214 1371713 2054713 (15)
—5.92378 573376 _1746"1¥ _2649°1° _8931° 1 5606715 2731715 139114

C. Balance interactions

The study of force interactions in balance measurements allows for an assessment of
force decoupling achieved through the mechanical design of the balance.

First-order interactions:

The linear terms correspond to first-order interactions, which represent misalignments
due to fabrication tolerances and the mechanical assembly of balance components. The
terms A;; with i = j indicate the balance’s sensitivity to the three types of loads being
measured. In contrast, elements A;; with i # j are the linear interaction coefficients that
account for the influence of a load that does not produce an output signal. The linear part
of the A matrix is as follows:

—5536-107% 2.341.107® —4.469-10°°
3.929.-107° —8.892.107° —8.773-107° (16)
~1.681-107% —-5923.1078% 5.733-10°°

[A]

linear —

The sensitivity S; of each load cell, as installed in the balance, corresponds to the
inverse of the diagonal elements of matrix [A]. It is defined as the variation in output signal
produced by a variation in input load and is given as follows:

AU 1

i = (i=12 17
1 AF, Aii(l 7 /3) ( )

Table 4 shows the sensitivity of each load cell.

Table 4. Sensitivity of load cells.

Load Cell i Sensitivity Units Relative Sensitivity
1 —~1.806-10° Bit/g 1
2 —1.124-10* Bit/g 6.226
3 1.744-10° Bit/g-m —9.657-10"

The negative sign in the sensitivity indicates a negative slope of the sensitivity curve,
as the load cells measure negative bending moments. The type of load cells used in this
balance can measure both negative and positive bending moments.

From the sensitivity values, it is observed that the sensitivity of load cell 2 is approxi-
mately 6 times that of load cell 1, while the sensitivity of load cell 3 is 97 times higher than
that of load cell 1.

To understand the contribution of each component to the overall load, the balance
is treated as a “black box” sensor from a global perspective. In this approach, applied
loads excite the balance, which then responds with output signals. The following anal-
ysis examines a representative case where three types of loads—Ilift, drag, and pitching
moment—are applied to the balance. The values of these loads lie within the mid-range of
the measurement spectrum, and the resulting data are analyzed to assess their impact.

L(g) 309.2
[P]real load — D(g) = |1411 (18)
M(gm) real load 3.07
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Estimated loads from the measured signals with linear term (first-order approximation)
are as follows:

—5536:10% 2.341-107® —4.469-10~%] [—5.656-10°
[F] = [A][U] = | 3.929-107® —8.892:107° —8.773-10°°| | —1.557-10° (19)
—1.681-10% —5.923.107% 5.733-10°° 5.505-10°

L(g) 304.0
[f]=| D(g) | = |1325 (20)
M(g-m) 3.2

For instance, lift L is given by the following expression:
L=A1-U1+Ap-Uy+ Ai3-Us (21)
and dividing the right part by the dominant term, result,

L _ +A12U2 Az-Us
AUy An-lh - An-lUg

(22)

and in the same manner, for drag (D) and pitching moment (M,), the contributions to the
total load are obtained (Table 5).

Table 5. Contributions to the total load cells for first-order interactions.

First-Order Normalized Contributions

i AjjU;/ AU, j=1 j=2 j=3

1 Ay Ui/ Ayl 1 ~1.16-1072 ~7.85-1072
2 AU/ Apy-Uy —1.60-10~2 1 —3.48:10"2
3 Azj-Uj/ Agz-Us 3.01-1073 2.92:1072 1

It can be observed that the primary component is dominant, as the diagonal elements
are equal to unity, while the other contributions are on the order of O(1072).

A11L~ TR 0(10*2) (23)
A; TR 0(10*2) (24)
A::-yu S~ 1t 0(10*2) (25)

Second-order interactions:

Second-order interactions arise from the elastic deformations of the balance struc-
ture. The elements A;j, when j k correspond to interaction products of load components
that would not typically produce an output signal, while elements with j = k reflect
second-order interactions due to nonlinearity in sensitivity. The results of the second-order
interactions, as shown in the table, are of the order O (10’2), similar to the first-order interac-
tions. These interactions are considered to ensure a more accurate adjustment of the balance.
Table 6 indicates the contributions to the total load cells for second-order interactions.

D. Residuals

Table 7 shows the non-dimensional mean residual values Rf,(%FS) defined as follows:

_ Rr,
RE (%FS) = & sF; 1100 (26)
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where Ry, is the residual for each component measured with the balance (F;) and FS
is the full scale corresponding to each of them, which will be different for each compo-
nent. Then, for the lift component, the full scale will be equal to FS; = 600 g, while
for the drag component, it will be FSp = 200 g and for the pitching moment, it will be
FSy, = 8 g'm. Moreover, Table 7 presents the non-dimensional standard deviation
sk, (%FS) of the residuals for each component measured with the balance (F;), which repre-
sents the mean square error of the fit model as follows:
1

sp? = o [[R] [R]TL withi=1,2,3 and  sp = \/sp? 27)

where n — p are the freedom degrees with p = 9.

Table 6. Contributions to the total load cells for second-order interactions.

Aijk . U] . uk/Aii -U;

i j=1,k=1 j=2k=2 j=3k=3 j=2k=1 j=3k=1 j=3k=2 Total

1 8.81.1073 6.43-1073 2.90-1072 —1.20-1072 —8.45.107° —2.23.107* 3.19-1072
2 —2.14-1073 2651073 -9.96-1073 4.76:1074 —3.08-10* ~1.27-1073 —1.05-1072
3 -1.77-1073 1.32:1073 —8.58.1073 1.56-1073 2.69-107% —3.77-1073 —1.09-1072

Table 7. Mean values, standard deviation, and uncertainty of residuals for mid-range loads.

F; R, (%FS) s, (%FS) Uy, (%FS)
0.518 1272 2.738
—0.124 1.158 2.668

M, 0.018 0.723 1.700

Several sources of error can affect the performance of the balance, but the uncertainty
can be determined by considering that a generic force measurement by the balance equals
the real force (applied load) acting on it, minus the corresponding residual.

ﬁi = Fiyeal—load —R; = f(Fireal—lmzd Y Ri) )

Then, the combined uncertainty can be computed as follows:

2
of of \*
2 2 ) 2 — 2 2
uAi o (E)F > uFireal—laud + <8R1> uRi uFireal—loud + uRi (29)

ireal —load

The uncertainty in the value of the real load arises because the input of the applied
load in the calibration bench does not exactly match the nominal value. This discrepancy
is due to the weights used during calibration, which were measured using an analytical
balance with a resolution of 1 mg. Additionally, friction in the pulleys, misalignments, and
deformations in the mechanical structure of the bench can introduce uncertainties estimated
to be on the order of 10~ of the load, as determined during the balance’s calibration in the
mid-range.

The uncertainty of the residual can be estimated using the standard deviation, cal-
culated from the variance of the residuals. The expanded uncertainty Uy, is given by the
following equation:

Up =k-u £ (30)
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where k is the coverage factor, with a value of k = 2 for a 95% confidence level. Thus, the
result of a measurement with the balance is expressed as follows:

F=F+Ug (31)

E. Verification

The verification process of the external balance involved determining the force matrix
[F] measured by the balance using two methods. First, an initial verification was conducted
using the same output signals [U] from the calibration (Figures 10A, 11A and 12A), allowing
for the calculation of the calibration residual to ensure that it is minimal. Next, a second
verification was carried out by applying known loads different from those used during
calibration. This approach assesses the balance’s accuracy from a global perspective as a
“black box” sensor, where the balance is subjected to input loads and responds with output
digital signals. In this case, a total of five loads were selected, including both pure and
combined loads (Figures 10B, 11B and 12B).

300

. - - o - * Real forceL
- - - ._. ". * Balance force L 200 ] ]
re - L w [
v Sy e Aty g 100
e daasssstens
. - -
" - - 0 .
L@
. - -
-100
. .
s
s .
* * -200
e "
. .
v v -300 L] = Real forceL
« Balance force L

-400

0 50 100 150 200 250 0 1 2 3 4 5 6

Tests Tests

......

Figure 10. Verification of lift with calibration loads (A) and 5 selected loads (B).

200
« Real forceD

- - ° Balance forceD 150 [ .

100
50
D(g) 0 L] -

-50

. 8
150 Real force D

L]
- - ¢ Balance force D

-200

50

100 150 200 250 0 1 2 3 4 5 6
Tests

Figure 11. Verification of aerodynamic drag with calibration loads (A) and 5 selected loads (B).

Figure 10 shows the real lift data, that is, the force matrix [F] with the applied and
known loads (blue points) and the lift values measured with the external balance (data in
red). It can be observed that the real values are almost identical to the values measured by
the external balance in the verification with calibration loads (Figure 10A). However, in the
verification with 5 selected loads, there is a small deviation between the real load and the
load measured by the balance for the 3 and the 5 load points (1, 3, and 5).

Figures 11 and 12 show the real aerodynamic drag data and pitching moment, respec-
tively, that is, the force matrix [F] with the applied and known loads (blue points) and the
values measured with the external balance (data in red). As in the previous case, the real
values are practically the same as the values measured by the external balance in the two
verifications. Since these components present rather lower values compared to the lift force,
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it can be concluded that the deviation is in the allowable range of measurement, and thus
the calibration matrix [A] results to be valid for future wind tunnel tests.

6 35
= Real force M,,
s ssssss segen * Balance force My, 3 * '
4 )
—areen eraette 25
2 e amessmes tRamn. 2
L ) T ——— My 15
(g-m) (g-m)
semmmer temee 1
-2
- -ttt Oy 05 = Real force My,
o4 ¢ Balance force My,
. sares ' 0 . . t
6 -05
0 50 100 150 200 250 0 1 2 3 4 5 6
Tests Tests

Figure 12. Verification of pitching moment with calibration loads (A) and 5 selected loads (B).

Table 8 shows the force and moment values that constitute the matrix [F| of real
values, that is, the 5 selected load cases, the force, and moment values measured with
the balance.

Table 8. Verification with the 5 selected loads.

N° Fi teal F; patance
Case L(g) D(g) My(g-m) L(g) D(g) My(g-m)
1 225.175 0 0 215.152 0.407 0.001
2 0 154.816 0 —2.380 156.048 —0.004
3 225.175 —154.368 0 216.895 —154.840 0.077
4 —295.46 154.816 3.0798 299313  156.284 3.075
5 —140.644 0 3.0798 —151.302 0.425 3.109

The absolute error in the measurement of each component |AF;| is calculated as follows:
|AFi| = |Fi_reul - Fi_balunce| (32)

where i represents each measured force or moment in each load case.
The relative error of each component in percentage ¢, (%) is defined as follows:

_ |AF|

er,(%) = “p7 100 (33)
1

Table 9 shows the errors in the measurement of each component and the non-dimensional
values according to the full scale (FS).

Table 9. Absolute and relative errors of each load component.

N L e oo 1aple B2 Blen  aMylem ety S
1 10.023 1.670 4451 0.407 0.203 0.001 0.007
2 2.380 0.396 1.232 0.616 0.795 0.004 0.045
3 8.280 1.380 3.677 0472 0.236 0.305 0.077 0.967
4 3.853 0.642 1.303 1.468 0.733 0.948 0.005 0.059 0.155
5 10.658 1.776 7.578 0.425 0.212 -—- 0.029 0.362 0.942
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5. Conclusions

This paper presents the mechanical design and the calibration process of a 3-component
external balance for measuring aerodynamic forces on a Micro Air Vehicle. The entire pro-
cess, from fabrication to calibration, was carried out at the Experimental Aerodynamics
Department of the National Institute for Aerospace Technology (INTA). The balance fea-
tures a complex metallic structure, utilizing high-precision strain gauge cells strategically
placed to measure lift and drag forces and pitching moments. Moreover, the calibration
bench built for this external balance is also described, and it is intended for future wind
tunnel testing.

Notably, the measurement errors of the external balance obtained during calibration
and verified using different loads (from those used in calibration) were low, with maximum
errors of 1.78% FS for lift force, 0.73% FS for aerodynamic drag, and 0.98% FS for pitching
moment (Table 9). This high level of accuracy ensures reliable results for aerodynamic
testing and provides a robust tool for future wind tunnel experiments.
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