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KEYWORDS Abstract The accuracy of model attitude measurement has an important impact on wind tunnel
Calibration; test results. Microelectromechanical System Inertial Measurement Unit (MEMS IMU) provides
Installation error; a feasible way to measure model attitudes with high accuracy. However, the installation error
Least squares; between MEMS IMU coordinate system and the body coordinate system of test models can make
MEMS; the accuracy of the model attitude measurement decrease. In wind tunnel tests, the installation error
Model attitude measure- depends on the relationship between the IMU and the model mechanism before tests. Therefore, in-
ment; field calibration in wind tunnel tests is necessary to reduce installation errors. To improve attitude
Quaternion; measurement accuracy, the least squares quaternion calibration method based on MEMS IMU and

Wind tunnel test six-position calibration procedure are proposed. High-precision three-axis turntable tests are per-

formed. The pitch accuracy after calibration is higher than that before calibration in the angle of
attack sweeping tests. The Root-Mean-Square Errors (RMSE) in the roll and yaw are within
0.01°, which are smaller than those before calibration. In the roll sweeping tests, RMSE of three
attitude angles decrease significantly. In hypersonic wind tunnel tests, the pitch errors before and
after calibration are within 0.05° and 0.02° in the angle of attack sweeping tests without wind. In
five angle of attack sweeping tests with wind, the deviation between the mean of the pitch and
the pitch after the elastic angle correction is within 0.03° and the standard deviation of five tests
is within 0.01°. The proposed method is confirmed to enhance the accuracy of attitude measurement
effectively, which is convenient for engineering applications.

© 2022 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author.
E-mail address: zhaoxl19@mails.tsinghua.edu.cn (X. ZHAO). Accurate model attitude measurement is a crucial way for

Peer review under responsibility of Editorial Committee of CJA. improving the accuracy of wind tunnel test data and the basis
for aerodynamic performance analysis.' In particular, the
accurate calculation of the drag coefficient that affects the fuel
consumption of the aircraft heavily depends on high-precision
angle of attack measurement.” The commonly used attitude
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measurement systems in wind tunnels include the model sup-
port system,’ the inertial system® and the optical systems.>°.

Conventionally, wind tunnels indirectly obtain the model
attitude by combining the nominal angle and the elastic angle
correction of the model support mechanism. Owing to the
model vibration, irregular deformation of the mechanism,
mechanism transmission gap and correction error accumula-
tion, the conventional method using the model support system
gradually fails to meet the requirements of high-precision atti-
tude measurement.” The inertial system is based on gyros and
accelerometers. The Gyro Attitude Position System (GAPS)
demonstrates the potential to measure the model attitude in
conditions of vibration and test setups without a balance.”
The accelerometers are adopted to measure the attitudes of air-
craft models.®” However, the sideslip cannot be determined by
accelerometers only. The centrifugal acceleration resulting
from sting vibrations is difficult to identify. Although gyros
have better anti-disturbance performance and they can mea-
sure sideslip, they suffer from drift and large size problems.
Generally, an optical system is an off-body measurement solu-
tion. The multi-camera videogrammetric system is often devel-
oped for the attitude measurement of both static and moving
targets.'” '* Nevertheless, complicated camera arrangement,
mark point setup and difficult calibration method limit its
extensive use.

The small effective test area of the hypersonic wind tunnel
leads to a small space reserved for the test model and attitude
measurement sensor. The accuracy of sensors in small size is
limited. To improve the accuracy of attitude measurement, it
is necessary to develop an angular measurement system with
small size and high accuracy.

With the rapid development of Microelectromechanical
System (MEMS) technology, the small-size, light-weight,
low-power-consumption and low-cost MEMS sensors have
become one of the main research directions in inertial naviga-
tion field.'* MEMS sensors are sufficiently small to be housed
in a scaled model, which have become a solution for angular
measurement system in hypersonic wind tunnel.'> Carnduff
introduces a low-cost dynamic wind tunnel facility that com-
prises MEMS accelerometers, MEMS rate gyros and solid-
state magnetometers. The Kalman filter fuses data from the
sensors to obtain accurate attitude angles. The parameter esti-
mates are highly accurate. However, the Kalman filter method
is more computationally intensive and the initial parameters
are not easy to determine.'® The utilization of MEMS sensors
is addressed to measure the spin attitude. The test results indi-
cate that the system is stable and reliable. The angle measure-
ment accuracy is better than 1° to satisfy the test requirements.
However, the accuracy is low for hypersonic wind tunnel
tests.'” Based on MEMS IMU, Yang takes advantage of
accelerometers and gyros in the frequency domain and designs
a Quaternion Nonlinear Complementary Filter (QNCF) to
solve the model attitude. The attitude error is within 0.3° in
the hypersonic wind tunnel test. The method is flexible and
implementable, and it is successfully embedded in the Field
Programmable Gate Array (FPGA) to provide real-time accu-
rate attitude information.'®.

In wind tunnel tests, the measured attitudes are the angles
of the model body coordinate system (b-frame) with respect
to the wind tunnel coordinate system (w-frame). Initially, the
b-frame is guaranteed to coincide with the w-frame. However,
the MEMS IMU measures the angular velocity of the IMU

coordinate system (s-frame). Fig. 1 shows the wind tunnel test
equipment and the relationship among the s-frame, b-frame
and w-frame. The angle errors between the s-frame and b-
frame are caused by installation, irregular deformation and
transmission gap of the mechanism. The angle errors can be
collectively referred to as equivalent installation errors, which
have a negative impact on the accuracy of attitude measure-
ment. The installation errors of a fixed MEMS IMU depend
on the model mechanism, making the calibration method using
a high-precision three-axis turntable unavailable. Evidently,
in-field calibration is necessary for wind tunnel tests. Although
some researches on the in-field calibration method of MEMS
sensors have been reported,'” > to the authors’ best knowl-
edge, to date, the in-field installation error calibration methods
for MEMS IMU in hypersonic wind tunnel tests are rarely
discussed.

According to the practical test conditions in hypersonic
wind tunnel, this paper proposes a useful and implementable
calibration method for MEMS IMU to improve the accuracy
of model attitude measurement. The impact of installation
errors on the attitude is analyzed. Based on previous work,'®
the least squares quaternion calibration algorithm is designed
to calculate the installation error matrix. A six-position cali-
bration scheme is introduced. The high-precision three-axis
turntable tests and wind tunnel tests are implemented to con-
firm that the proposed calibration method is effective. The
proposed method has good attitude measurement accuracy
and it is easy to operate.

2. Installation error analysis

To measure the model attitude accurately, the MEMS IMU is
installed in the head cavity of the model and fixed to the multi-
degree-of-freedom model mechanism. The model is mounted
on the mechanism. When the mechanism follows the com-
mands of movement, the model and the MEMS IMU move
along with the mechanism. The MEMS IMU contains three
orthogonal accelerometers and three orthogonal gyros.
Because the IMU products have been calibrated and compen-
sated before use, the bias, scale factor and non-orthogonal
errors inside the MEMS IMU are not considered. Only the
installation errors of the MEMS IMU with respect to the
model body are discussed. The installation errors are easy to
understand using the Euler angle.

The relationship between the model body (b-frame) and
MEMS IMU (s-frame) coordinate systems is shown in Fig. 2.

The b-frame in space can be obtained by rotating the s-
frame thrice. The first rotation angle around the zg-axis is o;.

IMU Test model

T < | Nozzle
g el TR

Air flow

[

s-frame b-frame w-frame

Model
mechanism

Fig. 1 Wind tunnel test equipment and relationship among s-
frame, b-frame and w-frame.
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Fig. 2 Relationship between b-frame and s-frame.

The second rotation angle around the y,-axis is a,. The y,-axis
is given by y,-axis after the first rotation. Similarly, the third
rotation angle around the x,-axis is o3. The xp-axis is given
by xs-axis after the two rotations. In wind tunnel tests, the s-
frame and the b-frame are roughly aligned when the MEMS
IMU is fixed with screws. Therefore,o;, o, and o3 are all small.
According to the orthogonal small-angle transformation, the
rotation matrix C}, of the installation error from the b-frame
to the s-frame is

COS 0 COSay — COS 03 Sin oy + sin o3 CoS o Sin oy

where [, 0, 7,]" are the rotation angles of b-frame solved
in s-frame.

Under the condition of small angle hypothesis, the attitude
error can be expressed as

Alﬁ l//s l// OC195 — 02Ys
AO | =10, | — |0 | = |ozy, — oy 4)
AV Vs Y O‘Zl//s - Cx39s

A linear relationship exists between the attitude errors and
the installation errors in Eq. (4). The installation errors cause
the motion of other channels to couple with the current
channel.

To obtain the true attitudes in real time, it is necessary to
calculate the rotation angles of body in the MEMS IMU coor-
dinate system in real time and an installation error matrix is
available. The calibration must be completed after the IMU
installation before the wind-on tests.

3. Attitude error calibration method

The real-time solution of the attitude angle in the MEMS IMU
coordinate system uses the QNCF attitude determination
algorithm.'®.

sin o3 Sin o -+ COS ot3 COS ¢y Sin oy

C, = |sinojcosa,  cos o cos oy + sin oz sin o sin o, — sin o3 COS oy + COS o3 Sin oy Sin o
— sin oy Sin o3 COS o COS 03 COS 0Ol
| 1)
—o o2
~ | o 1 —03
—0y 03 1
The angle velocity output W in the b-frame of the MEMS The quaternion differential equation is given as
gyro is L
0=50%0 (5)
s 2
W 28
ny =C"| o (2) where o is the angular velocity and Q= [¢, ¢, ¢, ¢;] is
o co; the attitude quaternion. The relationship among the quater-

where Cz’ is the inverse matrix of Gi;w}, w} and w} are the
angular velocities resolved in the x-, y- and z-axis of the s-
frame respectively.

In wind tunnel tests, the b-frame coincides with w-frame at
the initial moment. In addition, the earth and gravity reference
model cannot be considered in a short time. The true yaw i,
pitch 0 and roll y in the w-frame can be regarded as the rota-
tion angle of b-frame.

v Jo Wadt v,
0| =|fwhde| =C |0, (3)
y fol W‘Z)d‘[ ys

nions is|| @ | =g +¢i + 5 + 43 = 1.
The updated quaternion process is shown as

OQ(ti1) = Q1) @ q(h) (6)

where 7, and #; are the current moment and the previous
moment of the solution, respectively. g(/) is attitude transfor-
mation quaternion and ® is multiplication of quaternions.

(48]
Cos 5

AOy i |AO
e 7
q(h) = A0, o 180] )
1A0] 2

AD: oi 180]

Ag sin'5
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where [AQ] = /A0} + A0} + AG2. AO,, AO, and A0. are the

angular increments during the sampling period.

The QNCEF is used to fuse the gyroscope and accelerometer
data. The Acceleration Magnitude Detector (AMD) parameter
Thr which reflects the magnitude of the vibration is designed to
switch the operating modes. When Thr is smaller than 0.3, the
accelerometer data are reliable and the PI controller can work.
Otherwise, vibration is large. The QNCF is completely depen-
dent on gyroscope data. The accelerometer data are unavail-
able. This strategy is helpful in eliminating the effect of
vibration.

The attitude calculated in real time is

2(9191—9093)
= arctan | — 55— —T, T
v (-Fuee) n

0 = arcsin(2(¢,q; + 404,)) [-7/2, m/2] (®)

— 2(4193=9092)
v = arctan 3 5 T, T
v ( G —45+43 [, ]

3.1. Least squares quaternion algorithm

Generally, the Euler angle is simple and intuitive. However,
the transformation between the two coordinate systems can
be achieved by various combinations of rotation order and
Euler angles, resulting in the installation error rotation matrix
that is not unique. In fact, the relationship between the b-
frame and the s-frame in space is determined uniquely. The
installation error matrix Qz’ in the quaternion is used to replace
CE . In addition, the quaternion is adopted in the attitude
update algorithm, which simplifies the calculation of the instal-
lation error matrix and makes the method more practical.

The formula for converting quaternions to Euler angles is
given according to Eq. (8). The quaternions are expressed by
Euler angles as follows:

@ cos? cos¥ cos? — sin? sin¥ sin’
q,| |sin§cos§ cos}—cosf sin¥ sing )
| sin§ sin% cos + cosd cos% sin}
qs cosd sin% cos? + sinf cos% sin’

The true attitude quaternion of the model in the body coor-
dinate system is

9 On Qn Q5 Qu][%

AE _ 9 _ QEAz _ 0y On 0Oy 0O (13 (10)
q> 05 On On Qul||®%
q3 On On Qun Qulla

where [q} ¢} ¢ q_%]T denotes the attitude quaternion in

the MEMS IMU coordinate system. [¢, ¢, ¢, ¢5]" is lin-
carly related to [¢) ¢} ¢ ¢3]". The linear least squares
method is useful for estimating the installation error matrix.
The goal of the least squares method is to minimize the sum

of squares of the errors between the estimated attitude As
and the true attitude AZ.

J(Q) = (40 — 0°43)" (47 — 0°47) = min (11)

Let the partial derivative of J(QP) with respect to Q be
equal to 0.

ang?J(st) = 2(Q§A;(A;)T AP (A;)T) =0 (12)

The solution is

0 = AS(A;)T(A;“I(A;)T)] (13)

T
In the above equation, (Afl (Afj) ) exists only if AZ is a

row-full-rank matrix. There are 16 unknowns in the matrix,
which generally require 16 equations to be solved. Because
there is the amplitude constraint on the four quaternions, 12
equations are sufficient. Four equations are established for
each calibrated position. It can be concluded that at least three
positions are required. In wind tunnel tests, the angular range
of the attitude of the model is limited. Compared with three,
four and five positions, six positions are symmetrical.”* Fur-
thermore, six-position method covers the measurement range
of three attitude angles with a moderate number of positions,
which is very suitable for engineering applications.

3.2. Calibration implementation

The installation errors consist of three Euler angles around the
x—, y— and z— axis. The calibration equipment is a three-axis
rotating mechanism with a certain degree of accuracy that has
been calibrated. In wind tunnel tests, a three-axis support
mechanism is suitable for mounting the model. The six-
position calibration of the installed MEMS IMU is performed
prior to the wind-on tests. The MEMS IMU must be rein-
stalled when the models are changed. The installation error
matrix is obtained according to Eq. (13). Assuming that the
x-axis is the yaw axis, y-axis is the pitch axis and z-axis is
the roll axis, the achievable angle ranges of the support mech-
anism in wind tunnel are [o; o} | in the yaw channel, [, )]
in the pitch channel and [a; o}] in the roll channel. Given
that the errors of the MEMS IMU increase over time, the
entire calibration process is completed within 1 min. The cali-
bration workflow is given as follows:

(1) The MEMS IMU is powered on for 5 min for warm-up,
and calibration procedure begins after the output of sensors
has stabilized.

(2) The mechanism sets yaw to o, pitch and roll to 0°. The
mechanism rests for 3 s to collect the output of the MEMS
IMU.

(3) The mechanism sets yaw to o/, pitch and roll to 0. The
mechanism rests for 3 s to collect the output of the MEMS
IMU.

(4) The mechanism sets pitch to a3, yaw and roll to 0". The
mechanism rests for 3 s to collect the output of the MEMS
IMU.

(5) The mechanism sets pitch to o}, yaw and roll to 0. The
mechanism rests for 3 s to collect the output of the MEMS
IMU.

(6) The mechanism sets roll to a,, pitch and yaw to 0". The
mechanism rests for 3 s to collect the output of the MEMS
IMU.

(2023), https://doi.org/10.1016/j.cja.2022.12.006
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(7) The mechanism sets roll to o}, pitch and yaw to 0. The
mechanism rests for 3 s to collect the output of the MEMS
IMU.

Attitude data are processed offline. In each of the six sta-
tionary positions, the data points in the middle section of the
relatively smooth quaternion curve are selected to solve the
mean value. The mean values are expressed as A4;.

@ @ 4% 4o 4o 49
a4 @ 4 a4
L R A O
R A R

A= (14)

The installation error matrix QP is given according to Eq.
(13). A: is the Euler angle matrix in the body coordinate sys-
tem, which can be transformed to Az.

w op 0 0 0 O
A=10 0 o3 of 0 0 (15)
0 0 0 0 o o

In wind tunnel tests, the quaternion matrix A; in the
MEMS IMU coordinate system is transformed to Alq’ in the

body coordinate system by QP in real time. Meanwhile, AZ is
transformed to Euler angles, which is the true attitude for
aerodynamic analysis. When the MEMS IMU is reinstalled,
it must be recalibrated using this workflow.

4. Results and analysis

In this section, the performance of the calibration method is
illustrated by using high-precision three-axis turntable tests
and hypersonic wind tunnel tests. The MEMS IMU consists
of three high-precision MEMS gyros and three high-stability
accelerometers. The data output from the MEMS IMU is sent
to the data-processing unit for attitude estimation in real time
and all data are stored in the file. After calibration, the data in
the file are used for the offline solving of the calibration matrix.

4.1. High-precision three-axis turntable tests

A diagram of the high-precision three-axis turntable is shown
in Fig. 3. In view of the practical application conditions in
wind tunnel tests, yaw is set to [—8°, 8°], pitch is set to
[—12°, 23°] and roll is set to [—90°, 90°].

Data processing unit = =

Data acquisition interface - —

The data sampling frequency is 1000 Hz. The three initial
attitude angles are 0°. Calibration is then performed. The solu-
tion of the calibration matrix is

0.999926  0.000338  0.000226  0.000026

. —0.000147 0.999817 —0.003990 0.001127
& = 0.000046 —0.004451 —1.000355 0.000454
—0.000118 —0.000347 —0.000827 0.999504

Theoretically, when a MEMS IMU is ideally installed, the
installation error matrix is a unit diagonal array. The diagonal
elements of the matrix are all close to 1. However, the other
elements of this matrix are not zero because of the installation
errors. The results of the attitude data before and after calibra-
tion, as well as the reference angles of the turntable, are listed
in Table 1.

From Table 1, it can be observed that most of the attitude
angles after calibration are closer to the input reference angles
of the high-precision three-axis turntable than those before cal-
ibration. The attitude angle errors are within 0.04°, which indi-
cates that the calculation of the matrix is correct.

To further verify the reliability of the method, three tests
are conducted under the conditions of large installation errors.
In the first test, only the pitch installation error is large. Fig. 4
shows the installation relationship between MEMS IMU and
turntable in the first test. One side of IMU is fixed on board
by screws in Position 1 and Position 2. And the opposite side
of the IMU is raised by gaskets in Position 4. When the pitch
installation error is large, the results of the attitude data are
listed in Table 2.

In the second test, only the pitch and roll installation errors
are large. Fig. 5 shows the installation relationship between
MEMS IMU and turntable in the second test. One corner of
IMU is fixed on board by screw in Position 2. And the oppo-
site corner of the IMU is raised by gaskets in Position 4. When
the pitch and roll installation errors are large, the results of the
attitude data are listed in Table 3.

In the third test, all three installation errors are large. Fig. 6
shows the installation relationship between MEMS IMU and
turntable in the third test. One corner of the IMU is raised
by gaskets in Position 3. MEMS IMU rotates counterclock-
wise around the yaw axis. The other corner of IMU is fixed
on board by screw in Position 1. When all three installation
errors are large, the results of the attitude data are listed in
Table 4.

The results in Table 4 show that most of the attitude errors
after calibration are smaller than those before calibration.

———————— MEMS IMU

— - Three-axis turntable

= Tumntable control interface

Fig. 3 High-precision three-axis turntable equipment.
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Table 1 Comparison among reference angles, attitude angles before calibration and attitude angles after calibration.

Yaw angle (°) Pitch angle (°)

Roll angle (°)

Reference Before After Reference Before After Reference Before After
8 8.006 7.985 0 0 —0.008 0 0 0.016
-8 —8.002 —8.016 0 0.017 —0.013 0 0.012 0.020
0 —0.002 —0.018 —12 —11.972 —11.988 0 —0.047 0.016
0 0.031 —0.026 23 23.023 22.999 0 0.122 0.029
0 —0.258 0.001 0 —0.179 —0.001 90 89.947 89.993
0 —0.199 0.039 0 0.332 0.020 -90 —89.967 —89.971
O Screw fixed on board
[0 Raised gasket under board
Roll axis
IMU z-axis (z,)
Yaw axis (z,)
IMU x-axis (x,)
1)
IMU i 1) B s
—=e 3 by
Roll axis (,) Pitch axis (x,)
(a) MEMS IMU installation diagram (b) Installation schematic diagram
Fig. 4 Installation relationship between MEMS IMU and turntable when the pitch installation error is large.

Table 2  Attitude angles when the pitch installation error is large.
Yaw angle (°) Pitch angle(°) Roll angle (°)
Reference Before After Reference Before After Reference Before After
8 8.015 7.986 0 0.007 —0.017 0 0.033 —0.001
-8 —7.992 —8.003 0 —0.003 —0.017 0 —0.046 —0.004
0 0.016 —0.014 —12 —12.050 —11.969 0 —0.015 0
0 —0.001 —0.008 23 23.257 23.030 0 0.016 0.002
0 1.184 0.031 0 —1.213 0.007 90 90.333 90.139
0 —1.147 0.007 0 —1.134 —0.031 -90 —90.335 —90.136

Especially, channel coupling errors caused by large installation
errors are significantly reduced. However, a small number of
calibrated results are not satisfactory. Besides gyroscope data,
complementary filters can also fuse accelerometer data to solve
for pitch and roll angles. The yaw angle can only rely on the
angular velocity integration of gyro. The random drift errors
of the gyro increase with time, which makes the yaw angle
errors increase and cannot be eliminated. Due to the installa-
tion errors, the yaw angle errors are also projected in the other
two directions, which makes some of the calibration results
unsatisfactory.

The angle of attack sweeping simulation tests are conducted
on the turntable. The results are presented in Table 5.

As observed from Table 5, there is a significant improve-
ment in the pitch angle after calibration. The maximum pitch
angle error before calibration is 0.04°. The results after calibra-
tion are all within 0.03°.

The results of roll and yaw are presented in Fig. 7. The
Maximum Absolute Error (MaxAE) and RMSE of the roll-
yaw attitudes are listed in Table 6.

Owing to installation errors, the motion in the pitch chan-
nel is coupled to the roll and yaw channels, resulting in
approximately stepwise errors in both channels. Fig. 7 and
Table 6 show that the calibration method significantly reduces
the roll and yaw errors. Roll and yaw errors are within 0.03°.
The RMSE of roll and yaw are within 0.01°.
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O Screw fixed on board
O Raised gasket under board

(a) MEMS IMU installation diagram

Fig. 5

IMU y-axis (v,)
Roll axis (y,)

IMU z-axis (z,) Yaw axis (z,)
IMU x-axis (x,)
g Pitchaxis (x,)

l I

Body MEMS IMU

(b) Installation schematic diagram

Installation relationship between MEMS IMU and turntable when the pitch and roll installation errors are large.

Table 3 Attitude angles when the pitch and roll installation errors are large.

Yaw angle (°) Pitch angle (°)

Roll angle (°)

Reference Before After Reference Before After Reference Before After
8 7.992 7.998 0 —0.018 —0.026 0 0.021 —0.072
-8 —8.021 —7.990 0 0.011 —0.015 0 —0.033 —0.074
0 0.040 —0.026 —12 —12.061 —11.983 0 —0.048 —0.068
0 —0.151 —0.003 23 23.236 23.021 0 0.092 —0.034
0 0.587 0.008 0 —1.133 0.013 90 90.647 90.254
0 —1.146 0.013 0 —0.565 —0.008 -90 —90.017 —90.010
O Screw fixed on board
O Raised gasket under board
Yaw axis (z,) .
IMU y-axis (v,)
IMU z-axis (z,) .
P Roll axis (y,)
Body IMU x-axis (x,)
Pitch axis (x,)
[
) : ‘ ® MEMS IMU
(a) MEMS IMU installation diagram (b) Installation schematic diagram
Fig. 6 Installation relationship between MEMS IMU and turntable when all three installation errors are large.

The roll sweeping tests are also carried out on the turntable.
The results of roll attitudes are summarized in Table 7.

The calibrated roll angles are much closer to the reference
angle. Except for 0°, the other angle errors are reduced by at
least 17 % compared to those before calibration. In particular,
it is over 80% pitch errors that are alleviated at 90°. All pitch
errors are within 0.06° before calibration and 0.04° after
calibration.

Fig. 8 presents the results of the pitch and yaw angles.
Table 8 lists the MaxAE and RMSE of the two channels.

Similarly, the errors in the pitch and yaw channels caused
by installation errors are stepped. As shown in Fig. 8, both
the pitch and yaw errors are smaller after calibration. Table 8
suggests that the pitch-yaw errors are reduced by at least 30 %
in the roll sweeping tests.
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Table 4 Attitude angles when all three installation errors are large.
Yaw angle (°) Pitch angle (°) Roll angle (°)
Reference Before After Reference Before After Reference Before After
8 7.992 7.995 0 0.036 0.004 0 0.007 0.075
-8 —38.023 —7.995 0 0.003 —0.006 0 —0.015 0.075
0 —0.046 0.008 —12 —12.052 —12.013 0 —0.513 0.102
0 0.367 —0.013 23 23.144 23.004 0 1.092 0.057
0 —2.250 —0.004 0 —2.676 0.007 90 89.935 89.973
0 —2.751 0.007 0 2.270 0.004 -90 —90.707 —90.274
Table 5 Mean pitch angles before and after calibration in angle of attack sweeping tests.
Reference (Mean pitch angle) (°) Before (Mean pitch angle) (°) After (Mean pitch angle) (°)
—4 —3.988 —3.999
0 0.017 0.005
4 4.022 4.009
8 8.02 8.007
12 12.029 12.014
13 13.029 13.014
-5 —4.965 —4.976
13 13.04 13.025
0.06 T T T T T T 14 0.035 T T T T T T 14
0.04 N 110 0.025 10
g om 16§ & ! le 5
s = 5 0.015 2
- g =2 g
2 = 24 5
= 0 12 £ < 0.005F 12 =
S ~ z ~
~ V\\J } 8
~0.02 W ) ~0.005 | {-2
-0.04 -6 -0.015 -6
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (s) Time (s)

—— Roll angle error before calibration
—— Roll angle error after calibration
—— Pitch angle

(a) Roll angle error and pitch angle

— Yaw angle error before calibration
— Yaw angle error after calibration
——Pitch angle

(b) Yaw angle error and pitch angle

Fig. 7 Roll and yaw angle errors before and after calibration in angle of attack tests.

The angle of attack and roll sweeping tests prove that the
proposed calibration method is effective and correct in reduc-
ing installation errors, which is beneficial for improving the
accuracy of model attitude measurement.

Table 6 MaxAE and RMSE of roll and yaw angles in angle of
attack tests.

Type Roll angle (°) Yaw angle (°)
MaxAE Before calibration 0.052 0.034

After calibration 0.023 0.019
RMSE Before calibration 0.029 0.018

After calibration 0.009 0.009

4.2. Hypersonic wind tunnel tests

To further verify the feasibility of the method, hypersonic wind
tunnel tests are conducted to collect and analyze the data
under actual flight conditions. As shown in Fig. 9, the model
is fixed to the mechanism. The MEMS IMU is installed inside
the model. In wind tunnel tests, when the multi-degree-of-
freedom model mechanism drives the model to rotate, the noz-
zle provides a stable airflow along the airflow direction to sim-
ulate the actual flight environments. To reduce signal noise
and the effect of structural vibration, some electromagnetic
shielding technologies and mechanics design are applied in
the MEMS IMU measurement system.

(2023), https://doi.org/10.1016/j.cja.2022.12.006
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Table 7 Mean roll attitudes before and after calibration in roll sweeping tests.

Reference (Mean roll angle) (°) Before (Mean roll angle) (°) After (Mean roll angle) (°)
90 89.948 89.99

60 59.952 59.986

30 29.965 29.986

0 —0.001 0.006

—30 —29.987 —29.992

—60 —59.973 —59.983

-90 —89.955 —89.962

90 89.957 89.999

100

60
2 20 &
5 o
© 2
on <
8 203
f,) =4
:

-60

] ~100
0 20 40 60 80 100

Time (s)

Pitch angle error before calibration
—— Pitch angle error after calibration

— Roll angle

(a) Pitch angle error and roll angle

Yaw angle error (°)

100

60

20 o
=
g

-20 E

-60

; ~100
0 20 40 60 80 100

Time (s)

Yaw angle error before calibration
—— Yaw angle error after calibration
— Roll angle

(b) Yaw angle error and roll angle

Fig. 8 Pitch and yaw angle errors before and after calibration in roll sweeping tests.

Table 8 MaxAE and RMSE of pitch and yaw angles in roll

sweeping tests.

Type

Pitch angle (°)  Yaw angle (°)

MaxAE Before calibration
After calibration

RMSE Before calibration
After calibration

0.316 0.272
0.127 0.140
0.180 0.116
0.059 0.073

Before wind-on tests, it is necessary to implement the cali-
bration procedure. The installation matrix obtained from the
offline calculation is shown as follows:

0.999607  —0.001102 —0.000079 —0.000040
0.001574 1.004462  0.002123 —0.003314
—0.000606 —0.002342 1.000537  0.007825
—0.001437 —0.000023 —0.006286 1.000684

----- Test model

7
MEMSIMU ----7

Fig. 9 Wind tunnel verification test equipment.
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Table 9 Mean pitch angles without wind in angle of attack tests.

Reference (Mean pitch angle) (°)

Before (Mean pitch angle) (°)

After (Mean pitch angle) (°)

—4 —-3.976 —3.992
0 0.009 0.009
4 3.992 4.009
8 7.978 8.011
12 11.959 12.009
13 12.951 13.005
=5 —4.963 —4.983
13 12.95 13.004
1 Group 1 that in the other four groups. The mean and standard devia-
- ——Group 2 a tion (Std) of the pitch angles in five wind-on tests are listed
—Group 3 / .
10 F Group 4 / in Table 10.
—Group 5 S S As can be found in Table 10, under wind condition, both

e /
2 6}
g " [-30s[ o
= L |~ il
g r-aosh /
o —.
@ 241553535 / 1113 15
<
=
S ;»
[-o =9
"""" ) OISy
-6 L 1 1
0 5 10 15 20
Time (s)

Fig. 10  Pitch angles in five angle of attack sweeping tests with
wind.

The angle of attack sweeping tests with and without wind
are performed. The mechanism is controlled to move accord-
ing to the reference angle. The pitch angles without wind are
listed in Table 9. The pitch errors before and after calibration
are within 0.05° and 0.02°. Table 9 shows that the accuracy of
pitch angles after calibration is better.

Five angle of attack sweeping tests are performed to
enhance the reliability of the wind-on tests. Fig. 10 shows pitch
angles in five wind-on tests. In wind-on tests, the angular
velocity of the support mechanism in Group 5 is different from

the proposed method and elastic angle correction method have
large pitch angle errors, even more than 0.1°. It is the torque
caused by the high-speed airflow that leads to elastic deforma-
tion of the test model system. The deviation between the mean
of the pitch angle and the pitch angle after the elastic angle cor-
rection is within 0.03°. The standard deviation of the five wind-
on tests is also relatively high, within 0.01°. The pitch angles
after calibration are the actual angles of attack with wind,
which are required for aerodynamic performance analysis.

In addition to the pitch angles listed in Table 9, the two
other attitudes illustrated in Fig. 11 are also investigated.
Table 11 presents the roll-yaw attitude errors in detail.

The roll and yaw angle errors before and after calibration
without wind do not change significantly and they are both
within 0.03°. The main reason for this is that the channel cou-
pling errors caused by installation errors are relatively small.
Moreover, the precision of the multi-degree-of-freedom model
mechanism is not high enough because of mechanism trans-
mission gap, non-orthogonality and other factors. Thus, the
compensation effect of the installation error is not obvious.

The results of the wind-on and wind-off tests in the hyper-
sonic wind tunnel prove that the calibration method is feasible
and effective. The measurement errors of model attitude are
significantly reduced after calibration. Additionally, the stan-
dard deviation of the multiple pitch angle measurement is
within 0.01°.

Table 10 Mean and standard deviation of pitch angles in five angle-of attack sweeping tests with wind.

Test Reference (°)
—4 4 8 12

Group 1 —4.053 0.013 4.076 8.145 12.183
Group 2 —4.039 0.021 4.084 8.153 12.205
Group 3 —4.053 0.013 4.073 8.134 12.182
Group 4 —4.044 0.016 4.079 8.141 12.192
Group 5 —4.032 0.023 4.084 8.151 12.198
Mean (°) —4.044 0.017 4.079 8.145 12.192
After elastic angle correction (°) —4.062 —0.001 4.055 8.123 12.163
Std (°) 0.009 0.005 0.005 0.008 0.010
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Table 11 MaxAE and RMSE of roll and yaw angles in angle
of attack sweeping tests without wind.

Type Roll angle (°) Yaw angle (°)
MaxAE Before calibration 0.018 0.030

After calibration 0.023 0.030
RMSE Before calibration 0.007 0.012

After calibration 0.010 0.011

5. Conclusions

To measure model attitudes in hypersonic wind tunnel tests
accurately, the installation errors of MEMS IMU are ana-
lyzed. And a least squares quaternion algorithm for installa-
tion error compensation is proposed. Based on this
algorithm, a six-position MEMS IMU calibration scheme is
designed to obtain the calibration matrix.

Several tests are performed on a high-precision three-axis
turntable. The calibrated attitude errors decrease significantly.
In angleof attack sweeping tests, the pitch errors are within
0.04° before calibration and 0.03° after calibration. Compared
with the errors before calibration, the RMSE in roll and yaw
after calibration are well improved and within 0.01°. In the roll
sweeping tests, roll errors before and after calibration are
within 0.06° and 0.04°, respectively. Furthermore, the pitch
and yaw RMSE are significantly reduced.

Wind tunnel tests are also carried out based on the calibra-
tion procedure. In angleof attack sweeping tests without wind,
the pitch errors before calibration are within 0.05° and 0.02°
after calibration. Because of the high-speed airflow, elastic
deformation of the model mechanism leads to the deviation
of the pitch angle with respect to the reference value. In the five
angleof attack sweeping tests with wind, the deviation between
the mean of the pitch angle and the pitch angle after the elastic
angle correction is within 0.03°. And the standard deviation of
five tests is within 0.01°. Evidently, wind has an important
impact on model attitude measurement.

0.01

= ~
o <
5] 2
o af)
—_ =
on <
g -0.01 £
g £
>~

-0.02

-0.03 —_—

0 10 20 30 40
Time (s)

— Yaw angle error before calibration
—— Yaw angle error after calibration
—— Pitch angle

(b) Yaw angle error and pitch angle

Roll and yaw angle errors before and after calibration in angleof attack sweeping tests without wind.

The results of the turntable and wind tunnel tests confirm
that the proposed calibration method is effective and available
in improving the accuracy of model attitude measurement. The
scheme is simple and takes a short time, making it suitable for
engineering applications. Future work will focus on improving
MEMS IMU in-field calibration and attitude estimation
algorithms.
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