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Abstract. A novel piezoelectric balance was developed to measure the six-component forces for
the complex aircraft scaled model in the impulse combustion wind tunnel at a short duration
airloads Mach number of 5. The piezoelectric balance using four triaxial piezoelectric load cells
yields the high stiffness, sensitive and good dynamic response characteristics. The dynamic
model-balance system was built to analyze the vibration characteristic. The time series analysis
approach was developed on the basis of the system transfer function and the natural frequency,
and the accelerated forces which induce the airloads overshooting oscillations had been obtained
by the second order derivatives function. The experimental results have shown that the problem
of overshooting oscillations effect of the impulse can be effectively solved by the acceleration
compensation technology for the complex test model with the novel piezoelectric balance.

Keywords: piezoelectric balance, dynamic calibration, short duration measurement, impulse
airloads.

1. Introduction

This paper presents the results of an internal research effort to develop and validate novel
acceleration solution method for the multi-component aerodynamic forces on the simulation
aircraft device in the impulse wind tunnel. On the basis of previous works, a novel six-component
piezoelectric wind tunnel balance had been developed to measure the acrodynamic forces and
moments of a mechanical device [1, 2]. The device motion can be accurately controlled. The
piezoelectric wind tunnel balance had been accomplished the static and dynamic calibration on
the experimental platform [3]. The piezoelectric balance is high stiffness, high frequency response,
high sensitivity and wide measuring range. The prominent advantage over the conventional strain
gage balance is the good performance of dynamic response characteristics. The experimental
results in the transonic wind tunnel have displayed that the dynamic airloads can be effectively
measured by the piezoelectric balance.

However, unlike conventional transonic wind tunnel test, the sudden impact from the
aerodynamic forces usually generates oscillations of the aircraft device. Therefore, for the short
duration impact measurement, typically within 300ms, offers no opportunity to completely damp
the oscillations during the steady flow. This makes direct force measurements challenging as the
inertial forces resulting from the model and piezoelectric balance accelerations add to the
aerodynamic forces and must therefore be accounted for to obtain accurate force and moment
measurements.

In the past, various techniques have been developed to overcome these problems. Dibesh D.
Joshi utilized an external balance for the drag measurement in a hypersonic shock tunnel. An
accelerometer was placed on the model-balance structure to compensate the inertial forces [4].
Michael G. Werling used a conventional five-component strain gauge balance to measure the
wingtip force at Mach 0.75, and a dynamic calibration was applied to the force balance to account
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for the sudden acrodynamic loading [5]. Experiments to measure the forces and moments acting
on a blunt-cone capsule model were carried out by Stuart J. Laurence. A combined accelerometers
and visualization-based tracking technique was proposed to measure the short duration impulse
[6]. In the meanwhile, dynamic calibration methods of wind tunnel balances for short duration
impulse measurement had been researched [7]. Mee D. J. analyzed different techniques for the
calibration of force balances for use in short-duration impulse hypersonic facilities. The impulse
force hammer was used to apply and measure the force pulse [8]. Two force balance techniques
for use in hypersonic impulse facilities were compared by measuring the drag force by Niranjan
Sahoo. And the impulse response function was determined using the cut-weight method [9].
Recent measurements by Marineau have shown that it is possible to make accurate force
measurements in shock tunnels with an acceleration compensated strain gage force balance [10].
The results were compared with a new six-component acceleration compensated piezoelectric
balance under the same nominal flow conditions on the exact same aerodynamic model. The new
piezoelectric balance has both frequency response and sensitivity increased by a factor of
approximately four compared to the strain gage force balance [11].

Over the years, the strain gage force balance was designed as a thin-walled structure so that it
was liable to deformation by external force. In addition, the structure of the aircraft model is
simple, and the natural frequency of the model-balance system is therefore available for the short
duration measurement. However, for the purpose of complex model-balance system and
hypersonic wind tunnel environment airloads measurement, a higher stiffness and better dynamic
characteristics of balance should be designed. In this case, a novel piezoelectric balance and the
model system endeavor to be developed. The primary objective of this paper is therefore to
demonstrate the validity of the complex model-balance measuring method in the impulse
combustion wind tunnel.

The normal force was obtained with the piezoelectric balance at Mach 5. For the purpose of
overcoming the overshooting oscillations signal during the transient impact, an accelerated forces
compensation method on the basis of the time series analysis approach has been developed for the
dynamic short duration measurement in this paper.

2. Theory and method

In recent years, the dynamic multi-component forces measurement plays an important role in
research aerodynamics test, modal analysis, crash testing and so on. In these cases, the static
calibration results are no longer appropriate for the dynamic measurement. Especially, for the high
accuracy multi-component measurement results required, it is major different that short duration
impact generates the oscillations effect comparing with the traditional steady flow.

2.1. Structure of the model device

[1] has introduced the design of the aircraft device. This mechanical device is to simulate the
hatch open motion. Then it is developed to research the aerodynamic characteristics of the
multi-component airloads which change with the hatch open angle within 0-120°. The whole
system includes two parts, one is the hatch open motion device, and the other is the six-component
piezoelectric balance, the whole system which is designed as a ship shell cabin structure is shown
in Fig. 1(a). The hatch’s open angle is 0°. The direct assembly parts joined with the piezoelectric
balance are the support frame, hatch and plug. The local assembly device is shown in Fig. 1(b).

As the material of quartz is stiff, the piezoelectric sensors have considerable advantages
comparing with other sensors used to measure the impact airloads. The triaxial piezoelectric load
cells are very compact, rigid and therefore have a high natural frequency which allows precise
measurement of highly dynamic circumstances. It can be seen as the non-displacement type
sensors. The four triaxial piezoelectric load cells are arranged as a rectangle mode. Each load cells
are preloaded with a bolt which makes the piezoelectric balance connecting to the support frame
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closely. There is a self-lubricating gasket between the shaft and support. Therefore, there is no
displacement of direction when the airloads act on the hatch.

a) The whole aerodynamic model

= *

/5

2 3 4
b) The balance measurement model:
1 — plug, 2 — preload bolt, 3 — piezoelectric balance, 4 — triaxial sensor, 5 — support frame, 6 — hatch
Fig. 1. Schematic diagram of the model-balance system

2.2. Model of the dynamic system

The dynamic motion system on the basis of the piezoelectric balance can be described by an
equivalent model, as is shown in Fig. 2.
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Fig. 2. Equivalent model of the motion system

As it cannot be assumed that the four preloaded bolts are infinitely stiff, it is described by
approximation as the bolts stiffness k; with damping coefficient c,. The aircraft model, which is
a combination of support, plug and hatch, has the stiffness k, and the damping coefficient c,.
Meanwhile, the effective mass m, acting on the piezoelectric balance is composed of the masses
of the connecting elements. The mass m, covers the mass of the four triaxial piezoelectric load
cells. Take the downward direction for example, the exciting force F is the impact of the airloads,
and the displacements of the masses m; from the rest positions are denoted by x;.
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The vibration model is therefore described by the following system of differential equations:

{mzjez =F —ky(x; —x3) — (%, — %3), (1)
myiy = ky (g — x3) + ¢ (% — %3) — kyxy — 1%y

For the high rigid connection components of the aircraft model, when the external impact force
act, compared with the stiffness, the system damping is in general low and then it can be neglected
for the moment. Therefore, the Eq. (1) can be expressed by the following relation:

2
F =k, + Z m &, @)

r=1

Due to the impact force F acting on the model system which generates the oscillations
instantaneously, the system itself therefore generates the acceleration. Though the effect of
acceleration can be neglected for the steady flow and long duration measurement, the last smooth
section of the data can represent the actual airloads. However, for the short duration impact force
measurement in the impulse wind tunnel, the experimental model has no opportunity to
completely damp the oscillations during the steady flow when the airloads stop. Therefore, the
inertial forces generated by the accelerated masses should be taken into consideration. The second
polynomial of Eq. (2) displays the derived inertial forces in theory, which adds to the aerodynamic
forces as the errors. And the first polynomial displays the spring forces of the piezoelectric balance
which is the measuring results.

2.3. Time series analysis approach

The inertial force can be determined from the accelerations X, of the effective dynamic mass.
The accelerations related to the dynamic forces can be seen the so-called accelerated forces F,,
which can be written in theory as follows:

F, = J-p w(x, t)dv, (3)

where p is the density of the mass distribution. The variable displacements x will change with
time t. Therefore, the accelerated forces F, consists of a series of displacements changing with
time.

In addition, on the basis of Eq. (2), the impact force F can be expressed as:

F=F, +F, (4)

Due to the stiffness of the model and piezoelectric balance system, the dynamic behavior of
the system can be modeled as time-invariant, causal and linear with an output y(t) which is the
resulting piezoelectric balance signal, being related to the applied impact force u(t) = A5(t),
where §(t) is the unit impulse function, A is the true impulse response scaled in magnitude by A,
via an impulse response function h(t), then the relationship between the input and output as
described by the convolution integral:

y(t) = f h(t — D) u(r)dr. ©)

The impulse response function can be solved by the dynamic calibration. Then time series of
the applied impact force can be obtained by the deconvolution method.
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According to Eq. (2) and Eq. (4), the second order differential of F; can be concluded by the
following equation:

Fs = kqiX;. (6)

As the masses of the triaxial piezoelectric load cells are much less than the model device, the
so-called accelerated forces can be expressed by the direct contact support frame approximately:

2
F, = Z m,X, = mq ¥;. (7
r=1
And then, to combine the Eq. (6) with Eq. (7), the accelerated forces can be further expressed
as:
ok 1 d2 (f; h(t — 1) u(T)dT) 1 ®)
“t@Enf)?r de? @nrf)*

where f, is the natural frequency of the model system. Therefore, the accelerated forces can be
obtained by deconvolution the time series of the measuring airloads with the second order
derivatives function. More precisely, the accelerated forces of the system are closely related to the
second order differential of piezoelectric balance measurement results and the natural frequency
of the model system.

3. Dynamic calibration
3.1. Modal analysis of the system

For the purpose of the impulse response function solution, the frequency domain modal
analysis method is adopted [12]. The mass-spring-damping system of the aircraft model and the

piezoelectric balance can be seen a single-input single-output transient dynamic response system,
and the vibration equation can be written as follows:

C Mj[x K 0 7x]_[F
[M 0 [x] + [o —M] [x] - [0] ©)
then can be expressed as:
Ay’ +By' =f, (10)
where A and B are the 2nx2n matrix, the state vector y' is given as:

. [x
y =[3] (11)

when the system is in the case of free vibration, supposing that f(t) = 0, then the particular
solution can be obtained:

y' =y'el, y' = g'aet. (12)
The characteristic equation of the system is as follows:

|AA+B| =0, (13)

4482 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716



1853. ACCELERATION COMPENSATION OF A NOVEL PIEZOELECTRIC BALANCE FOR THE SHORT DURATION IMPULSE MEASUREMENT: A TIME
SERIES ANALYSIS APPROACH. YIFEI GAO, ZONGJIN REN, ZHENYUAN JIA, WANTING DAI, ZHONGTIAN XIANG

and then n parts conjugate eigenvalues A,., A; and eigenvectors (., Y.~ are in the Eq. (13)
respectively. Which are given as:

Y= * ;:* ’ r=1;2’"-1n’ 14
wi= [ ) v =] (14)
then the eigenvectors matrix can be expressed as:

where A = diag[A, ], A* = diag[A;]. ¢’ is the modal matrix according to the state vector y', and
can be transformed by the complex modal coordinates (.
Therefore, the Eq. (9) can be decoupled by the following equation:

WAy [g] + By | ‘;’*] = [i’ii . (16)

The Fourier transform of the Eq. (16) can be obtained:
(jwa, + b,)Q" = ¢'"F. (17)

In the physics coordinate, the impulse response function of the single-input single-output
transient dynamic complex modal system can be expressed as:

s xT
H= Z Yy Yry . (18)
jwa, + b, ]a)a;+b;

3.2. Nonlinear parameters identification

For the purpose of acquisition an accurate impulse response function, the nonlinear
identification method is adopted. The errors matrix consists of an experimental frequency response
function and the theoretical impulse response function is therefore used to fit the impulse response
function. The relationship between the errors matrix and the identified modal parameters is
nonlinear.

As is shown in the Eq. (18), the Laplace transformation of both sides of equal sign can be
expressed as:

H(w) = Zn: (s frlr + s f:/1’;)' (19)

r=1

where A, and A} are the residues of H(w) at the poles of complex modal frequency 4, and A;.
respectively. Which are given as:

A, =u, +jv,,
Ay =u, = JVr

; 20
A = —a, + jBy, (20)

A =—-a,—jB, r=1,..,n,

then the Eq. (19) is equivalent to:
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_ c ur+jvr ur_jvr
H(w) _Z(arﬂ(w—ﬁr)+ar+j(w+ﬁr))' @D

r=1

Therefore, the modal parameters, such as the real and imaginary parts of the poles and residues,
are needed to be identified are shown in the Eq. (21). Due to the dynamic system of the mode
number is n, the number of the parameters is 4n, which can be expressed as:

— T
X= (u1; V1, Qq, :81' U, Uy, U3, .82’ vy Up, Un, A,y ﬁn) .
3.3. Least-square curve fit

As is shown, the vector matrix X consist of all the modal parameters, on the basis of the every
modal frequency w;, the errors matrix E(X) can be obtained:

E(X) = H(w;, X) — H(w)) = (e(wy,X), e(w2,X), ..., €@, X))T, (22)

where the measuring frequency points are m, H(wj, X) is the theoretical value of the frequency
response function, and Fl(wj) is the experimental values. For the frequency response function, the

parameters identified are subjected to a least-square curve-fit on the basis of square errors, as is
shown in the Eq. (23):

J(X) = ET(XEX). (23)

When J(X) takes the minimum value, the corresponding natural frequency w, and damping
ratio ,, are the best estimate values. Due to the frequency response function is a nonlinear
combination based on the natural frequency and the damping ratio, the linear terms can be obtained
with Taylor series expansion. Moreover, partial derivatives method is applied, and then the error
function can be expressed as:

4n
de(w;, X
(o) = el 1) + Y LD oy o
i=1 t
The Eq. (22) can be written as:
E(X) = EX%) + P°AX, (25)

where P is the initial iteration matrix, whose element is:

o _ 0¢(wj, X)
i 0
J 6xl- W=w;
X=Xx0

According to the Eq. (23) and Eq. (25), a derivative of the vector AX is solved and can be
expressed as:

AN _

T
X ((POHPO) + POHPO) AX + P°TE(X?) + PYE(X9), (26)

where the superscript H represents conjugate transpose. When 9J(X)/90AX = 0, the vector can be
obtained:
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AX = —%(POHPO)_l (POHE(XO) + POTE(XO)). 27)

Therefore, AX is the step of the cyclic iteration. Due to the experimental frequency response
function can be acquired, the initial value of the iteration can be directly determined. Moreover,
the theoretical impulse response function of the aircraft model and piezoelectric balance system
can be concluded.

4. Experimental setup
4.1. Impulse excitation response experiment

For the purpose of acquiring the frequency response curve, an impulse excitation test is carried
out on the platform. In this test, the outermost ship shell cabin structure is removed so that the
bottom of the piezoelectric balance can be directly assembled on the test platform through several
studs. The test platform is vibration isolated. The open angle of the hatch is 0°. The arrangement
of the model and piezoelectric balance is shown in Fig. 3. A hammer equipped with a steel tip is
used to apply and measure the force pulse.

Fig. 3. Impulse excitation response experiment:
1 — force hammer, 2 — hatch, 3 — support frame, 4 — piezoelectric balance, 5 — plug, 6 — test platform

In order to simulate the sudden impact airloads in the impulse wind tunnel, the force exciting
duration should be short enough. The input signal of the hammer and the output signal of the
piezoelectric balance are acquired simultaneously. The output signal of the piezoelectric balance
is transformed by FFT, and the frequency domain curve of the dynamic impulse response is
obtained, which is shown in Fig. 4.

As can be seen from Fig. 4, three major peak points of the curve are appeared, and then the
mode of this direction is therefore three orders. Furthermore, the natural frequency f,, of the model
and the balance system is 161.13 Hz. For the purpose of increasing the mechanical vibration
frequency, the high stiffness piezoelectric balance is developed. The influences of rigid
connections between the aircraft model and balance have been considered as well. The
experimental results can fully meet the requirements for impulse wind tunnel test.

4.2. Impulse response function
According to the frequency response curve, the modal frequency can be directly obtained.
Through the linear interpolation for the half power points method, the damping can be

appropriately estimated. Furthermore, the cyclic iteration times have been decreased by the
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determined damping ratio compared with nonlinear identification. The necessary modal
parameters identified are shown in Table 1.

Table 1. Modal information of every order of the system

Mode 1 2 3
Frequency (Hz) | 161.13 | 317.38 | 395.51
Damping 0.031 0.0083 0.014
Real part 0.0578 | 0.0196 | 0.0012
Imaginary part | —0.0806 | —0.0079 | —0.0036

For the purpose of improving the identification precision, some other parameters of points
such as the inflexions and valleys are adopted as well. Therefore, the theoretical impulse response
function of the system according to Eq. (19) can be obtained as follow:

3

_ Uy +j17r Uy _jvr
Ko=) (T e 28)

r=1

where a = [31.38 16.55 34.79], B =[1011.92 1994.09 2484.82], u = [1.40 0.39 0.09],
v =[-1.450.04 —0.12],

The comparison curve between the fitted impulse response and the experimental frequency
response are shown in Fig. 5.

Therefore, the inverse Laplace transformation of the impulse response function H(s) can be
obtained as the following equation, where the variable parameters are solved by previous work:

3
— —ayt ;
h(t) = Z 2e~ %t (u, cos(Bt) — v, sin(B,t)). (29)
r=1
| R RTINS - | R 0.1
P e |r_ |r_ j Fitted frequnency response curve
| | | | Experimental frequnency response curve
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Fig. 4. Amplitude-frequency response curve Fig. 5. Comparison of the theoretical and the

experimental frequency response
4.3. Wind tunnel test results

To validate the novel piezoelectric balance and the acceleration solution method, the test was
accomplished in the ¥600 mm impulse combustion wind tunnel. The wind tunnel mainly consists
of oxygen pipe, hydrogen pipe, quick-action value, spark plug, combustion chamber, conical
nozzle, and test section. The combustion chamber is divided into two parts by an aluminum
diaphragm. In the test, the mixed gas is ignited by the spark plug in the combustion chamber, and
then the diaphragm is burst open simultaneously. The flows produced by the heater flow through
the nozzle and are supplied to the test. Therefore, in the impulse combustion wind tunnel test, the
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transient impulse would act on the model-balance system instantaneously.

The Mach number was 5, the total pressure was 3.6 MPa, the total temperature was 1600 K,
and the specific heat ratio of test gas was 1.28. The bottom of the model was fastened to the
separate members in the test section and the angle of attack was 0°. The output data of the
piezoelectric balance had been amplified by the charge amplifiers and then were acquired at
100 kHz using the Data Acquisition System providing 16 channels with 16 bit A/D conversion.

The piezoelectric balance test curve of the normal force is shown in Fig. 7 (the light-colored
curve). Due to the transient impact of the airloads, the time domain waveform of the piezoelectric
balance presents overshooting oscillations at the beginning moment 1.034 ms and continues the
state until 1.126 ms, and then the oscillations decrease gradually. Good agreement for the
theoretical analysis and experimental results that the accelerated forces of the model and
piezoelectric balance system add to the acrodynamic forces.

The accelerated forces of the system can be obtained according to the Eq. (8), which is shown
in Fig. 6. The normal force of the model with the accelerated forces compensation is shown in
Fig. 7 (the dark curve). The experimental results were sampled at a high frequency due to the short
duration impulse airloads. Therefore, the normal force signal was processed with the low pass
filter to suppress the relatively high noise associated with the measurement system. As can be seen,
the problem of overshooting oscillations effect of the impulse can be effectively solved.

600 : : : : : : : 200
400( . 150l ,
2 200f 1 =
il mECE. |
o (o]
S 0w L {% M L T M“* 5 e Aol
M M” T 2 /W” i f
§ -200( 1 g
§ S o = |
< -400f 1 =z
600} i =501 ‘Wind tunnel test B
— Acceleration compensation
809 ‘ ‘ ‘ ‘ ‘ ‘ ‘ -100 ‘ ‘ ‘ ‘ ‘ ‘ ‘
95 1 105 11 115 12 125 13 135 095 1 105 11 115 12 125 13 135
Time(s) Time(s)
Fig. 6. Accelerated forces of the system Fig. 7. Comparison of the acceleration

compensation curves

5. Conclusions

This research effort performed at an impulse combustion wind tunnel has shown that accurate
impulse airloads can be measured by a novel piezoelectric balance without an additional
accelerometer. This methodology using the time series analysis that the accelerated forces has
been obtained by the second order derivatives function. The accelerated forces compensation
method of the model system output yields the high stiffness, sensitive and good dynamic response
characteristics. The theoretical analysis of the dynamic model has been built to describe the system
response under the sudden impact. The results of the impact force are effectively demonstrated
through comparison with directly measurement and with accelerated forces compensation.
Therefore, the overshooting oscillations induced by the transient impulse can be solved and the
accurate airloads measurements are obtained. The acceleration compensation technology
processing the transient airloads measurement with piezoelectric balance will be used to build
improved force balances for use in the wind tunnel, especially, for the purpose of measuring the
short duration impulse aerodynamic force and moment.
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