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Abstract: In order to simulate the flight state of the helicopter effectively, it is necessary to trim

the helicopter during the forward flight in a wind tunnel test. Previously, due to the lack of an

internal-control closed loop in the test rig, the helicopter-wind-tunnel-test trimming was carried

out manually, with low test efficiency, unstable data quality, and high labor intensity. With the

continuous development of computer technology and automatic control technology, the helicopter-

wind-tunnel-test trimming technology has been developing in the direction of automation and

intelligence. The helicopter wind tunnel test automatic trimming system is a typical multi-input-

multi-output (MIMO), strongly coupled, and complex nonlinear system, involving data acquisition

and a processing system, rotor control system, tail-supported mechanism control system, wind-

tunnel-speed pressure control system, and other subsystems, which is difficult to describe with

an accurate mathematical model. Therefore, in order to meet the needs of a 3 m diameter rotor

model aerodynamic performance evaluation and noise characteristics research wind tunnel test, an

error feedback variable step automatic trimming algorithm is proposed based on the fuzzy-control

principle to realize automatic trimming of aerodynamic loads of rotor model in the forward flight

ﬁr;aedca!\(tfgsr state. To verify the effectiveness and reliability of the trimming strategy, a series of wind tunnel
o tests on a 3 m diameter scaled rotor model of a helicopter were conducted in the FL-17 aeroacoustics
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wind tunnel of China Aerodynamics Research and Development Center (CARDC) based on the
¢3m tail-supported helicopter rotor model wind tunnel test rig. The wind tunnel test’s results show

for Helicopter Rotor Aerodynamic that the proposed automatic trimming algorithm has the characteristics of fast trimming speed and

Loads. Aerospace 2023, 10, 150. high efficiency, which can realize the automatic trimming of rotor model aerodynamic loads under
https:/ /doi.org/10.3390/ different test states in the wind tunnel test effectively and reliably and greatly improve the intelligence
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® Helicopters are aircraft that rely on the rotor blades to provide lift, create propulsion,
and control force to achieve flight and maneuvering [1-3]. Compared with fixed-wing

aircraft, helicopters are widely used in both military and civil applications because of their
unique advantages, such as vertical takeoff and landing (VTOL), hovering, and strong
This article is an open access article ~ Maneuverability [4-6]. In recent years, with the rapid development of rotor aerodynamics,
distributed under the terms and ~ automatic control technology, and new material technology, as well as the continuous
conditions of the Creative Commons  improvement of system integration, helicopter technology is developing new configurations
Attribution (CC BY) license (https:// ~ and aiming for a higher performance and lower noise.

creativecommons.org/ licenses /by / The helicopter wind tunnel test is a basic method for rotor aerodynamics research,
40/). which not only can provide crucial aerodynamic data for new helicopter development, but
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also is an important means to study helicopter aerodynamic noise and noise-reduction
measures [7,8]. In recent years, although computational fluid dynamics (CFD) has made
great progress, the aerodynamic characteristics of helicopters are very complex, and their
aerodynamic forces have obvious nonlinear and unsteady characteristics [9,10]. The accu-
racy of the results of CFD calculation and analysis is low, but it is still insufficient to solve
more complex engineering problems. Therefore, the wind tunnel test is still an important
means to obtain helicopter aerodynamic data and evaluate helicopter performance.

When a helicopter is level flight in the air, all the external forces and moments acting on
the helicopter are synthesized to zero [11,12]. Therefore, in order to simulate the flight state
of the helicopter effectively, trimming is required during the helicopter forward-flight wind
tunnel test. In 2003, Enns and Si of the Department of Electrical Engineering of Arizona
State University proposed the direct neural dynamic programming (DNDP) algorithm
to achieve trimming and trajectory tracking control of the small-scale helicopter [13,14].
Inspired by this algorithm, in 2004, Li from CARDC proposed to introduce neural network
control technology into the helicopter-wind-tunnel-test trimming system, designed a neural
network controller, trained and simulated it, realized the combined trimming control
technology of manual trimming and neural network automatic trimming, and tested it in the
helicopter forward flight wind tunnel test [15]. However, as the neural network is a learning
algorithm, the neural network needs to be trained, and the training effect will directly affect
the trimming quality and efficiency in the later wind tunnel tests [16]. Therefore, if one
wants to improve the trimming quality and enhance the trimming efficiency of helicopter
wind tunnel test, it is required that the network trained should approach and simulate the
real model as closely as possible, which then leads to two more problems:

1. Alarge number of effective trimming test data are needed to train the neural network
controller. In general, if the neural network wants to approach the real model accu-
rately, it needs a large number of trimming data to train the neural network. The best
trimming data for training the network are usually obtained by the wind tunnel test
of the rotor model. If we use the trimming data of other rotor models or the trimming
data of published standard models to train the network, it may lead to large trimming
errors and a slow convergence rate in formal wind tunnel tests, which may not achieve
real-time trimming and even lead to the dispersion of the trimming system;

2. Since the rotor models for each wind tunnel test are different (for the same helicopter
wind tunnel test rig, generally the rotor aerofoil, chord length, number of propeller
blades, etc., are different), the aerodynamic characteristics of each rotor model are also
different, so the network needs to be retrained before each wind tunnel test, which
will also lead to a more cumbersome process for each test.

In addition, the neural network automatic trimming in the helicopter wind tunnel
test is not suitable for the whole test, mainly because a small wind velocity change will
also lead to large rotor aerodynamic loads. Therefore, a neural network control algorithm
cannot trim the rotor aerodynamic loads effectively with the change of wind velocity in
time, and this may lead to excessive hub moments, thus damaging the test model and test
equipment or causing other safety problems.

This paper proposes an error feedback variable step size automatic trimming algorithm
based on fuzzy control to achieve dynamic trimming of aerodynamic loads in the forward
flight state. In addition, based on the ¢3m tail-supported helicopter rotor model wind
tunnel test rig, the wind tunnel tests of a 3 m diameter scaled rotor model of a helicopter
were successfully completed in the FL-17 aeroacoustics wind tunnel of CARDC by applying
the automatic trimming algorithm proposed in this paper.

2. Trimming Principle of Helicopter Wind Tunnel Test

The helicopter forward-flight wind tunnel test is a test that uses the airflow generated
by the wind tunnel to simulate the forward flight state of a real helicopter [17]. During the
forward flight test, the rotor disc tilted forward in the direction of the inflow. As shown in
Figure 1, let the wind tunnel airflow velocity be V, the rotor rotation velocity be (2, and
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the axis inclination angle to be a. At this time, the airflow velocity at the blade tip of the
advancing blade and the retreating blade is (R + Vcosa and (OR — Vcosw, respectively.

The advancing blade

QR go°
- _Q
Wind o ¥ .
Tunnel /
270° Q?

The retreating blade

The advancing blade

90° QR+V cosa

Wind - m
180 W

270° QR -V cosa

Tunnel

The retreating blade

Figure 1. Trimming principle of helicopter wind tunnel test.

Due to the different airflow velocities, if the blade rotates at a fixed angle of attack,
according to blade element theory, the lift generated by the advancing blade will be greater
than that generated by the retreating blade. At this time, the rotor model will generate a
large roll moment. In order to trim the roll moment, it is necessary to change the blade
angle of attack cyclically, so that the helicopter model can reach the trimming state.

Helicopter-wind-tunnel-test trimming is the process of changing the rotor control
angles, namely the collective pitch angle (6.,), longitudinal cyclic pitch angle (6;,,), and
lateral cyclic pitch angle (6},), by controlling the rotor control system and changing the axis
inclination angle («) by controlling the tail-supported mechanism based on the aerodynamic
loads feedback, namely the lift coefficient (Cy), drag coefficient (Cy), rolling moment (My),
and pitching moment (M) measured by the balance under the wind tunnel blowing
condition, and finally achieving trimming to the given flight state. Among them, the given
state generally refers to the flight state of the real helicopter, such as horizontal forward
flight, inclined descent, etc. In addition, since the target flight state is given and the rotor
control angles and the axis inclination angle are unknown, it is necessary to constantly
adjust the rotor control system and the tail-supported mechanism according to the loads
measured by the balance, so that C, and Cj, gradually approach the target state, and trim
the My and M, to zero or a very small value, so as to achieve the trimming state.
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3. Automatic-Rotor-Load-Trimming Algorithm Based on Fuzzy Control

The helicopter-wind-tunnel-test trimming system is a complex nonlinear system with
multiple inputs and multiple outputs [18-20] that involves not only the measurement and
data acquisition of aerodynamic loads, but also the linkage and synchronization control
of multiple motion-control systems, such as the rotor control system, the tail-supported
mechanism, and the wind tunnel control system, and the system is difficult to implement.
In addition, due to the different rotor models in each test, it is also impossible to establish a
universally applicable automatic trimming control system, resulting in a significant loss of
efficiency of the helicopter wind tunnel test. Therefore, the crucial problem to be solved
in regard to the helicopter wind tunnel test is to design a trimming algorithm with good
stability and robustness to improve the intelligent level of the test.

Based on the fuzzy-control principle, this paper adopts the error-feedback-variable
step method to realize the automatic rotor-load trimming, which successfully solves the
above problems. The reliability and effectiveness of the automatic trimming algorithm are
verified through a wind tunnel test.

3.1. Introduction of Fuzzy-Control Automatic Trimming System

Fuzzy control is an advanced control strategy in recent control theory which is based
on the basic idea of fuzzy mathematics and makes the control algorithm less complex, more
adaptable, and more reasonable by simulating humans’ fuzzy reasoning and comprehensive
decision-making process; it is an important branch of intelligent control technology [21-23].
Traditional control methods are generally model based, while the helicopter-wind-tunnel-
test trimming system is characterized as being multivariable, strong coupling, and nonlinear,
making it difficult to describe with an accurate mathematical model. In contrast, fuzzy
control does not depend on the plant model and can deal with the problem of accurate
description and precise control of dynamic complex systems well [24-26].

The fuzzy-control automatic trimming system mainly consists of five parts: the trim-
ming target, the controlled plant, the actuator, the sensor-and-measurement system, and
the fuzzy controller. The structure diagram of fuzzy-control automatic trimming system is
shown in Figure 2.

( Knowledge base \
| | [ AR )
| | Rotor control | |
Logical System | | |
Trimming target X Fuzzification H glc: H Defuzzification b—‘— | Rotor
x| feasoning | Tail-supported | model |
\ - Fuzzy controller _ / | mechanism | | |
______________ \ Actuator | ( Plant |
e T T T T T T T S S ~
4 \
ata acquisition an otor
D isition and R |
| monitoring system balance | i
\\ Sensor and measurement system /
—

Figure 2. The structure diagram of the fuzzy-control automatic trimming system.

e  The trimming target is a given desired value, which is determined by the test plan. It
is generally the equilibrium state of the helicopter in stable flight.

e The plant is the rotor model, which is installed on the hub of the helicopter wind
tunnel test rig.

e  The actuator is mainly used to control the attitude of the rotor model, which is com-
posed of the rotor control system and the tail-supported mechanism. The rotor control
system changes the real-time angle of attack, 6, of the rotor model by controlling the ro-
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tor control angles (8., 055, and 8y,;). At the same time, the tail-supported mechanism
changes the axis inclination angle () of the helicopter wind tunnel test rig. Under the
linkage control of the two systems, the aerodynamic forces and aerodynamic moments
of the rotor model are finally changed.

The sensor-and-measurement system consists of two parts: the rotor balance and the
data-acquisition-and-monitoring system. The balance, as a sensor, is mainly used to
measure the forces and moments generated by the rotor and convert them into analog
signals. The data-acquisition-and-monitoring system acquires these analog signals,
processes them, and finally calculates the aerodynamic loads (Cy, Cy, My, and My).
As the core of the fuzzy-control automatic trimming system, the fuzzy controller
mainly includes the processes of fuzzification, knowledge base, logical reasoning, and
defuzzification. Fuzzification transforms the error, ¢, of the trimming target and the
measurement feedback into the universe with appropriate rules, describes it with
fuzzy variables, and calculates its corresponding membership. The knowledge base
consists of a database and a rule base. The database contains the relevant definitions
of data fuzzification and defuzzification. The rule base is a language-control rule that
describes the control targets and strategies. In the automatic trimming algorithm,
this rule is described in the form of a function cross-reference table. Logical inference
is used to imitate the human mind to make a decision and apply fuzzy logic to
make inferences to obtain the control signals described by fuzzy statements. The
defuzzification, on the other hand, analyzes the fuzzy-control signals obtained by
logical inference into specific control variables to realize the control of the plant. In
the automatic trimming algorithm, the maximum membership method is used for
defuzzification, where the fuzzy outputs of each component are first summed up and
then inverse transformed into specific control values by the membership function.

3.2. Realization of Fuzzy-Control Automatic Trimming Algorithm

AR

The procedure of automatic trimming based on fuzzy-control technology is as follows:

Obtaining the errors between the current model state and trim target as input:
{ACw, ACy, AMy, AM };

Using the membership function to fuzzy the input data: {ycw, HCyr MM HM,, } ;

Deriving the output data according to the control laws: {yq_,, 1o, o, Ha, }5
Obtaining the specific control values by defuzzing the output data: { A8, Abjoy, ABjas, Aa};
Repeating the above procedure until all trimming targets are achieved.

According to helicopter flight dynamics and control principle, the trim rules corre-

sponding to load changes in the helicopter wind tunnel test can be inversely deduced
(when wind velocity and rotor rotation velocity are fixed), as shown in Table 1.

Table 1. Trim rules corresponding to loads change in helicopter wind tunnel test. (In the table,

11 represents more increment, 1 represents less increment, || represents more decrease, | represents

less decrease, and O represents basically unchanged.)

0ol 0101 014t 4

Co (big) m o o 1
Cy (small) ™ O O 1l
Cp, (big) { O 0 M
Cy, (small) T O O H
My (big) 0 O I 0
M, (small) O @) ™ O
My (big) ) W O O
My (small) T ™~ O O
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Taking the Cy trim rule as an example, the realization of the fuzzy-control auto-
matic trimming algorithm is described in detail. Let the membership function of AC;, be
Formula (1); the membership function plots is shown in Figure 3.

Az,

x > 0.001

Ay, 0.0003 < x < 0.001
As, 0.00005 < x < 0.0003

A(x) =< A4, —0.00005 < x < 0.00005 (1)
As, —0.0003 < x < —0.00005
Asg, —0.001 < x < —0.0003
Az, x < —0.001
Membership function plots

1 A7 A6 I AS AI4 A3 A2 Al
0.8 - N
0.6 [~ u
0.4 g
0.2 .

0 1 1 1

-1.5 -1 -0.5 0 0.5 1 1.5
ACw %1073

Figure 3. The membership function plots.

The fuzzy subset of input variable AC,, is A = {PB, PM, PS, O, NS, NM, NB}, corre-
sponding to positive big, positive middle, positive small, zero, negative small, negative
middle, and negative big. Similarly, the fuzzy subsets of output variables 6, and « are
B = {PB, PM, PS, O, NS, NM, NB}, which have the same meaning as the input variable.
Moreover, the fuzzy-control rules of Cy, trimming are shown in Table 2.

Table 2. Fuzzy-control rule table for Cy, trimming.

NB NM NS o PS PM PB
o, PB PM PS 0 NS NM NB
e NM NS o 0 0 PS PM

If the current Cy, is Cy = 0.006 and the specified trimming target is C;, = 0.010, then
ACy = 0.006 — 0.010 = —0.004, and the corresponding membership is A(—0.004) = A7,
which belongs to NB in the fuzzy subset. By querying Table 2, the output of fuzzification is
He,,; = PB,ua = NM. Let the inverse membership function of 6, and a be as follows:

0.1, x=PB
0.03, x=PM
0.005, =PS
F(x) = 0, x=0 )
—0.005, x = NS
—0.03, x=NM
—-0.1, x=NB

Then A6, = 0.1 and Aa = —0.03, and to trim the given target, Cy, the collective pitch
angle (8.,) needs to be increased by 0.1°, and the axis inclination angle («) needs to be
decrease by 0.03°. After the actuator completes execution and moves to the response angle,
repeat the trimming operation until the difference between the current state and the target
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state is less than the limit value. The fuzzy-control automatic trimming process is shown in
Figure 4.

Trimming start

‘ Obtaining trimming target ‘

Acquiring data

‘ Calculating current state ‘

Judging whether the error is less than the limit value

Calculating the error between the
current state and the target state

ACw, ACh, AMx, AMz

l

Input data fuzzification
Hews Hens P My

l

Logical reasoning to obtain
fuzzy control values
Hogr Hoyr Hou 1 Ha,

Obtaining the specific control
values by defuzzying
Abeory Aoy Abs Aex,

Actuators execute
instructions

Figure 4. The fuzzy-control automatic trimming process.

4. Wind Tunnel Test
4.1. Wind Tunnel and Test Rig

The test was carried out in a CARDC FL-17 aeroacoustics wind tunnel. The wind
tunnel is a low-turbulence reflux aeroacoustics wind tunnel. The test is conducted in an
open test section with a size of 5.5 m x 4 m, the wind velocity range is 8 m/s~100 m/s;
the open test section is shown in Figure 5. The background noise of the test section is
75 dBA~80 dBA, and the turbulence intensity of the open test section does not exceed 0.2%.
The wind tunnel is equipped with multi-function model supported platform, acoustic
measurement system, static pressure measurement system, force-measuring balance, and
other equipment, mainly for the aeroacoustics test and aerodynamic test.

The test was conducted on the ¢3m tail-supported helicopter rotor model wind tunnel
test rig. The test rig mainly consists of the rig platform, power system, rotor control system,
measurement system, data-transmission system, and other subsystems. The noise-test
accuracy of the test rig is better than 0.8 dB, and the repeatability-measurement accuracy
of the lift coefficient is better than 1.5%. During the test, the test rig is installed on the
tail-supported mechanism of the wind tunnel, and the hub center is adjusted to be at the
center of the wind tunnel through the tail-supported mechanism, as shown in Figure 6.
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Figure 5. The CARDC FL-17 aeroacoustics wind tunnel.

Rotor model

Figure 6. The ¢3m tail-supported helicopter rotor model wind tunnel test rig.

4.2. Rotor System and Test Model

The rotor model is a 3 m diameter scaled rotor model with a hinge-less hub that has
five blades installed on the hub. The shape of the blade tip is parabola swept back and tip
sharpening. The rotor rotates counterclockwise from the top view. The structure of the
rotor model is shown in Figure 7.

Figure 7. The structure of the rotor model.

4.3. Test Contents and Methods
4.3.1. Hover Test

The hover test is based on the principle of Mach number similarity at the rotor blade
tip, changing the rotor collective pitch angle at a constant rotor rotation velocity in the
test. The rotor aerodynamic loads and rotor power are measured by the rotor balance and
torque balance, respectively, so as to obtain the rotor aerodynamic performance data.
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In order to ensure the subsequent forward-flight-trimming wind tunnel test is carried
out scientifically and the automatic-rotor-load-trimming algorithm is verified successfully,
the stability and reliability of the ¢3m tail-supported helicopter rotor model wind tunnel
test rig and its subsystems were firstly evaluated by conducting three repetitive hover tests.

4.3.2. Forward-Flight Trimming Test

The forward-flight trimming test is a test that uses the airflow generated by the
wind tunnel to simulate the real flight state of the helicopter in the air and trim the rotor
aerodynamic loads through the rotor control system and the tail-supported mechanism.
At this time, due to the combination of wind tunnel airflow and high-speed rotation of
the rotor model, strong alternating loads will be generated on the rotor model. Compared
with the hover test, the forward-flight trimming test is more complicated and the state
is more dangerous. Therefore, according to the characteristics of helicopter wind tunnel
test and considering the safety of the equipment, the wind tunnel power system, the
rotor model wind tunnel test rig, the tail-supported mechanism, and the data-acquisition-
and-monitoring system must follow a certain start-stop sequence when conducting the
forward-flight trimming test. The specific test procedure is as follows:

1.  The data-acquisition-and-monitoring system acquires the initial values of each channel;

2. When the rotor control angles (8, 0}, and 0};;) and the axis inclination angle («) are
all 0°, start the rotor to the target rotation velocity;

3. The rotor control system controls the rotor control angles (6., 815, and 6y,) to the
prefabricated angles;

4.  The wind tunnel starts to run. During the process of wind velocity stabilization, the
test participants use the helicopter wind tunnel test’s automatic-rotor-load-trimming
software to control the rotor control system to adjust the rotor control angles (8.1, 015,
and 60y;) in real time, according to the parameters displayed by the data-acquisition-
and-monitoring system, so as to minimize the hub moments (pitch moment and roll
moment) until the wind velocity reaches the target value and is stable;

5. After the wind velocity is stable, continue to use the helicopter wind tunnel test’s
automatic-rotor-load-trimming software to control the rotor control system and the
tail-supported mechanism to adjust the rotor control angles (6., 6;,,, and 0;;;) and
the axis inclination angle («) until the target state is reached and the required data
are acquired;

6.  Reduce the rotor collective pitch angle, 6, to the prefabricated angle, and gradually
reduce the wind velocity of the wind tunnel. At the same time, pay attention to
trimming the hub moments so that it does not change too much with the wind
velocity. After the wind velocity is completely 0, reducing the axis inclination angle, «,
and the rotor control angles (6., 6,,,, and 6y,) back to 0°, and the power system of
the test rig stops.

7. Repeat the above procedure until all test items are completed.

4.4. Data Processing and Analysis
4.4.1. Hover Test

In the hover test, the rotor rotation velocity is 1400 rpm, and the range of the rotor
collective pitch angle, 8, is 0~10°. Figure 8 shows the repeatability curves of aerodynamic
coefficients (you can find them in Appendix A), such as Cr~8,;, Co~0.,, and Co~Cr, and
the hover efficiency (FM) for the three hover tests.

It can be seen from Figure 8 that the maximum thrust coefficient is 0.01502, and the
repeatability accuracy of the thrust coefficient, Cr, is better than 1.15%. The maximum
torque coefficient is 0.001206, and the repeatability accuracy of the torque coefficient, Cq, is
better than 2.68%. The maximum hover efficiency is 0.7607, and the repeatability accuracy
of the hover efficiency is better than 1.78%. The results of three hover tests show that the
test rig and its subsystems are stable, reliable, and in good condition, which can meet
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the requirements of wind tunnel tests for forward-flight trimming and the verification of
automatic-rotor-load-trimming algorithm.
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Figure 8. The repeatability curves of aerodynamic coefficients and hover efficiency of hover test.

4.4.2. Forward-Flight Trimming Test

The test participants conducted the forward-flight trimming test according to the
test procedure, and the data results of one forward-flight trimming test are taken here
for analysis:

o  Test task: Complete the trimming of two test states, namely C,, = 0.0125 and Cj, = 0.00030,
and Cy = 0.0125 and Cj, = 0.00072, at the given wind velocity.
Test rotor rotation velocity: 1400 rpm.
Test wind velocity: 33.8 m/s (obtained by forward ratio).

The results of the forward-flight trimming test are shown in Figure 9.

It can be seen from Figure 9 that 0~10 s is the test preparation stage, and the data-
acquisition-and-monitoring system acquires the initial values of each channel. Then the
rotor starts at 10 s and reaches the test rotation velocity of 1400 rpm at 74 s. At the same
time, the rotor control system controls the rotor collective pitch angle, longitudinal cyclic
pitch angle, and lateral cyclic pitch angle to prefabricated angles (8., = 3°, 8},,, = 1°, and
012+ = —1°), and it reaches the prefabricated angle at 79 s. The wind tunnel starts blowing
at 81 s and reaches the test wind velocity of 33.8 m/s at 153 s. During the process making
the wind stable, the trimming system starts trimming at the same time to ensure that
the pitching moment and rolling moment will not be too large and thus damage the test
model. Finally, the lift coefficient (Cy,) reaches the target value at 196 s, the drag coefficient
(Cy) reaches the target value at 220 s, the pitching moment (M,) and the rolling moment
(My) reach the minimal value at 280 s, the first test state trimming is completed, and the
data-acquisition-and-monitoring system acquires the test data; the rotor control angles are
Ocot =4.78°, 015, = 2.76°, and 0j,; = —2.98°, and the axis inclination angle is « = 0.74°. Next,
start trimming the second test state on the basis of the first test state. The lift coefficient
(Cy) of State 1 and State 2 is the same, so only the drag coefficient (Cj,) needs to be trimmed.
At 580 s, the drag coefficient (Cy) reaches the target value, and the pitching moment (M,)
and rolling moment (My) reach the minimum value at 749 s; the first test state trimming is
completed; the data-acquisition-and-monitoring system acquires the test data; the rotor
control angles are 0, = 4.28°, 0),, = 2.61°, and 0,;; = —3.06°; and the axis inclination angle
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isw =2.75°. At 849 s, the wind tunnel stops, and the automatic trimming system follows the
wind-speed change to adjust the rotor control angles to control the pitch moment and roll
moment at a low level during the wind-velocity reduction to 0. At 923 s, the wind velocity
in the wind tunnel decreases to 0. At this time, the rotor stops, and the axis inclination
angle («) and the rotor control angles (0, 0,, and 6;,;) are reduced back to 0° during the
reduction of the rotor rotation velocity. At 985 s, the rotor rotation velocity returns to 0, and
the test is completed.

Figure 9. The results of the forward-flight trimming test.

The wind tunnel test’s results show that the proposed automatic trimming algorithm
can effectively and rapidly realize the automatic trimming of rotor model aerodynamic
loads under different test states, and the trimming accuracy of the rotor model lift coefficient
(Cw) and drag coefficient (Cy,) is better than 0.5%, and the trimming accuracy of the pitch
moment (M) and roll moment (M) is better than 3 NM.

5. Conclusions

Our research group carried out wind tunnel tests in the FL-17 aeroacoustics wind
tunnel of CARDC based on the ¢3m tail-supported helicopter rotor model wind tunnel
test rig, using a 3 m diameter scaled rotor model. First, the test rig and its subsystems
are examined through three repetitive hover tests. Then the error feedback variable step
automatic trimming algorithm based on fuzzy control proposed in this paper is tested and
verified through the forward-flight trimming test. The main conclusions are as follows:

1.  From the data of the three repetitive hover tests, the repeatability of the thrust coef-
ficient (Cr), torque coefficient (Cg), and hover efficiency (FM) is good. The results
show that the test rig and its subsystems are in good condition and can provide a
stable and reliable platform foundation and hardware support for the forward-flight
trimming test;

2. The results of the forward-flight trim test show that the proposed automatic trimming
algorithm has the characteristics of fast trimming speed and high efficiency, and the
single-point trimming time takes only 43 s. It can effectively and reliably achieve
automatic trimming of rotor model aerodynamic loads under different test states,
greatly improving the automation and intelligence of the helicopter wind tunnel test;
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3. Inthe process of automatic trimming, the lift coefficient (Cy,) and drag coefficient (Cj)
trim faster, and the pitching moment (M) and rolling moment (My) trim slower. It
can be concluded that the influence of rotor control on lift is greater than that on the
drag, pitch moment, and roll moment, which is also consistent with the real helicopter
flight control law.
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Appendix A. The Calculation Formulas of Normalized Aerodynamic Coefficients

In this paper, there are four normalized aerodynamic coefficients, namely the thrust
coefficient, Cr; torque coefficient, Cq; lift coefficient, Cy; and drag coefficient, C,. The
calculation formulas are as follows:

2T

Cr= pQO2R%(7tR?) (A1)
€= SRR 2
o = perRee) (A
Cn = pQZRZZZ?nRZ) (A4)

where p is the air density, () is the rotor rotation velocity, R is the rotor radius, M is the
rotor torque, and T is the rotor thrust, as obtained through the hover test. The L and D
are the rotor lift and drag, respectively, which are obtained through the forward-flight
trimming test.
In addition, the normalized coefficient FM is namely the hover efficiency, and its
calculation formula is as follows:
c3?
FM = 2Co (A5)
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