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ABSTRACT. Targeting small unmanned helicopters with complex dynamic features, this paper
puts forward a dynamic modelling method based on frequency domain identification. Firstly,
the angular dynamic model structure of the small unmanned helicopter was determined by
mechanism modeling, and the modelling parameters were obtained through frequency
identification of partial coherence analysis. After that, the system model was constructed in
light of the model structure and modelling parameters. The proposed model was then subjected
to a flight test, and compared against time-domain data. The results show that the model
demonstrated the dynamic features of the target helicopter with high accuracy and adaptability.
The research findings provide new insights into the detection of dynamic features of small
aircrafts.

RESUME. En ciblant les petits h&icoptéres sans pilote doté& de fonctionnalité&s dynamiques
complexes, cet article propose une méhode de moddisation dynamique basés sur
I'identification du domaine de fré&uence. Premiérement, la structure du modée dynamique
angulaire du petit h&icoptére sans pilote a @édéerminé par la moddisation mé&anique, et
les paramétres de modélisation qui ont été obtenus par l’identification fréquentielle d’analyses
de cohéence partielle. Apreés cela, le modée de systéme a &éconstruit selon la structure du
modee ainsi que les paramétres de mod@isation. Le modéle proposéa ensuite é&€soumis aun
vol de test et comparéades données temporelles. Les réultats montrent que le modée a
démontre les foncitonnalités dynamiques de I'héicoptée cible avec une preé&ision et une
adaptabilité @eveées. Les ré&ultats de la recherche fournissent de nouvelles visions sur la
déection des fonctionnalités dynamiques des petits a€ronefs.
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1. Introduction

Small unmanned helicopter is small in size, complex in structure and non-linear,
through mathematical model of mechanism analysis we can’t accurately describe the
dynamic characteristics of its system. Frequency domain identification has been
widely applied in many areas as an effective modeling method (Castillo et al., 2005;
Ljung, 1993). Scholars at home and abroad hope to identify the dynamic characteristic
parameters of small unmanned helicopter by using frequency domain identification
method, these parameters were hard to get through theoretical analysis and calculation.
Using frequency domain identification method in the mathematical model of the
helicopter system has made great progress, in 1980s, the U.S. NASA helicopter
department developed a modeling method based on frequency domain identification,
and an application software CIFER was developed as well. Then this method has been
identified in many mathematical models of full sized helicopter in engineering
application, for example: Black Hawk helicopters (Black Hawk), BO-105 helicopters,
SH-2G helicopter and tilt-rotor helicopter XV-15 (Budiyono et al., 2009).

This paper focus on self-developed small unmanned helicopter system (Zhou et
al., 2014), studies identification of its dynamic model, then obtains the model by
combining mechanism modeling and frequency domain identification, collects data
which is to be identified via actual flight test, and verifies in time domain of the
identification method’s effectiveness and accuracy of the model.

2. Small unmanned helicopter system

The small unmanned helicopter is a typical multiple input & multiple output
(MIMO) system, by controlling input to manipulate the actuator and generate the
corresponding rudder deflection, it alters size and direction of force and torque on the
helicopter to change its flight state. Compare with normal helicopter with a pilot, the
small unmanned helicopter is more difficult to control, since it’s small in size, high
rotor speed and the rotor is rigid connected to the propeller hub, all these features
make the helicopter more sensitive to input-controlling and outside disturbance. To
reduce difficulty in controlling and overcome disadvantages, most small unmanned
helicopters are equipped with hub-mounted Bell-Hiller stabilized ailerons which are
longitudinal to main rotor. The Bell-Hiller stabilized ailerons act as a damper for the
rotor system, producing a delayed angular velocity feedback that improves
maneuverability and stability of the helicopter.

Small unmanned helicopter system is shown in Figure 1, Raptor-50 model aircraft
helicopter is selected as the body part, and is modified and equipped with electronic
equipment so as to complete the objective helicopter this paper studies. Figure 1
shows the hovering flight test photo of the objective helicopter with avionics installed.
Figure 2 shows the feature size of the Raptor-50 model helicopter body. The onboard
electronic device is a flight control computer with a TMS320F28335 as its central
processing unit. This computer can process the data measured by sensors such as
inertial measurement unit (IMU), GPS, magnetic heading sensor and altitude sensor
in real time. When designing the overall of the small unmanned helicopter system, it
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is necessary to consider both the system model identification and the flight control
method to verify the performance requirements of the system.
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Figure 1. The small single wing unmanned helicopter this study uses
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Figure 2. Feature size of Raptor-50 model helicopter

Therefore, the constructed small unmanned helicopter system not only has the
ability to meet real-time flight control solution and processing capability, but also
added equipment that can collect and record flight input/output signals in real-time to
meet requirements of model identification method in flight input and output.

3. Dynamic mechanism modeling

3.1. Helicopter body dynamic modeling

The small unmanned helicopter is regarded as a rigid body (Tischler and Remple,
2006). According to the structural characteristics of the objective helicopter, its body
is symmetrical in longitudinal direction. Therefore, the moment of inertia is zero;
although its transverse plane is unsymmetrical, its moment of inertia is small and can
be ignored as zero, that is: l,=Iy,=1,x=0. And the inertia generated by cross-coupling
is also ignored so the formula of the objective helicopter is:

U=-wq+vr+gsind+X/m (1)
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V=—ur+wp—gsingcosd+Y/m 2
W=-vp+ugq—gcos¢cosd+Z/m 3)
p=—ar(l, —1,)/ 1, +L/1, 4)
G=pr(l, 1)/ 1, +M /1, (5)
F=pa(l, —1,)/1, +N/1, (6)

Objective helicopter aerodynamic force F and aerodynamic torque M are:

X=X, +X, @)
Y =Y, +Y, +Y, +Y, (8)
2=2,+7Z,+Z, 9)
L=L,+L,+L, (10)
M=M_,+M, (11)
N=N_,+N +N, (12)

Where, ()m is the force and torque which is generated by the main rotor; ()« is the
force and torque which is generated by the helicopter body; (): is the force and torque
which is generated by the tail rotor; ()y is the force and torque which is generated by
the lateral tail; and ()n is the force and torque which is generated by the longitudinal
tail.

3.2. Main rotor and stabilizer rod dynamic modeling

The self-developed small unmanned helicopter rotor system consists of two main
rotors and Bell-Hiller stabilized ailerons which are perpendicular to the main rotor.
The special structure of the rotor makes the objective helicopter different from normal
helicopters in the rotor dynamic modeling. In this case, we need to set up dynamic
model to analyze the main rotor and the stabilizer rod. The two main rotors of the
objective helicopter are mounted to the propeller hub, the rotor and hub rotate together
when the engine is on. The mass of the main rotor is uniformly distributed on the
reference line of the rotor, and the main rotor has no radial extension or elastic
deformation. The aerodynamic analysis of the main rotor is carried out by using the
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blade-element analysis method. When the objective helicopter hovers in the air, its
main rotor flapping equation can be simplified as:

Tl =—8 —7,0+Ab +B (13)
Tmh.l =_bl_z-m p_Baai_Al (14)
8 k 8 k
Where: AJ :Ef ' Ba = Ef ! Al = Blatélat ! Bl = Aonélon , A1 and By are

lateral cyclic pitch input and longitudinal cyclic pitch input, respectively; Aion and Bijat
represents effective gain coefficient between the main rotor horizontal/longitudinal
cyclic pitch input and flapping angle horizontal/longitudinal output.

For a single-rotor helicopter, its stabilized ailerons are connected to the spindle of
the rotor system, and the stabilized ailerons can move up and down in a limited
amplitude like a seesaw on the longitudinal plane of the spindle. Therefore, when
analyzing the stabilized ailerons’ dynamics, its rotating plane can be considered as a
rotor plane that does not generate the lift force, and has no flapping angle that is
generated by the flapping movement. The flapping movement of the stabilized
ailerons are similar to the main rotor, expressed as:

B, =—c¢, cosy —d, siny (15)

Where, d; is the longitudinal flapping to the main rotor shaft longitudinal plane, c1
is the lateral flapping, y is the azimuth angle of the stabilized ailerons. As the
stabilized ailerons can move freely like a seesaw, so they don’t have elastic
deformation due to the flapping, that is k;=0. The dynamic characteristics of the
flapping movement of the stabilized ailerons are expressed as follows:

7.6, =—¢ -7,0+C (16)
r,d, =-d, —z,p+D, (17)

Where: 14, = yl—; is responding time constant of stabilized ailerons; C1=Ciondion,
S

D1=Diadiat, C1 and D, are the longitudinal cyclic pitch input and the lateral cyclic pitch
input of the stabilizing ailerons, respectively; Cion and Dia represents effective gain
coefficient between the stabilized ailerons horizontal/longitudinal cyclic pitch input
and flapping angle horizontal/longitudinal output.

3.3. Cross-coupling of rotor and helicopter body

There will be a longitudinal flapping a; and a lateral flapping bs, both are relative
to the longitudinal plane of the main rotor. The force and torque, generated by the
rotor flapping on the center of the propeller hub, will directly affect the change of
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force and torque of the objective helicopter’s centroid. The derivative of the rotor
flapping horizontal/longitudinal cyclic pitch to the torque produced by the pulling
force T are:

M, = (k, +hT)/1,, (18)

L, =(k, +hT)/1, (19)

Where h is the longitudinal distance between the rotor head and the centroid of the
helicopter body. ks is elastic deformation of rotor wing root generated by the flapping.

4. Dynamic model parameter identification

4.1. Establishment of parametric model of small unmanned helicopter

Small unmanned helicopter frequency domain identification algorithm means that,
by applying specific input excitation signal to the system to obtain the frequency
response characteristics of the system, and on this basis, by using spectral analysis
methods to get the mathematical model of the system (Leishman, 2000; Adiprawita et
al., 2007; Liceaga-Castro et al., 1995; Tischler, 1987). In this paper, model structure
of helicopter attitude angular rate is analyzed, and the parameters are identified when
the helicopter is hovering in air or flying in forward direction at a slow speed. As for
the transverse passage of the helicopter, we can add the control input of the stabilized
ailerons into the flapping movement equation of the main rotor, and get the following
transverse passage flapping movement equation of the objective helicopter:

Tmbl = _bl —T,p+ Bd d1 + Blaté]at (20)

In a steady state where b,=0, equation (20) can be rewritten as:
b =-7,p+Byd; + B, (21)

lat

Transverse passage flapping movement equation of the helicopter stabilized
ailerons is:

Tsdl = _dl Y Dlatélat (22)
The Laplace transform of equation (22) is:
7,50, (s) =—d, (5)—7,P(S)+ DS (5) (23)

After reorganizing, the transfer function of the stabilized ailerons of the helicopter
is:
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_ —T p(S)+ Dlaté‘lat (S) (24)

7,S+1

d, (s)

Substituting equation (24) into equation (21) yields:

b, (s) =—7,p(s)+B,, [_TS P(s)+ Dl (S)}“ Bioc S (8) (25)

7S+1

The Laplace inverse transform of equation (25) gives the dynamic response
equation of the helicopter’s transverse angular rate:

_(Tm + Bdlrs) p(S) 4 (Blat + Bdl Dlat )é‘lat (S)
s+1/z, s+,

b(s)= (26)

Movement equation of transverse rotation of the helicopter body is p = L, by, its
Laplace transform is:

P(s)=Lybi(s) (@7)

Substituting equation (26) into equation (27), after reorganizing, we can get the
model structure transfer function of the transverse angular rate of the helicopter as
follows:

p(s) __ L(Bu+ByDu)/n (28)
Su(s) 7+ (Wr)s+Ly (1, + By ),

Similarly, when the control input of the stabilized ailerons is added, we can get the
model structure transfer function of the longitudinal angular rate of the helicopter as
follows:

a(s) M., (Au +ACur )7,

5,0n(s): 52+(1/Ts)5+Mal(Tm+AJs)/Ts 29)

The flight test data collected by the model identification of the helicopter include
the dynamic response characteristics of the actuator. Therefore, when conducting
structure analysis of model identification, the dynamic characteristics of the actuator
should be added to the input-output transfer function of the system. The dynamic
characteristics of the helicopter actuator this paper studies can be described by the
following second-order system:

a)Z

S — 30
$° +24 0,5+ o (30)

Servo
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Where, ws and & are the actuator’s natural frequency and the damping ratio.

When ignoring cross-coupling of the rotor flapping and other factors, the transfer
function of the transverse and longitudinal control actuator input and attitude angular
rate output of the helicopter are:

p(S) _ Lq (Blat + Bdl Dlat )/TSp 6052 (31)

Su(s) & +(]7/Tsp)s+ L, (Tmp +By 7, )/Tsp s* +20,0,5+ 0!

q(S) Mal(Aon +&1Clon )/qu 6032
- 2 2 (32)
9on (S) s’ +<]7/TSQ)S+ M., (qu + AT, )/qu ST+efosta;

4.2. System parameter identification of the small unmanned helicopter

According to the helicopter’s input auto-power spectrum Gy(f), and input/output
cross-power spectrum Gyy(f), we can get the system frequency response of the to-be-
identified passage H(f) as follows (Bendat and Piersol, 1990):

G, (1)
H(D=5.1 (33)
Due to the serious cross-coupling between different passages of the helicopter, the
vibration of the system is also quite large. The interference of these external factors
will make the measurement signal vulnerable to the noise signals. In order to detect
the linear correlation between the output y(t) and the input x(t) in the frequency
domain, a coherent function is introduced. The expression is:

" le.(t[o, (1)

Where, yxzy is the coherence function, and 0 < yxzy < 1. If y(t) is a linear response
of x(t), then yZ, = 1; if y(t) and x(t) are completely unrelated, then y;5, =0. Under
normal circumstances, the coherence function of the system is in the range of 0 <
Y4y < 1. When identifying the frequency domain of the helicopter, the identified
result of the coherent function y;, > 0.6 can be considered as satisfactory; if it is
smaller than the limit, the system will have a large random error in the system. If
Y+y > 0.8 or closer to 1, the identification result will be more accurate.

(34)

The non-linear part of the small unmanned helicopter system and the input and
output noise are the main factors affecting the linear dependence of the system.
Because the helicopter is a typical multiple-input multiple-output system, and the
cross-coupling between axes can also affect the consistency of the coherence function,
therefore, for the objective helicopter’s multiple-input and multiple-output system, its
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linear correlation can be simplified as a multi-input and single-output question. The
longitudinal and lateral passages of the helicopter will produce cross-coupling when
controlling input by the sweep control, in order to detect the linear correlation between
the output y(t) and the input x(t) in the frequency domain and to obtain more accurate
identification results; the method of partial coherence analysis is used to analyze
whether the cross-coupling of the control input will affect the system identification
result, and then remove the control input which affects identification result of the
passage to be identified. The double-input single-output system structure is shown in
Figure 3.

- Y/X, ]

Y/Xz |

Figure 3. Double-input Single-input system structure

Where, Y/X; passage’s control input X is consisted of Xz, which is relevant to Xu,
and Xauc, which is irrelevant to Xi, namely:

Xy = Xoe + Xoue (39)

The partial coherence functions yzzy‘l for input X, and output Y and remove linear
effects X are:

2
2 [G2yG11-G1y G2
T2y 7 62 ey (112 |12 (36)
11222 W( ‘712)( _7ly)
Frequency response of passage Y/Xz, which is to be identified, is:
H(f) Y G2y1  GrG2y-GiyGa1 37)

X2 G221 611622(177122)

In this formula, G2: is the cross-spectrum of X, and Xi, Gy and Gy, are cross-
spectrum of X1 and Y; Xz and Y, respectively; Gi1, G2z and Gyy are self-spectrum of X,
Xzand Y, respectively; yZ, is the coherent function of X; and Xa, yfy is the coherent

function of input X; and outputY .

4.3. Flight test data identification results

Frequency domain identification of small unmanned helicopter system allows
parametric identification of their entire system or subsystem (actuator model or engine
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model). In this paper, a kind of sinusoidal swept frequency input is used as the input
excitation signal to the objective helicopter. According to the flight characteristics and
working bandwidth of the objective helicopter, this paper selects frequency band of
the swept input as 0.6~18rad/sec. Through the analysis and extraction of the
identification data of the flight data acquired from the flight test of the helicopter,
several useful samples of the input and output are obtained to ensure the validity and
accuracy of the model identification results.

According to the model structure of the helicopter, the frequency response data
obtained from the spectrum analysis are fitted by the above parameter identification
algorithm, and the angular velocity transfer functions of the transversal and
longitudinal passages of the single-rotor helicopter are finally obtained. The
expressions are as follows:

p(s) -10107000

T 4 3 2 (38)
O () s*+18.355° +1674.43s% +17691.155 + 277535.18
q(s) 10391000 (39)
On(s)  s*+18.69s° +1276.94s” +11828.725 + 294843.01

5. Identification parameter time-domain verification

The non-recognized sample's sweep input is used as the input excitation signal of
the identified small unmanned helicopter dynamics model. By comparing the model
output data obtained in frequency domain identification with the output data collected
in flight test, the model adaptability of the objective helicopter by the frequency
domain identification method, and the time domain verification results under the
longitudinal and lateral sweep excitation are shown in Figure 4 and Figure 5. From
the figures we can see, the lateral and longitudinal passage output response and the
actual flight test data collected have fewer output errors, and can reflect the flight
dynamics of the helicopter more accurately, so the identified dynamic model has a
strong adaptability.

i 200 | | {
g~ WA
‘ 20 25 30
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Flight test output
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Figure 4. Longitudinal passage identification model sweep time domain verification
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Figure 5. lateral passage identification model sweep time domain verification

6. Conclusion

In this paper, a dynamic model frequency domain identification method of the
small unmanned helicopter is proposed. The dynamic model structure of the
helicopter is determined by the mechanism modeling method. The model parameters
which are hard to determine by mechanism modeling, are obtained by frequency
domain identification method which based on partial coherence analysis, and finally
we can get the longitudinal dynamic model of the helicopter. In the time domain, the
cross-validation method is used to verify the flight test data of the objective helicopter.
The results show that the dynamic model of the helicopter can well reflect the dynamic
characteristics of the angular velocity of the objective helicopter. It provides a more
accurate dynamic model for the design of the attitude controller for the next step.
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