U.P.B. Sci. Bull., Series D, Vol. 83, Iss. 1, 2021 ISSN 1454-2358

OPTIMIZATION DESIGN OF POWER SYSTEM
TRANSFORMATION FOR AIR UNMANNED HELICOPTER

He LI*, Yahui ZHANG, Ali Tahir SHAHID, Shuai LIU *

In order to improve aerodynamic system of unmanned aerial helicopter plat-
form, several characteristic analysis are necessary to be done mainly on engine, in-
stallation, transmission, cooling & exhaust pipe of MZ202 & Rotax582. Specifically
for Rotax582 retrofit design of standard engine. This article describes the main
problems and its reliable solutions in optimization design process. Similarly,
strength check & modal analysis for key part design are carried out via Ansys and
finite element modeling prior to test verifications. The results have shown that this
method is feasible. The datasets which were collected by flight control system
showed that, rotation speed fluctuates around 20 rpm. After conversion to engine
speed the fluctuations were in the scope of -50 and 50 rpm, indicating stability in ro-
tational speed. The exhaust pipe temperature recorded 60C, the engine cylinder
temperature recorded 100°C and coolant temperature was at 80°C. The engine vi-
bration level is 0.05g and there are no abnormalities found in data. These datasets
are helpful in further optimization of engine systems for light weight air helicopters
and could serve as potential reference material for fixing errors during transfor-
mation of power systems.

Keywords: Unmanned helicopter, Power systems, Optimal design, Strength anal-
ysis, Modal analysis

1. Introduction

Unmanned aerial helicopter has variety of application prospects due to its
properties such as vertical takeoff and landing, fixed point hover and lowering
speed at lower altitudes [1, 2]. Rotor system is driven by the mechanical energy
obtained from the fuel [3]. Performance is determined by the extent of control
during constant engine speed [4-6]. Mainly, engine powers the aerodynamics of
the blades to provide lift during flight thus engine plays the critical role in use of
helicopter and known as the brain of helicopter [7]. Commercially, there are three
kinds of power systems used in unmanned helicopter, piston engine, turbo-shaft
engine and rotor engine. To reduce the weight of machine piston engine is more
commonly recommended [8]. This study evaluates and concludes the best power
system for light unmanned aerial machines.
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Swing clutch is utilized to switch on and off engine and rotor rotation. It is al-
so responsible for the stability during flight. Amount of output torque and speed
of engine should certainly have that range of stability to ensure successful air ma-
neuverability. Through investigation of domestic and foreign aviation engines it
was decided that Rotax series engines for example MZ202, Intec800 etc. are best
suited for light weight unmanned aerial helicopter [9-12]. Among them Rotax582
was chosen to have best match for 180kg single rotor helicopter. The design was
tested under variant test environments for possible error and their solutions.

2. Materials and Methods
Comparison of Engine Characteristic Curves

The study showed that, idle speed of standard Rotax582 engine can be adjust-
ed to 1600rpm, which is lower than combined speed of the swing clutch at
2200rpm. However, according to the torque characteristic curves of both engines,
at the stage from 6000rpm to 6500rpm, the Rotax582 standard model decreased at
the rate of 9NM and MZ202 at the rate of 5SNM, indicating that the Rotax582
standard model decreased more smoothly than the MZ202, and the throttle was
more responsive and showed better maneuvers (Fig. 1). In terms of the helicop-
ter's load capacity and flight speed, the direct influence factor is power of the en-
gine. By contrast, MZ202 is air-cooled cooling, while Rotax582 standard type is
water-cooled cooling. The cooling effect will be better than MZ202 to ensure the
engine has a good working environment. [13-15].

Seat Installation Design and Check

Because the Rotax582 standard two carburetors are float carburetors, they
must be installed vertically. When the engine is installed vertically, the two carbu-
retors cannot be installed vertically on the original basis due to the space limita-
tion, so the rubber sleeve needs to be redesigned. The basic requirement is to en-
sure that there is enough space for the two carburetors to be installed vertically,
and the two do not interfere in the operation of the engine. The two carburetors
and the cylinder block are connected vertically by the elbow rubber sleeve and
clamp. Namely, the upper carburetor is installed vertically to the left, and the low-
er carburetor is installed vertically to the right.
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Fig. 1. Working condition diagram of Rotax582 engine

On the structure of the existing AIR unmanned helicopter body, the
mounting hole used by the MZ202 engine is used to install the Rotax582 engine,
and the upper mounting seat and the lower mounting seat need to be designed.
Design key points have the following three aspects, first, fully let the rubber shock
absorption column half connected to the body support, the other half connected to
the mounting seat, its purpose is to ensure that the engine has good shock absorp-
tion. Secondly, due to assembly and machining errors the longitudinal distance
between the shaft and the engine should be adjustable. The method is to adjust the
longitudinal distance by adding adjustment gaskets between the engine and the
transfer seat through actual assembly. In other words, the mounting seat should be
smaller in the longitudinal height. Again, for ease of installation the upper mount-
ing seat hole is a round hole, and the lower mounting seat hole is a slot hole.
Thirdly, in the upper end of the top transfer seat, it is necessary to design the pre-
tightening structure to adjust the tension force of the belt pulley.

By using finite element software of engine installation for structural static
strength analysis, the static analysis was carried out on the installation seat before
the applied load. Finite element model is based on simplified load and boundary
conditions [16,17]. The load input is inertia force of engine 38.3kg, the maximum
force of mounting seat is 7.99mpa. According to material data, the yield strength
of mounting seat is 455Mpa (Fig. 2).
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Fig. 2. Engine mounting seat design

Engine Installation Method

The installation method recommended by the Rotax582 engine manufacturer
is horizontal installation, but the horizontal installation method based on the AIR
unmanned helicopter platform will bring additional retrofit design, which requires
the addition of a transmission reducer, resulting in increased weight of the heli-
copter itself and reduced transmission efficiency. Extend project cycle, etc. If the
installation is vertical, the carburetor needs to be modified, that is, the installation
of carburetor must also be vertical. After the comprehensive evaluation, the en-
gine body is vertically mounted, which is connected to the aircraft body by trans-
fer plate and connected by rubber-metal vibration absorber column, thus reducing
the transmission of engine vibration to the aircraft body (Fig. 3).

Fig. 3. Engine installation drawings

Propagation of engine vibration directly affects the reliability and service life
of the whole machine, so some effective measures must be taken to reduce vibra-
tions [18,19]. The interference force of the engine itself is the vibration source of
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active vibration isolation. Dynamic load transferred to engine body is equal to
maximum value of the interference force, expressed by eq. 3. If there is a rubber-
metal shock absorber between engine and engine body, the forced vibration equa-
tion of engine will be as:

x = Bsin(wt + @) 1)
It’s amplitude B is:
B= By
Ja-22+as2x2 (2)

At this time, the dynamic load transferred from the engine to the engine body
through the rubber-metal shock absorber column is:

Fo=F +F.+uy ©)
Fy = kBsin( at — @) + cBacos(at — @) 4)
\J &B)? + (cBw)*cos @ = 1Bw+/(kB)? + (cBw)? sin &
Note:
k represents the rigidity coefficient of rubber-metal vibration absorber column
c represents the damping coefficient of rubber-metal damping column
Then the dynamic load can be expressed as:
Fy =+/(kB)>? + (cBw)? sin( awt — ¢ + O) (5)
At this point, the interference force by passive vibration isolation of the en-
gine is:
F =my, = —mro?sin ot (6)
Note: m depicts engine payload
Under above conditions, the ratio k of the maximum dynamic load transferred
from the engine to the engine body is defined, where k is called the vibration iso-
lation coefficient. Therefore, it can be obtained as follows:

k - P _ JKBY +(cBa)’ _ kB 1+(67w)z o
R F -
Because:
L R
The above formula can be written as:
a2y ragia o

When the zeta = 0, based on the relationship between K, frequency and lamb-

da will be as:

1
— ©)

Damping ratio can also be calculated from isolation coefficient and frequency
relationship curve [20-22].

K+
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Two conclusions can be drawn from the analysis:

1) Irrespective of the damping value, as long as the isolation coefficient K
< 1, a better effect of vibration reduction can be obtained. Therefore, the rubber
shock absorber with lower rigidity should be used. The greater the frequency ratio
of lambda the better would be the isolation, which is generally 2.5-5.

2) To reduce the maximum vibration amplitude of the engine in the reso-
nance region, it can be achieved by increasing the damping ratio. However, at > 2,
even if the vibration coefficient K increases, the isolation effect decreases. So the
damping ratio is generally selected values of zeta, 0.02 to 0.1.

The rubber-metal shock absorber column is made of two elastomers bond-
ed to a central steel tube, internally reinforced with a cylinder of 30CrMnSiA
steel. The elastomer was selected from chlorobutadiene. Choose zeta damping ra-
tio= 0.2, frequency selection than lambda 3.5, both with strong rigidity, and can
play a good damping effect. The steel tube diameter of 12mm, wall thickness of
1.25mm and length of 33mm were preliminarily determined. Then the finite ele-
ment software was used to calculate the maximum stress of 30CrMnSiA steel
tube, which was 49.3mpa, while the yield strength of the material 30CrMnSiA
was 875Mpa, so the static strength met the design requirements (Fig. 4).

Fig. 4. Rubber metal shock absorber design
3. Engine Accessories

Cooling System Design

The water tank is a key component in the engine cooling system, whose func-
tion is to force liquid cooling on the engine to keep the engine performance stable
[23-25]. The maximum coolant temperature rise for the engine is 80-130 degree
Celsius. The theoretical calculation formula of the radiator tank is as following:

Q=KAAT (10)
Note:
Q represents the heat loss of the radiator
k represents the heat dissipation coefficient of the radiator
A represents the area of the radiator
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T represents the temperature difference between gas and liquid
Calculation of fan volume is as following:
G =k,d2n (11)
Note:
G stands for fan volume
k represents proportional coefficient
d Represents fan diameter
n stands for fan speed

The factors that determine cooling effect of water tank generally include ef-
fective cooling area, central part of the radiator air flow and flow rate of cooling
tube coolant. According to the test results, the coolant flow rate increased from
0.2m/s to 0.8m/s, and the cooling effect increased rapidly, but after exceeding
0.8ml/s, the cooling effect was stagnant [26].

The radiator tank tilts 30° and is installed in front of the body. For engine
cooling system, waterway design is crucial to ensure that the engine cooling sys-
tem has good water circulation conditions (Fig. 5). The coolant passes through an
internal waterway, carries some heat from the engine, and exits from the other
side of the engine to the water tank to complete the coolant circulation. At the
same time, the cylinder head exhaust pipe needs to be connected to the water in-
jection port in order to adjust the internal pressure of the engine [25-27].

- A
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Fig. 5. Refrigerating system layout
Vibration Analysis of Mounting Bracket

Engine operation and rotor operation are the periodic simple harmonic vibra-
tion, generated by the helicopter and are the two main vibration sources causing
the helicopter body to shake [28]. If the natural frequency of mounting bracket is
equal to or close to excitation frequency of engine or rotor, then the body and
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mounting bracket will produce resonance phenomenon, so vibration analysis of
mounting bracket must be carried out.

The structure of UAV helicopter body is a multi-degree-of-freedom elastic
structure, and the mounting bracket is only a subset of the structure, so the mount-
ing bracket is also a multi-degree-of-freedom elastic structure. According to the
characteristics of the system, the frequency equation is established as follows:

(K—o®M Ju=0 (12)

These equations are value problems for matrices M and K. Where u is a con-

stant and a non-zero solution exists if and only if the determinant of the coeffi-

cients is equal to zero. That is:
A(@?) =det(K —’M) =0 (13)
After expanding the above equation, the n degree algebraic equation can be
obtained:

"+a,0’ " +a,w?* " +...+a,,w*+a, =0 (14)

(02
This n™ algebraic equation has n roots (r=1, 2... N), these roots are called ei-
genvalues,
They are called the natural frequencies of the system.
The natural frequency (r=1, 2... N) When substituted into the equation respec-
tively to obtain:
(K = M)u" =0(r=1,2,...,n> (15)
When the eigenvalues are solved, the non-zero solution vector can be ob-
tained. The vector is called the eigenvector of the corresponding eigenvalue, also
known as the mode vector which represents the natural mode of the system [29].
By inquiring relevant parameters of the AIR unmanned helicopter, the main
rotor speed is 540r/min and the tail rotor speed is 2450r/min.
While the normal engine speeds range is 1600-6500r/min. According to the for-
mula:

n
f=— 16
50 (16)
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215.28 Min

Fig. 6. Mounting bracket design

The available engine excitation frequency range is 26.6Hz-108.3Hz, main ro-
tor excitation frequency range is 0Hz-9.6Hz, tail rotor excitation frequency range
is OHz-40Hz. ANSYS finite element software was used to evaluate the 10" mode
of the mounting bracket, and the natural frequency and mode shape of the 6th
mode were analyzed, as shown in (Fig. 6 & Fig. 7).
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Fig. 7. Modal analysis of mounting bracket

By analyzing, the mounting bracket is mainly affected by the engine driving
frequency. According to the data analysis, the engine idle frequency is 26Hz, and
the 1st vibration frequency of mounting bracket is 29.5Hz (Fig. 7), which can be
realized by adjusting the engine idle speed. On one hand, the natural frequency to
avoid the engine mounting bracket work incentive frequency range, the unmanned
helicopter flight speed 6000 r/min, the corresponding Rotax582 standard engine
has frequency of 100 Hz, and the mounting bracket 4 order natural frequency of
163.35 Hz, 5 order natural frequency is 217 Hz (Fig. 7), therefore, during un-
manned helicopter’s flight, it won't produce resonance. Finally, the engine excita-
tion frequency corresponding to the natural frequency of mounting bracket should
be passed quickly (Table 1).
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Table 1
Experimental Verification of Mounting Bracket
Order time Test Irf'c;l;ency Excnanc(n:_l I;;equency Error (%)
1 28.65 29.499 2.88
2 39.26 37.85 3.73
3 78.62 74.621 5.36
4 150.36 163.65 8.12
5 216.6 217.77 0.54
6 229.37 220.02 4.25

4. Analysis and Discussion
Test Verification

After optimized design and structural assembly of standard engine of Ro-
tax582 are completed (Fig. 8), the mounting bracket modal test is solved at the
engine test stage [2]. The experimental data of modal test were compared with the
analysis data to verify the accuracy of the analysis data.

ER(fia, fix)zl fiaf_afixl (17)

ER is the error of modal frequency (Hz)

|
Kiow
Fig. 8. Customized structural design of unmanned aerial helicopter

Next, electrical connection to the engine was made and following systems
were tested: cooling system, fuel system, start system, ignition system and lubri-
cating oil system. After confirming the correctness, constant speed test for the en-
gine was done. The second group of fixed speed was about 20min. By analyzing
the data collection controlled by the flight control system, the speed data fluctuat-
ed around +20rpm, which was converted into the engine speed and around
+50rpm. The speed stability was good. The exhaust pipe temperature was 600, the
engine cylinder temperature is 100, and the coolant temperature is 80, with no ab-
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normal data. The vibration level of the engine is 0.05g, and the mounting bracket
has no resonance and low noise.

5. Conclusions

This article is a theoretical detailed analysis of the AIR unmanned helicopter
platform, the Rotax582 standard engine system is modified and optimized for this
purpose, and the general idea of the transformation of the unmanned helicopter
power system is discussed, providing a theoretical basis for production and manu-
facturing. The following conclusions are drawn:

(1) Vertical installation is adopted for the engine body, which is connected to
the aircraft body by transfer plate and connected by rubber-metal vibration ab-
sorber column, thus reducing the transmission of engine vibration to the aircraft
body.

(2) Finite element software was used to analyze the structural static strength
of the engine mounting seat. According to the analysis results, the maximum force
on the mounting seat was 7.99Mpa. According to the material data, the yield
strength of the mounting seat was 455Mpa, which met the design requirements.

(3) For the i-axis material, AI7075-t6 is selected, and the allowable shear
stress for torsion is 303Mpa, and 3 is taken as the safety factor. The maximum al-
lowable shear stress of i-axis is 101MApa. The outer diameter of the shaft is
30mm and the inner diameter is 20mm. It is concluded that the shear stress of i-
axis is 17.6Mpa, falls in the safety range.

(4) After modification of the power system of the AIR unmanned helicopter,
the ground test and test flight results showed that the optimized UAV power sys-
tem has good rotational speed stability, no resonance in the mounting bracket, and
low noise.
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