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ABSTRACT

In this study, an application of Taguchi method was done on performance of a high altitude long endurance
(HALE) unmanned air vehicle (UAV). General performance characteristics were calculated for UAV with a
basic mission profile for a typical reconnaissance mission. Initially, endurance values of UAV were calculated
and tabulated in an interval of airspeed and flight altitude. Then, Taguchi method was used to predict the
maximum endurance on this interval. Secondly, flight range was calculated was calculated and tabulated at
the same interval. On the implementation of the Taguchi method, two parameters in there levels were selected.
Airspeed and flight altitude were the two parameters with assumed low, medium and high values. Taguchi
method was found to be very effective in estimating the maximum values of flight endurance and the range
of the UAV. Based on the response table of Taguchi, Speed was the most significant parameter and the
optimum levels of the selected parameters to achieve the highest endurance were speed at level 1 and altitude
at level 3. Also the percentage of contribution for speed and altitude was found to be 88.1% and 8.7%
respectively.

INTRODUCTION

Unmanned air vehicle (UAV) is defined as “an aircraft which is designed or modified, not to carry a human
pilot and is operated through electronic input initiated by the flight controller or by an onboard autonomous
flight management control system that does not require flight controller intervention” [1]. In other words,
UAV is a plane that can be flown autonomously or remotely to perform specific tasks without any crew inside.
Missiles or single-use aircraft are not considered as UAV. There are many types of UAVSs, including micro,
tactical, strategic and combat [2]. UAVs have increased their use, versatility and variety in many areas of civil
and military application. The UAVs are preferred in “dull, dirty and dangerous” missions/duties and they
achieved high success in service and demonstration. Typical missions of UAVs include border & costal patrol
and monitoring, homeland security, combat, law enforcement & disaster operations, digital mapping &
planning/land management, search & rescue, fire detection and firefighting management, communications and
broadcast services, precision agriculture and fisheries, ground transportation monitoring and control, satellite
augmentation systems, air traffic control support, power transmission line monitoring, environmental research
& air quality, management/control, etc. [3].

Starting from 1990s, UAV programs had an increasing momentum than ever before throughout the world. As
an example, NASA undertook a program called Environmental Research Technology and Sensor Technology
(ERAST), with industrial partners focusing on the development of technologies for drone and unmanned
commercial aircraft markets. In this nine-year program, a lot of technologies related with drone, their
integrated engines, sensors etc. were developed to perform better in high-altitude and longer distance. In
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literature, there are numerous studies on the design and optimization of UAV systems for further reading [4-
16].

AIRCRAFT PERFORMANCE

Calculations are needed to estimate if an aircraft to accomplish the requirements set forth in the mission
profile. For instance, ability to take off and land, carry payloads, fly at required altitudes at speeds, maneuvers,
endurance and range, aerodynamic lift and drag etc. are estimated as a part of flight performance calculations.
Flight duration, endurance and range can be estimated using equations below:

=2 .
L/D, Wj_
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Equation (1) is the modified Breguet range formula for constant velocity and altitude for a jet aircraft. V, the
speed of the plane, C, specific fuel consumption; L, lift force; D, drag force; W, aircraft weight. Typically, the
velocities required for maximum endurance and maximum range are different. Typically, velocity for
maximum range is higher than the velocity for maximum endurance.

As a case study, "Global Hawk™ UAV was selected as a model. "Global Hawk™ UAV is a high altitude long
endurance (HALE) drone which can operate at high-altitude as high as 19.81 km (65000 ft) and can fly
typically more than 24 hours. Calculations were done with a genuine computer code developed by the authors.
For this study, initially maximum endurance was calculated in hours within an interval of 0.35-0.75 airspeed
(Mach) and 9-16 km flight altitude. Endurance results were tabulated in Table 1. Secondly, maximum range
was calculated and tabulated in Table 2. Overall results were compared with the literature values available for
“Global Hawk™ UAV in Table 3. It was shown that the results are in less than 1% deviation with the literature
values.

Figure 1: Global Hawk unmanned air vehicle [17]

Table 1. Endurance Data vs. flight speed (Mach) and altitude (km)

Mach/ g\ 10km 11km 12km 13km 14km 15km 16 km
Altitude

0.35 345 3518 3525 35.06

0.4 303 3176 3282 33.69 3394 3356

0.45 259 2778 2945 3104 3214 3269 32.62

0.5 219 2389 2584 2784 2952 30.76 3147 3161
0.55 18.4 204 2241 2457 2656 2826 2956 30.37
0.6 156 1741 1935 2151 2361 2556 2725 28.55
0.65 13.3 149 1671 1876 20.85 2289 2479 26.44
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0.7 11.3 1282 1446 1637 1836 20.39 2237 2421
0.75 9.77 11.09 1258 1431 16.17 1812 20.1 22.02

Table 2. Range Data vs. flight speed (Mach) and altitude (km)

A'\I/l‘?jge okm  10km 11km 12km 13km 14km 15km 16 km
0.35 13230 13311 13167 13131 12859 12369

0.4 13273 13744 14017 14417 14564 14447 14074

0.45 12781 13540 14162 14955 15521 15823 15842

0.5 12023 12950 13829 14924 15850 16550 16977 17106
0.55 11172 12108 13217 14512 15710 16744 17549 18073
0.6 10327 11381 12475 13881 15250 16543 17662 18547
0.65 9532 10578 11695 13145 14625 16078 17434 18618
0.7 8805 9822 10930 12379 13901 15452 16971 18385

0.75 8149 9126 10206 11626 13150 14745 16362 17938

Table 3. UAV Data

e L Literature Calculated Deviation
Specifications
value value (%)
Ferry Range (km) 18520 18618 0.5
Maximum Endurance 35 35.05 0.7
(hour)

Taguchi Method

Different optimization methods for different industrial applications have been employed for decades. One of
the optimization method to improve the quality is Taguchi method. Taguchi is capable to reduce the number
of experiment and will evaluate the selected parameters to determine the optimum levels and their
contributions [18].

The main goal of the paper is to determine the optimum level of different parameters affecting the endurance
in airplane. In this research, the effect of influence two parameters are evaluated namely, the speed (P;) and
the altitude (P,) as tabulated in Table 4. To achieve the best configuration for the highest endurance, the
Taguchi orthogonal array method is used to optimize the process. The selected parameters are defined in three
different levels.

Table 4: selected levels of speed (P;) and altitude (P,)

P4 (km/h) P, (km)
Level 1 0.35 9
Level 2 0.4 10
Level 3 0.45 11
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Selection of the parameter levels and orthogonal array of Taguchi
Based on the number of selected parameters and their levels, the L9 orthogonal array of Taguchi is selected
as shown in Table 5.

Table 5: L9 orthogonal array of Taguchi

Test Case P; P,
1 1 1
2 1 2
3 1 3
4 2 1
5 2 2
6 2 3
7 3 1
8 3 2
9 3 3

S/N ratio approach

Taguchi method proposes signal to noise ratio to evaluate different quality characteristics in engineering
design, namely the smaller the better, the nominal the best, and the larger the better [18]. Since the objective
of this study is to increase the endurance value, larger the better quality characteristic has been applied based
on Equation 3 and Equation 4 as follows [19]:

1w 1 )
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where n is the number of experiments and y is the endurance value (based on the
number of experiments).

EXPERIMENTAL SET UP
Orthogonal array of Taguchi and S/N ratio
With reference to the number of parameters and their levels, L9 orthogonal array has been chosen and the
selected parameters based on different levels have been tabulated to calculate the endurance value as shown
in Table 6. The endurance is calculated based on the mathematical model generated in MATLAB. Also, Signal
to noise ratio is calculated for 9 experiments as shown in Table 6.

Table 6: L9 orthogonal array of Taguchi for data collection

Test Cases  P:Speed (km/h)  P,: Altitude (km)  Endurance (km) S/N
1 0.35 9 34.5 30.76
2 0.35 10 35.18 30.93
3 0.35 11 35.25 30.94
4 0.4 9 30.3 29.63
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5 0.4 10 31.76 30.04
6 0.4 11 32.82 30.32
7 0.45 9 25.9 28.27
8 0.45 10 27.78 28.87
9 0.45 11 29.45 29.38

S/N Response Table
To determine the optimal levels of the selected parameters, the average S/N ratio of response needs to be
calculated as shown in Table 7. With reference to Table 7, the larger value of |AT| demonstrates the
significance of the parameter and the highest value for each parameter represent the optimal level. The result
is a combination of P, (level 1) and P, (level 3), as the best set of parameters for having higher endurance.
The S/N response diagram can be plotted as shown in Figure 2 and Figure 3 based on Table 7.

Table 7: The response Table of S/N ratio

Py P,
Level 1 30.87516 29.55041
Level 2 29.996411 29.94606
Level 3 28.840782 30.21589
Difference |AT| 2.0343783 0.665477

The data in Table 8 was determined using Analysis of Variance. The relative percentage of contribution of
each parameter was calculated by comparing their relative variance. ANOVA computes the quantities such as
degrees of freedom, the sums of squares, F-ratio, the pure sum of square and the percentage of contribution
[19].

Table 8: Analysis of Variance (ANOVA).

Source F S P %

Py (Speed) 2 79.37 88.1

P, (Altitude) 2 7.83 8.7

error 4 2.91 3.2

Total 8 90.11 100.0
Speed

32
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S/N Response

27
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L2
Speed levels
Figure 2: S/N response for speed.
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Figure 3: S/N response for altitude.
The calculation of Sum of Square can be written as follows [19]:

Ave; + Ave, + Aves + -+ )? 5
55=C%%2+AW5+Awf+~)—( 1 ZN s )7 (5)
Ave;)? Ave,)? Aves)? 5
5t=<(2 ), QiAve,)” | (2 Aves) +> (6)
kp, kp, kp,
(Ave, + Ave, + Aves + -+ )?
N )

For the degree of freedom, Equation 7 and Equation 8 were used:

3 = kpl - 1, (7)
F,=N-1, (8)
where, N is the total number of result for factor P; and kp,_stands for the number of level for factor P;. To

determine the error for the degree of freedom, Equation 9 is applied as follows [19]:

fe =ft_fP1 _fP2 _fP3r 9)
For the percentage of contribution, Equation 10 can be written as follows [19];
S
Py =P (10)
ST

where, st is the total sum of square.

Based on Table 8, speed contributes to the endurance with 88.1%, and the altitude contributes with 8.7%. As
a result, the speed has the maximum contribution and significantly affects the endurance in comparison with
the altitude.
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CONCLUSION

As an aim of this study, an application of Taguchi method was done on performance of a high altitude long
endurance (HALE) unmanned air vehicle (UAV). Taguchi optimization method was applied to find the
significant parameters and their optimum levels. Based on the number of parameters and their levels, L9
orthogonal array was chosen and larger the better quality characteristics was selected to determine the higher
endurance. Based on the response table of Taguchi, Speed was the most significant parameter and the optimum
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levels of the selected parameters to achieve the highest endurance were speed at level 1 and altitude at level
3. Also the percentage of contribution for speed and altitude was 88.1% and 8.7% respectively.

REFERENCES

1) Cox TH, Somers I, Fratello S. Earth Observations and the Role of UAVs: A Capabilities Assessment,
Version 1.1. Technical Report. Civil UAV Team, NASA. 2006:346.

2) Chaput AJ. Conceptual Design of UAV Systems, Lecture Notes. University of Texas at Austin: 2004.

3) Cox TH, Nagy CJ, Skoog MA, Somers IA, Warner R. A Report Overview of the Civil UAV Capability
Assessment (Draft). n.d.

4) Raymer DP. Aircraft design : a conceptual approach. 3rd ed. American Institute of Aeronautics and
Astronautics; 1999.

5) Sadraey M. Unmanned Aircraft Design: A Review of Fundamentals. Synth Lect Mech Eng 2017;1:i—
193. https://doi.org/10.2200/S00789ED1V01Y201707MECQ04.

6) Dinc A. Preliminary Sizing and Performance Calculations of Unmanned Air Vehicles. In: Shmelova T,
Sikirda Y, Rizun N, Kucherov D, Dergachov K, editors. Autom. Syst. Aviat. Aerosp. Ind., IGI Global;
2019, p. 242-72. https://doi.org/10.4018/978-1-5225-7709-6.ch009.

7) Austin R. Unmanned Aircraft Systems. Chichester, UK: John Wiley & Sons, Ltd; 2010.
https://doi.org/10.1002/9780470664797.

8) Dinc A. Optimization of a turboprop UAV for maximum loiter and specific power using genetic
algorithm. Int J Turbo Jet Engines 2016;33:265-73. https://doi.org/10.1515/tjj-2015-0030.

9) Fahlstrom PG, Gleason TJ. Introduction to UAV Systems: Fourth Edition. 2012.
https://doi.org/10.1002/9781118396780.

10) Dinc A. NOx emissions of turbofan powered unmanned aerial vehicle for complete flight cycle. Chinese
J Aeronaut 2020;33:1683-91. https://doi.org/10.1016/j.cja.2019.12.029.

11) Ding A. Sizing of a Turboprop Unmanned Air Vehicle and its Propulsion System. J Therm Sci Technol
2015;35:53-62.

12) Dinc A, Elbadawy I. Global warming potential optimization of a turbofan powered unmanned aerial
vehicle during surveillance mission. Transp Res Part D Transp Environ 2020;85.
https://doi.org/10.1016/j.trd.2020.102472.

13) US Department of Defense. Unmanned Systems Integrated Roadmap FY 2017-2042. 2017.

14) Dinc A, Gharbia Y, Alshammari M, Alrasheedi A, Algallaf S, Alibrahim M, et al. Preliminary design of
a radio-controlled micro aircraft for student competition. Glob J Eng Technol Adv 2020;2020:64—-069.
https://doi.org/10.30574/gjeta.2020.4.3.0076.

15) Ding¢ A. Sizing of a Turboprop Engine Powered High Altitude Unmanned Aerial Vehicle and It’s
Propulsion System for an Assumed Mission Profile in Turkey. Int J Aviat Sci Technol 2020;vm01:5-8.
https://doi.org/10.23890/IJAST.vm01is01.0101.

16) Dinc A. Optimization of turboprop ESFC and NOx emissions for UAV sizing. Aircr Eng Aerosp
Technol 2017;89:375-83. https://doi.org/10.1108/AEAT-12-2015-0248.

17) Northrop-Grumman. Global Hawk n.d. https://www.northropgrumman.com/air/globalhawk/ (accessed
May 12, 2020).

18) Moayyedian, M., & Mamedov, A. (2019). Multi-objective optimization of injection molding process for

determination of feasible moldability index. Procedia CIRP, 84, 769-773.
19) Moayyedian, M. (2018). Intelligent optimization of mold design and process parameters in injection

molding. Springer.

21 |Page



