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Abstract :

In this paper, Recursive Least Squares (RLS) and Fourier Transform Regression (FTR) methods for estimating

stability and control derivatives of small unmanned helicopter are evaluated together with MMLE technique. Flight data
simulated by using a commercial small-scale helicopter model are exploited to estimate the parameters with accuracies for hover
and cruise modes. The performances of the system identification methods are also compared by analyzing the responses of the

reconstructed systems using estimated derivatives.

Keywords : fourier transform regression (FTR), modified maximum likelihood estimation (MMLE), recursive least squares (RLS),

system identification, unmanned rotorcraft
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Fig. 1. Small unmanned helicopter, YAMAHA R-50.
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Table 1. Physical characteristics of the test flight model.

Yamaha R-50 Specification
Rotor speed 850 rpm
Tip speed 449 fi/s
Dry weight 97 b
Instrumented 150 1b
Engine Single cylinder, 2-stroke
Flight autonomy 30 min.
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Measurement for Hovering mode
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Fig. 3. Roll angle measurement for hover condition.

Measurement for cruising mode
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Fig. 4. Roll angle measurement for cruise condition.
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Table 2. Identified parameter results for hover mode.
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Estimation Results Aceuracy
Full Parameter True RLS IR MMLE RLS — MMLE 10™*[%]
(Pert. 30%) | (RLS) (Pert. 30%) | RLS)
M-matrix
T [s] 0.046 | 00460  0.0228 0.0571 0.0473 556e-6  0.0090 9.03 9.87
7, [s] 0342 | 03416 02714 0.3889 02830 | 294e4  0.0178 148 231
F-matrix
X, [1/s] |-0.0505| -0.0499 -0.3594  -0.0613 200715 | 00025  0.1970 3.52 424
Y, [1/s] | -0.154 | -0.1561 -0.8287  -0.1649 201616 | 00025 02960 0.54 0.62
A [%] 0.144 | -0.1440  -0.0596  -0.1822 0.1445 | 66le-6  0.0482 1.35 1.57
L [%‘] 0.143 | 01430  0.0588 0.1858 0.1431 6.56e-6  0.0479 127 1.63
L [1/s%] 166 | 16600 69.0852  119.76 167.99 0.0036  56.0390 1.45 1.96
M, [%} -0.0561 | -0.0561  -0.0132  -0.0405 0.0519 | 6596  0.1602 5.99 697
M, [ :fff 1 | -0.0585 | -0.0585 -0.0242  -0.0686 -0.0555 6.53¢-6  0.1672 3.66 5.83
M [1/s°] | 826 | 825935 253920  63.7926 85.7742 | 0.0041  239.88 2.77 427
A, 0.189 | -0.1889  -0.1870  -03116 01337 | 123e4 00113 8.92 14.96
A, 0644 | 06437  0.7823 0.7426 0.6820 148¢-4  0.009 11.55 14.76
B, 0368 | 03679 02913 0.1810 0.2284 149%-4  0.0984 9.38 597
B, 071 | 07098  0.7267 0.8851 0.6631 1714 0.0537 10.55 1145
Z [ﬁgl 975 | 72683 -18.1174  -6.4845 73816 15126 62.0488 9.55 12.25
Z {ﬁ@] 131 | -13205  -10065  -89.3862 -131.19 15065  774.40 1.67 242
z [1/s] | 0614 | 06141  -1.0800  -0.8058 206165 | 00024 54425 1.19 0.87
Z lqer)| 093 | 08941 23011 1.0160 04813 0.1678  24.0198 2.93 238
N, [%1 0.0301 | 00301  0.0287 0.0368 0.0298 6.63e-6 00037 3.97 12.66
N, [1/s] | -3.53 | 35319 -3.0257 4712 34062 | 00024  1.4002 2.85 13.22
N, [Inj—j] 0.0857 | 00857  0.0802 0.0704 0.0838 6.54e-6  0.0802 14.87 54.12
N [1/s] | 413 | 41290 -3.9743  -4.4564 -3.6814 | 0.0018  0.5166 2.78 437
K [V/s} | 216 | 21595 22035 2.5547 22259 | 436e4 00112 2.04 3.95
G-matrix
A,, [rad] | 00313 | 00311 00288  -0.0047 0.0053 1.40e-5  0.0050 51.65 32.55
A,, [rad] 0.1 | -0.0998 00601  -0.1719 01416 | 20te-5  0.0069 23.97 19.24
B, [rad] | 014 | 01397  0.1153 0.1762 0.1491 2.19-5 00133 13.92 7.54
B,, [rad] | 00138 | 00141  0.0121 0.0191 0.0045 2.05e-5  0.0077 169.59 40.22
7, [m/s?] | -458 | -45.7791 -65.7772  -442286  -463123 | 02101 24421 0.65 035
N, [rad/s’] | 331 | 330997 321697  30.8602 316655 | 6.03e-4 27995 2.89 3.88
N,  [rad/$’] | -333 | 33300 29011  -13.5495 46878 | 5424  4.1752 17.42 60.43
G, [rad] | 0259 | -0258 -0.1961  -0.3208 0.1966 | 226e-4  0.0209 741 9.04
D, [red] | 0273 | 02728  0.1922 0.2358 0.1474 | 23le4 03354 495 3.75
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Table 3. Identified parameter results for cruise mode.

Mol 22 - AAEES =24 M 153, M1 = 2009 1

Estimation Results Accuracy
~4ro
Full Parameter True RLS FIR — ;:;ITLE 7S RLS FIR (Peﬁ% lli(gé]s)
M-matrix
7 [s] 0.0346 | 0.0346 0.0164 0.0446 0.0346 5.10e-6  0.0402 303.16 293.75
T, [s] 0.259 | 0.2588 0.2351 0.2478 0.2588 1.69¢-4 00118 221.19 87.45
F-matrix
X, [1/s] | -0.122 | -0.1217  -0.0057 -0.1320 -0.1216 1.66e-4  0.1228 23.92 12.64
¥, [1/s1 | -0.155 { -0.1573 02020 -0.0402 -0.1573 0.0010  0.2430 364.01 175.50
L, [1/5]] 213 213.01 127.07 163.31 213.05 0.0035  23.6898 150.15 118.28
L, 1 %] -0.213 | -0.2130  -0.0858 -0.2702 -0.2128 6.46e-6  0.0346 468.99 229.54
M, [1/s’]| 108 10799  13.7019  79.3149 107.98 0.0041 5.9974 201.42 94.56
M, [ % ]| 00728 | 0.0728 0.0077 0.1083 0.0728 6.47e-6  0.0058 332.48 167.14
4, -0.176 | -0.1752  -0.0387 -0.1248 -0.1754 224e-4  0.1033 227.55 409.51
4, 0.577 0.5755 0.6974 0.7467 0.5755 2.62e4  0.0726 547.68 412.21
B, 0419 0.4190 0.1268 0.6707 04187 1.60e-4  0.1068 396.53 360.11
By 0.664 0.6640  0.5472 0.8803 0.6642 1.76e-4  0.0619 484.60 376.43
z, [1/s1 ] -1.01 -1.0103  -0.69%2 -1.2302 -1.0102 0.0024 03711 3558 1240
N, [ ::‘j ]| 0401 04010  0.3484 0.4678 0.4010 528e-6  0.0298 57.46 2337
N, [1/s] -3.9 -3.9006  -2.8817 -5.3798 -3.9017 0.0014 03701 89.92 20.04
A [1/s] ] 2.18 2.1801 1.6829 2.6469 2.1797 4.24e4  0.0366 40.40 13.15
G-matrix
Y, [m/s%] 1123 | 11.2588  22.5681 0.9360 11.2543 0.0950  11.2414 417.65 103.26
M, [rad/s’] | 6.98 6.9800  0.7107 4.7257 6.9772 6.68¢-4 04995 216.00 86.67
Ay [rad] | 0.0265 | 0.0263 0.0275 0.0417 0.0263 1.64e-5  0.0084 48750 289.04
Ayn [rad] | -0.0837 | -0.0841  -0.0675 -0.1017 -0.0841 2.53e-5  0.0485 285.72 201.24
B, [rad} 0.124 | 01239  0.0509 0.1577 0.1239 1.6%-5  0.0278 248.77 188.89
B,, [rad] 0.02 0.0198 0.0039 0.0466 0.0197 1.51e-5  0.0066 1269.06 616,36
Z 01 [m/s] -60.3 | -60.4451 -80.1078 -53.0507 -60.4545 0.2484 17.5006 96.02 27.21
oo [rad/s?] | 264 | 263999 22.0299 21.3210 26.4004 3.92¢4 21210 7322 18.57
Con [rad] <0225 | -0.2247  -0.1961 -0.2159 -0.2247 1.50e-4  0.0145 81.85 46.93
D, [rad] 0.29 0.2898 0.1871 0.2931 0.2898 1.86e-4  0.0499 157.49 83.97
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Fig. 5. Pitch rate simulation for hover condition.

Estimated Parameter Verification for Hover-condition
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Estimated Parameter Verification for Hover-condition
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Fig. 10. Pitch angle simulation for cruise condition.
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