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Abstract

Purpose: Aerial application of chemicals with an agricultural helicopter allows for precise and timely spraying and reduces
working labor and pollution. An attitude controller for an agricultural helicopter would be helpful to aerial application
operator. The objectives of this paper are to determine the transfer function models and to estimate the handling qualities of
a bare-airframe model helicopter. Methods: Transfer functions of a model unmanned helicopter were estimated by using
NAVFIT and DERIVID modules of the CIFER® program to the time history data of frequency sweep flight tests. Control
inputs of the transfer functions were elevator, aileron, rudder and collective pitch stick positions and the outputs were
resulting on-axis movements of the fuselage. Results: Minimum realization of the transfer functions for pitch rate output to
elevator control input and roll rate output to aileron control input produced second order transfer functions with undamped
natural frequencies around 3.0 Hz and damping ratios of 0.139 and 0.530, respectively. The equivalent time delays of the
transfer functions ranged from 0.16 to 0.44 second. Sensitivity analysis of the proposed parameters allowed derivation of
minimal realization of the transfer functions. Conclusions: Handling quality of the model helicopter was addressed based on
the eigenvalues of the transfer functions, corresponding undamped natural frequencies with damping ratios. The equivalent
time delays of the lateral-directional motion ranged from 0.16 to 0.44 second, longer than the 0.1 to 0.15 second
requirement for well-controlled typical manned aerial vehicles.

Keywords: Unmanned helicopter, Frequency response, Handling quality, CIFER, Transfer function

N B Z13(US Army Aeroflightdynamics Directorate, CA, USA)
2 6740 mER A E|o] 9] o] FRESPID, COMPOSITE 2

4% 5491710 S Fat gpAle) 2elsh do] 9 MISOSA BES Fuls vk BAol, 123 NAVFIT o
olx] 7172) 54 EAS mos) Tt o2 ko2 AAstH]s  DERIVIDE RS 8|40 AL v VERIFY = 23] 712
Ao N 2EL wlato] Ale] SEBI QPAAS FAAIT o AMEECHCIFER User's Guide, 2010).

ZZ2}e] HokS gojaE= Zlo] @ FE (Koo et al., 2010). Tischler and Remple(2006) 3} Yi 5(2008)-2> CIFERS]
ol egt 8171017 S] EAEAS HAT 2 oL CIFERY B2 Fubds S0 WA 5O A8 5tel 8E 2 E|(tilt-rotor) B

719 T4 259 542 245 Mettler 5(1999)>
*Comresponding author: Young Mo Koo =
= o] Q35to] Al Z o] A A3 03 dlolx
Tel: +82-53-950-5788; Fax: +82-53-950-6780 CIFERZ ©]-8 M 222l 9] (sweep) A2 = AojA
E-mail: ymkoo@knu.ac.kr glojg 25 e el deFE 9 554 w45kl SISO 9
Copyright (© 2012 by The Korean Society for Agricultural Machinery

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Bae et al. Flight Dynamic Identification of a Model Helicopter Using CIFER™ (I1I) - Transfer Function Analysis -
Journal of Biosystems Engineering ¢ Vol. 37, No. 3, 2012 « www.jbeng.org

MIMO 9] K55 ARg-5tof AlEd|o| e
o) el g AL TSl

Bae and Koo(2011)+= H|3]o]|2](time history) H|o]EH|
o|AE ulEo 2 CIFER X213 9] FRESPID, MISOSA ¥
COMPOSITE 5252 AH510] 23 9l2) el o] Zee| )|
(collective pitch), o] 4 &= (aileron), o“E]HHOIF:][elevator)
9 2{t](rudder) 29| B]PAIH O] Hlo|Eof EH‘SP T
A& 381k 4709) 257 o) it Fu
ol T2k O 2 0.07~4 Hzo) Fh4 W glell 4 23
3} 7]oJ & (coherence) 7} 0.6 & A13]5}o] X*%‘%L—/F
5k = Qe frash EﬂOlElﬂﬂoV\E 43

TG 2N A|o)7]

o

dHE

%
N
ol

‘r{m

b

it
H'l_mgéémlo

-?EHOHOEEENQJ:OHHH

we Y
or

e
o

P _%X-V\j%(handlmg quality)2 H7}5h=
W@%ﬂﬂq%afﬁ;qambﬂngq—
order equivalent system)& F+3dste] 1 AL
e slolek A G S0 /1)
]y /3 B7ste] s 7)Ao At Ao
Ak Ao P55t 24 Fopgol
Xé dol Ao o] Q= AelFE ) Aol dg
F71Ale) 22t sl gt Wo) S Fasi
(Hodgkmson 1998).
B A7 2yt sl AR

SIS
bA2g

=
ZTFEk

Z12] A 0]

‘L__l__'"'l\__

?g =
R il :o"‘t‘o A9 213} Atof| QlolA A aet 2FA
B2 42 Aol Altshe ARl A ] kg B o2 5
w, A 12 (Park et al,, 2011) o A= Z2E7] 9] ZZto| f = &)
2 FE 2 vl tofE| g 5o wsto] Harstgl om, A 2K

(Bae and Koo, 2011)] 4= u]ajo]e] glo]ejuo] & et

© 2 CIFERS] FRESPID, MISOSA ¥ COMPOSITE X-&& A}
gt 1y AFE| 2] Fuks S BAsgL,

o]0} x| A| 3= CIFER 3 & 713 ¢ NAVFIT 2} DERIVID &
B& olgatol Zusity dlole R J1He] 1 54L
U= 2ot dEeke 1Y % FstaL 7]A| o] 224
£ Hrlsk=t 1 2&o| Qirh

ZZ tga]_:_a_,] ZXLMJ:

= B8] Ikl 25719 = o7L Zlof| SJRk A K. A|of o]
Qlofli= E &= o] ApA|A|of Al2'llS Z-8-5HA] Qb2 Aol A H]
YA S st} AgerE A & A2 A=
k% &) =E] o Al a4l 5% St ch¢l<=d (multiple
input multiple output) 554 3|41 W Ao A| AH] sjdto] 2
&2 Zlojh.

ME 2

If. HIZAIY GOl

2 Aol ARGE 1A= %I 2E F2]EE (Kyosho,
Caliber 50)0]%1 2™, A 12 (Park et al., 2011)o|4] 7]&3SH
Hiel Zho] A 25719 22 2 d el of| Y2l dejHold, 2
o W Zee| = 57 25740] A91E 5:91¥(primary input)
0% Bl 2913 AHE Folo] i AL lgt A
Hlolel 2 B=a}3itk. o704l o] S 47) 257k0] WIS 7t

ZY 8uitr Octer Orua R 0oy 2 FEAISFATE,
A 2% (Bae and Koo, 2011)9}|A+= CIFER Xz 139]
FRESPIDSA} COMPOSITE 25-S AFg-3L0] 7 A9t A]3] 0]
Aol gt 74| &) ZpA| E 5ol sidshi= 35 3] 714
L (u v, w), AE=(p. ¢ r) R 755 (a,. a,a.)ol HHRE 5}
= B8 L3l5)g] o, Bl Aato] 7)o & Sk4x(coherence
function) & 70 2 Z}7ke] ¢} &2 Z3te] Aekeke: 3400
AREE 4= Q)= B8 FEular(effective frequency) HYE £ 1

TR
o] =& & ol A 9] dgea s A2 3 10014

Table 1 Effective frequency ranges for four primary control inputs and the corresponding on-axis outputs (modified from Bae and Koo,

2011) (unit: Hz)
u None None 0.07 - 2 None
v None 0.06 - 1.5 None None
w 0.035 - 1.8 None None None
P None 0.06 - 5 None None
q None None 0.06 - 5 None
r None None None 0.03 - 4.5
a, None None 0.07 - 5 None
a, None 0.06 - 4 None None
a, 0.04 - 45 None None None
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where, .J: cost function to be minimized
| |: magnitude (dB) at each frequency w
£ :phase (deg) at each frequency w
n,: number of frequency points
w; and w, :starting and ending frequencies of fit
W.: coherence weighting to emphasize most
reliable data
W,: weighting on gain error

W,: weighting on phase error
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Figure 1. Bode plot of the identified transfer function for a./d,,
(m=1,n=4,J=27.7).

Table 2 Identified transfer function models for collective pitch input

Transfer function Effective freq. range (Hz) Models Cost value (J)
_ —0.207s
549000e 1232
(s+1.50) (s +51900)
w/é,, 0.04 ~ 1.8 ( Jem 0359
25.3(s+4.38)¢™ 0389
104.1
(s—15.4)(s+0.905) 0
222(s+0.179)(s +10.6)e” 02 28.0
(s—22.2)(s+0.839)(s+15.5) ’
a,/é,, 0.04 ~ 45 ( ot
179000(s +0.186)e 577

(s—34.8)(s+0.879) (s> +27.0s +735)
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Table 3 Identified transfer function models for aileron input

Transfer function Effective freq. range (Hz)

Models
6.38(s+1.423)e

Cost value (J)

—0.437s

5. .06 ~ 1. .
o/ 0.06 ~ 1.5 (5—0.4221)(s +0.3466) 9.0
55632 (s +2.481 )¢ 0348 714
(s—0.120)(s+16784) ’
a,/8,1 0.06 ~ 4
’ —49255 (s —1.615) (s +3.451 )¢~ 0-330¢ 26.3
(s—13836)(s —2.812)(s +0.121) ’
27.66_0'2035
s+29.3 540
388'56*0.1615 41 2
2 +24.1s+421.3 ’
P/, 0.06 ~ 5
—22.0(s+1.65)e” 02745 38.6
(s—20.9)(s+2.05) ’
_ —0.158s
384(s—0.431)e 28.2

(s—0.608)(s* +23.65+398)

Table 4 Identified transfer function models for elevator input

Transfer function Effective freq. range (Hz)

Models
6.70(s+1.273 )¢ 04305

Cost value (J)

u/d,, 0.07 ~ 2 5 27.8
s°—0.244s 4+ 0.0746
115(s+3.84)¢™ 0:300s 68.7
(5—0.246)(s2 +4.10s +378) '
23.8(s+4.06) (s +43.71)e” 03205 66.7
(s—0.236)(s* +4.255+371) ’
a,/8,, 007 ~ 5
49592 (s +3.611)e 0281 747
(5—0.232)(s +40.24) (s> +4.10s +396) ’
1101 (s +0.493)(s +4.08)¢~ 0-300¢ 68.1
(s—0.283)(s +0.574) (s> +4.02s +378) ’
— 350¢ 02035
dé. 0.06 ~ 5 . — 49.1
s°+5.2s+ 350
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Figure 2. Bode plot of the identified transfer function for p/g,;,
(m=1,n=3,J=28.2).
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Figure 3. Bode plot of the identified transfer function for a,/d,,
(m=2,n=3,J=066.7).
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Table 5 Identified transfer function models for rudder input

Transfer function Effective freq. range (Hz)

/5.4 003 ~ 45

Models Cost value (J)
10.36_0‘2108
_ 68.1
s+44.7
999¢~ 0.161s
2 58.7
s +22.4s+442
—0.195s
54.9(s+2.32)e 308

(s+3.85)(s+16.70)

Table 6 Accuracy and insensitivity analysis of the parameter values for a /5, (n=4, J=27.7)

co

Parameter® Value
a, 2.248E+04
ag 2.576E+04
ay 213.0
a, 7.000
b, 3.317E+04
by 1.786E+05
T, 0.1534

Accuracy (CR-%) Insensitivity (INSENS-%)

61.01 4.244
61.31 2.456
440.4 30.42
406.3 43.69
69.17 11.21
58.40 2.126
20.24 1.587

*: Refer to eq. (3) for parameters o, and b,.
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Table 7 Accuracy and insensitivity analysis of the parameter values for a_ /5, after deleting ¢, and a, from the initial model (n =4,

J=27.9)

Parameter Value Accuracy (CR-%) Insensitivity (INSENS-%)
a, 1.979E+04 38.48 4.226
ay 2.231E+04 37.09 2.509
b, 2.951E+04 49.84 11.10
b, 1.570E+05 35.94 2127
Teq 0.1610 4.448 1.512

Table 8 Minimal realization of the proposed transfer functions

Transfer function Effective freq. range (Hz) Models Cost value (J)

—12.0(s —0.603)e~ 0169
(s+1.20)(s—1.20)

232(s+11.0)e 0232
(s+0.553)(s+19.9)(s —20.5)

6.38(s+1.423)e™ 04375
(s—0.4221) (s +0.3466)
332.1¢” 10

Pl 0.06 ~ 5 — 47.0
s*+20.4s+370

w/d,,, 0.035 ~ 1.8 40.6

/8, 0.04 ~ 45 e

/b, 0.06 ~ 1.5 9.0

— 3590 0203
‘1/561@ 0.06 ~ 5 267 491
s° +5.25 +350

— —0.291s
a,/ 007 ~5 1438(s+3~99)gs 3.99)e .
s(5—6.25)(s* +6.255 +376)
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i A TNA ANy Z*(Table 5 W Table 8) 2] 11-3-F}(eigenvalue), B4 21
4 W 4] Tato] Helat Aloleh g o) S
2] o] B4 o] QHFHTH (right-half plane) of] T-/4-38 71X
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Figure 4. Bode plot and coherence plot of the minimal realization UoJLpH A Alo|ELHT} Hlso] 52 31| ‘wagging and side
for the transfer function a./d,, (n=4,J=27.9). rocking & HHE 5= F A}
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Table 9 Eigenvalues derived from the proposed transfer functions

Motion Transfer Function Eigenvalues Damping ratio Undamped natural freq.
zeros poles
a, /0, -3.99, 3.99 -3.12£19.4j, 6.25, 0 0.161 19.4 rad/s (3.1 Hz)
Longitudinal
/s, - -2.60+18.7] 0.139 18.7 rad/s (3.0 Hz)
/8,0 - -10.2419.2j 0.530 19.2 rad/s (3.1 Hz)
Lateral-directional
/8,04 - -11.2421.0j 0.532 21.0 rad/s (3.3 Hz)
Heave a,/é., -11.0 -0.553, -19.9, 20.5 - -
ok A|2dllof] siggtet. o] 2Rt WA E9RFE o] Z|A|S] 7] ffste] RYERlom, HIPAIY Hlo|E &f FulaE A At
A= st dohesol Eetdsitt= 2= gtk o] 2RE 234 22T E AP ez shal 7|A|9] 5= =
£ e o 4T S0 A ThE Aol RAAE o2 she AL PSS etk B TR 7
FAFRE A3k 2e1g 2 glek(Shim, 1993; Ryu, 2008). Ashestetn] B 50| JEEot g BAsto] HaTd 4
7 SHE 2R AT EY A2 o g 2 BES EESIe, Afe Aaln], 7R
T a,/0,.%k 4/ 0= VIS A5 3 Hz FZo A 4] ez Re 779 2255 B7slelth & A9 A=
7F0.14~0.16 4= & = Qlrk o= kAl 1 @371 & FF AYFHY JHUAEA =52 $ vdEY 554
e el & HERG U R F71E = a5 A H AloAIAE Aol &8 Aotk =8 AE 8.9F
ap gl stk 7k el A S Uet = ey W ot Tk
P/ /6= VIR 2384 3 Hz FZof|l A 48|17}
0.53%] 23S 2= A& RIS 4= 3lon, o] Aoll= d (1) 7IA N =350 ALk ¢/6,, =2 A1 AR o=
HHAQ1 5719 YA E REHT Y a3 G &9l TFEE Lo, v 77 Eek alv)= 242 3.0
th(Prouty, 2002). w4 714|9] 1254+ 2F 3 Hzo|y Hz2}0.1399]%]c]
A= 5o LHrEZF 7t U 252 e 2 (2) 7I=2Xe e dgdse p/é 27 Aji”l o2
the 2 o 4 Qlek 714 -5-9] dhe ol et 2Eol T o, v Aok el = 242 3.1
Uk Q1 571 ofl Blal o] ar=ut G4 UEhhs 22 2 Hz®}0.530 0.2 eIt whehA 7h2 3 259 4
Aol ARE-E %FAEH 7h A RO R A WY HHET} &} Y=ot SHE e A =R e -t o gt
7] weQl Aoz ek Aoz F7hE ek
S7HAIZEAIA( eq)~x£8«l b mdlof Al H=nheo 2 (3) FA & F AL /6, T AR ]
©]0.153~0.437 22 Vel o]= 2 ¢ 7Lof| ARR-H 7]4 2] WAz FF = 1A A A0 B2 E| Gl om T A4
23722 QYo U2 W FE ) A4 R & Y A A 23 mso) 9k
0]2] A5 7H4d(cross coupling) & F3k, Als 2] 2 TEF 5 (4) N2HQ 77 92 M| 2 H5eF 52 0.20~0.43
o w2 A7k 9, 2] £50] B2 B4 Sl 7]Qleh= A 2, J1RYYF L5 016~044%, FYZ LHE
© 2 A ulaado] oS gt AR o] 7 E 012, g 0.16~0.21 22 LFERLPA] A¥ERI9l 28bgis0] 943t
710 ) 25, 35 29, BjH Y Sofl R 7 E=0.15% H2l g7]0] AT = 0.1~0.15 2 0 2 Hlos &
(Hodgkinson, 1998) ]| 13} uﬂ%ama e gic 1 A9k
U2 Aol ARGEL 7] R 1%57154 %71 5 52171 ul3)
T e e p WAl 2

‘]
o= \_
o Tt K717 Q0] e vl AFHA ol Ao pekEr
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