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1 Blade angle calculation, including the
Bell-Hiller-Bar

The following equations describe the relation between the swash plate angle ozfslp, the

Bell-Hiller-Bar angle 42! and the main-rotor blade angle aBL;:

ho=—13— 17
h,=—17
ho =0
T1,3 =%1 — T3
Y13 =Y1 — Y3

l1+12 —l3—17

(afslp

Ty = (—l§ xi3 + (1‘173 l% + 2l r1,3 ls + lg r13+ (xl + 1‘3) (l‘i3 + yi3)) r1,3+

\/ 3 g (l —2 ((15 +l6)2+afs+ y%3) I3+ (— (Is +16) 2 + 23 5 + y%?)) 2)
(y3 — y1)> /(2275 + 221397 3)

Yo = ((yg —y) B+ Buyis+Buyis+2lsleyis+ (i +us) (23 +yis) +

\/ 3 3 (l4 ((l5 +16)2 + 55%,3 + 9%3) I3+ (‘ (Is +16) % + x%,B + 9%3) 2) )

/(2 37%,3 +2 yi:’))



1 Blade angle calculation, including the Bell-Hiller-Bar

23 =sin (Vi) (la + 15 + lg)
ys =cos (yeur>) (la + 15+ lg) — Iz
x4 =(lgzo + l523) /(I5 + l6)
ys =(lsy2 +15y3) /(15 + ls)

vy = - <y4¢—xz (=2 (3 +ad+ o) B+ (- +00) )

l% xi — (l% + xi + yz) xi) /(2 :):i + 214 yi)

(VAW 2 R

ya (3 + 13+ 23 +y§)>/(2xi +2y3)

BL

w1 =arctan2 (—ys, xs)

(%

The constants [, are described in the thesis main document [Berl3, pages38ff.|. The
coordinates (x, ¥,) belong to intermediate points taken relative to a local coordinate

system.



2 Dynamic Equations of a Single
Helicopter

In the following, the complete dynamic equations of a single helicopter are presented. The
variables z.,. are intermediate results, which are generated automatically. The result of
the Kane method is the following set of equations:

0=250 + 274w — 279 — 2737 — 2754 — 276 W — 277V — 278 P
0=251 +281W — 285 — 277U — 2807 — 282 — 283V — 284 D
0 =250 + 2740+ 2810 — 290 — 2867 — 287 W — 288 — 289 D
0=255 — 204 — 201 P — 2027 — 203G — 278 U — 284V — 289 W
0 =257 — 297 — 293D — 295G — 296 T — 275U — 2820 — 288 W
0= z58 — 299 — 292 P — 296 ¢ — 298 1" — 273U — 280 U — 286 W

The equations need to be solved for the desired variables (u, 0, w,p, ¢, 7). It is possible
to use Gaussian elimination to get an explicit solution, since the equations are linear with
respect to the desired variables. It should be noted that result may contain singulari-
ties, since e.g. a division through a z,,. variable might become a division through zero.
Solving the equations numerically during simulation, using e.g. Singular Value Decom-
position (SVD), is another possibility, which avoids those singularities. The following
equations describe the z,. variables, which had not been defined until now:

21 =T+
29 =m+0
zg = cos(z1)

z4 = cos(z2)

25 = 23 24
26 = sin(yp)
z7 = sin(zy)
zg = cos(p)
z9 = sin(z1)



2 Dynamic Equations of a Single Helicopter

210 = 2326 27 — 28 %9

211 = 2629 + 23 27 28

212 = 24 %9

213 = 2328 + 26 27 29

214 = 272879 — 2326

R15 = %4 %6

216 = 24 28

Z293 = WMR + T

224 = q(r — z23)

295 = p(r — 223)

226 = MF + MMR

zo7 = (dOFoymp + dOM Roymyr)/ 226
z9s = (dOFoomp + dOM Roomyr)/ 226
z99 = (dOFo3mp + dOM Rosmyr)/ 226
230 = dOM Ro1 — zo7

231 = dOM Rog — 208

z30 = dOM Ros — z29

z33 = dOFoy — 297

234 = dOF o9 — 298

235 = dOF o3 — 299

236 = dOT) — zo7

238 = dOT3 — 229

239 = —q(230q — 231p) — (2307 — 232 D)
z40 = p(230q — 231p) — (2317 — 232 q)
za1 = p(z307T — 232p) + q(2317 — 232 )
z4g = —q(233q — 234 p) — (2337 — 235 D)

243 = D(233q — 234 p) — (2347 — 235 Q)

244 = p(2337 — 235D) + q(234 7 — 235 q)
248 = gmp
249 = gMMR

MR TR
250 = F3" 211 +F5 210 4249 25 27 + 248 (25 27 — 210 215 — 211 216 ) — 249 210 215 — 249 211 216



2 Dynamic Equations of a Single Helicopter

MR TR

z51 = F37 214 + Fy 213 + 249 27 212
+ 248 (27 212 — 213 215 — 214 216 ) — 249 213 215 — 249 214 216

MR TR 2 2 2 2, .2 2
252 = F3 216 + F5 215 — 249 Ry T R49 R15 T X249 16 T <48 (27 + 275 + 216)
253 = 232 249
Z54 = 231 %49

MR MR TR
zss =T+ 231 F30 + 253 215 — 238 Fy'" — 254 216 — 248 (234 216 — 235 215)
256 = 230 249

MR | TR MR
zsr =To "+ 15" + 253 27 + 256 216 + 248 (233 216 + 235 27 ) — 230 F3

z5g = T3 + 236 F3 7 — zug (233 215 + 234 27 ) — 249 (230 215 + 231 27 )
z59 = I{1p
260 = I2yq
Z61 — I;;T

262 = P260 — 4259
263 = T'Zs9 — PZ61

264 = 4261 — T'Z60

MR
265 = 111 p

MR
266 = I35 'q

zo7 = I3a 203

268 = I 224

zo9 = Iog 205

270 = Pz66 — 4265

271 = 223 265 — P67

270 = qze7 — 223 266

273 = mp(233 210 — 234 25 ) + Muyr(230 210 — 231 25 )
274 = 226 (25 271 — 210 215 — 211 %16 )

zrs = —mp(233 211 — 23525 ) — MyR(230 211 — 232 25 )
276 = 226 (28 + 1o + 231)

z77 = 226 (25 212 + 210 213 + 211 214 )

278 = mp (234 211 — 235 210 ) + mumr(231 211 — 232 210 )
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2 Dynamic Equations of a Single Helicopter

mp (25 242 + 210 243 + 211 244 ) + MMr(25 239 + 210 240 + 211 241)

=mp(z33 213 — 234 212 ) + Mmur(230 213 — 231 212)

26 (27 212 — 213 215 — 214 216 )
—mp(233 214 — 235 212 ) — MMR(230 214 — 232 212)

2 2 2
226 (212 + 213 + 214)

= MFp(Z34 214 — 235 %13 ) + mMR(Z31 214 — 232213 )

(
(
mp(212 242 + 213 243 + 214 244 ) + MyR(212 230 + 213 240 + 214 241 )
mp (233 215 + 234 27) + mur(230 215 + 231 27)

(

2, .2 2
= 296 (27 + 215 + 216)

—mp (233 216 + 235 27 ) — Mumr(230 216 + 232 27 )

mr (234 216 — 235 215 ) + MMr(231 216 — 232 215 )

= —mp (27 242 — 215 243 — 216 244 ) — MMR(27 239 — 215 240 — 216 241 )

F |, MR 2 2 2 2
Iy + L+ mp (234 + 235) + mur(23; + 232)
—MF233 235 — MMRZ30 232

—MF233 234 — MMRZ30 #31

= 264 + 272 + mp(234 244 — 235 243 ) + Myr(231 241 — 232 240 ) — 268

F | MR 2 2 2 2

Iy + Ly + mp (233 + 235) + mur(230 + 232)

—MpF234 235 — MMRZ31 232

263 + 269 + 271 — M (233 244 — 235 242 ) — MMR(230 241 — 232 239 )
F |, tMR 2 2 2 2

I35 + I35 + mp (233 + 234) + mur(230 + 231)

262 + 270 + mp (233 243 — 234 242 ) + Myr(230 240 — 231 239 )



3 Dynamic Equations of the Single-Lift
Model

The dynamic equations of the single-lift model are presented, which includes both model
variants, see the thesis main document [Berl3, pages 55ff.|. The variables z,. represent
intermediate results, which are generated automatically.

3.1 First Variant - Frame R Relative to Frame F

For the first model variant, the result of the Kane method is the following set of equations:

MR TR . .
0=z115 + F537"211 + F5 210 + 2141 W — 2148 — 21407

. . . . .F Na
T 21424 — 2143 U — 2144V — 2145 P — 2146 4 — 2147 Py

MR TR . .
0=z116 + F53""214 + F5""213 + 2150 W — 2156 — 2144 U

. . . . A N
— 21497 — 21519 — 2152V — 2153 P — 2154 4 — 2155 Dy

MR TR . .
0=2z117 + F53 7216 + F5 215 + 2141 U + 2150 U — 2163

. . . . F N2
— Z157T — 2158 W — 21594 — 2160 P — 2161 4, — 2162 Py

MR MR F F TR
0=T7"+ 231 F5" + 2120 + 2176 ¢, +2177P, — 238 F5 " — 2178
— 2145 U — 2153 U — 2160 W — 2167 P — 21717 — 2175 ¢

MR TR MR . .
0=T"+T5" + z120 — 230 F3"" — 2187 — 21420 — 2151 ¥

. . . . .F N
—R15QW — 2175 P — 21819 — 21847 — 2185, — 2186 Py

MR TR F F
0="T3""+ 236 ['5 " + 2123 + 2191 ¢, + 2192, — 2193
— 2140 U — 21490 — 2157 W — 2171 D — 21844 — 2190 T

0=zi77p+ 21027 — 2124 — 2196 — 2147 U — 2155 U — 2162 W — 2186 § — 2194 Gy — 2195 Dy
= 2176 P+ 21917 — 2125 — 2198 — 2146 U — 2154V — 2161 W — 2185 4 — 2194 Dy — 2197 ¢y
The equations need to be solved for the desired variables (i, v, w, p, g, 7, pf , Qf ) to get
the explicit equations.
The following equations define the remaining z,,. variables:
z1 =7+ 1/1
zo =7+ 0



3 Dynamic Equations of the Single-Lift Model

z3 = cos(z1)
z4 = cos(z2)
25 = 2324
26 = sin(yp)
z7 = sin(zy)
zg = cos(ip)
z9 = sin(z)
210 = 23 26 27 — 28 29
211 = 26 29 + 23 27 28
212 = 24 29
213 = 2328 + 26 27 29
214 = 272829 — %3 %6
215 = 24 %6
216 = %4 %8
293 = WMR + T
224 = q(r — 203)
zo5 =p(r — 223)
226 = MF + MMR
zo7 = (dOFoymp + dOM Roymyr )/ 226
298 = (dOFoamp + dOM Roamuyr )/ 226
299 = (dOFo3mp + dOM Rosmuyr )/z26
230 = dOM Ro1 — zo7
231 = dOM Rogy — 298
z30 = dOM Ro3 — zo9
233 = dOFo1 — 297
234 = dOF o9 — 298
235 = dOF o3 — 299
236 = dOT1 — 227
238 = dOT3 — 229
239 = dORoy — 297

Z40 — dOR02 — 298

10



3 Dynamic Equations of the Single-Lift Model

z41 = dORo3 — 299

249 = —q (2309 —2z31p) —r (2307 — 232D)
243 =p(230q —231p) — 7 (2317 — 232q)
240 =D (2307 —232D) +q (2317 — 232q)
245 = —q (2339 —234p) — 7 (2337 — 235 D)
246 = p (2339 — 234p) — 7 (2347 — 235Q)
247 = p (2337 — 235p) +q (2347 — 235q)
254 = cos(6F)

255 = sin(p))

256 = sin(A1)

257 = 255 256

Z58 = COS(%F)

259 = 256 258

260 = 254 255

261 = 254 258

262 = 259 260 — 257 261

263 = 255 + 259 + 241

264 = Z54 261 1 256 259

265 = 256 260 — 254 257

266 = —2Z54 260 — 256 257

267 = 25254 — 211 256

268 = 212 Z54 — Z14 Z56

269 = —27 254 — %16 256

Z70 = 25 257 + 210 258 + 211 260

Z71 = 212 257 + 213 258 + 214 260

272 = 215 Z58 + 216 260 — 27 257

273 = 25 259 + 211 261 — 210 255

274 = 212 59 + 214 %61 — 213 55

275 = 216 261 — 27 259 — Z15 255

276 = lip 257

z77 = ly 258

11



3 Dynamic Equations of the Single-Lift Model

278 = lyp 260

279 = by 264

280 = lyp 265

281 = lyp 256

282 =

ln,254

283 = lyp 262

284
<85
<86

287

288

<89

290

291

292

293

294

295

296

297

298

299

2100

<101

2102

2103

2104

= lp 263

24149 — 2407

= Z39T —Z4u1p

240P — 2394
F F
zZreD + 27 q + 2787 + 279Q,. + 280 Py
F 2
28117 — 282D — 2834, — 284D,
F F
254 255 @+ 256 258 Dj-
F
Ly 255 ;-
F F
254 258 Py — %55 256 Gy
F F
—Z54 255 Pr  — 256 258
F F
254 258 @y — 255 256 Dy
F a
254 259 Q + 254 293 + 256 294 — 256 261 Q)

I3 F
254 260 @ + 256 2574, + 256 292 — 254 290

=lpp 200 + lp7 202 + Pl 206 + Lpal zo5 — q 201

Z54 P -i-»zfs2(1f~p +Z63pf — 2567

F F
Z57P + 2589 + 2607 + 264 Q, + 265Dy
Z59P + 2617 +266Qf — 2554
bp 254 q£?

F
Ly 256 qy.

259 292 1 260 294 — Z57 293 — 261 290

F
= 2255 258 P, + 2259 294 + 2261 293

12



3 Dynamic Equations of the Single-Lift Model

F F
2105 = P 2102 + 72101 — lpDr 2104 — lpq,. 2103

2106
2107
2108
2109
2110

2111

2112

2113

2114

2115

2116

2117
2118

2119

<120

2121
2122

2123

2124

2125

2126

2127

2128
2129
2130

2131

=qz87r —T 286

T 285 — P 287

=Pz86 — q*=85
= Z97 — 289 2100
= 2105 + 288 2100

= 289 298 — 288 299

gmp

gmMmpR

= 2114 %5 27 + 2112 (Z5 27 — 210”15 — 211 Z16) — 2114 210 15 — <114 <11 %16

= 2114 27 212 + 2112 (z7 212 — %13 %15 — %14 %16 ) — %114 R13 %15 — %114 %14 216
2 2 2 2 2 2

= —2113 — 2114 &7 — 2114 215 — 2114 21 — 2112 (27 + 2i5 + 2i6)

= 232 %2114

= 231 %114

2118 215 — 2119 216 — 2112 (234 216 — <35 %15 )
— 2113 (240 Z16 + 269 276 — 241 215 — 272 282 )

230 2114

2118 27 + 2121 216 + 2112 (233 216 + 235 27 ) + 2113 (239 216 + 241 27 — 269 277 )

—z112 (233 215 + 234 27 ) — 2114 (230 215 + 231 27)
— 2113 (239 215 + 240 27 + 269 278 + 272 281 )

2113 (269 280 — 272 284 )
2113 (269 279 — 272 283 )
Iiip
I35q

F
Iz r

=Pz127 — 42126

=T2Zz126 —P*128

qz128 — T 2127

MR
2132 =111 ' p

MR
2133 = 122 q

13



3 Dynamic Equations of the Single-Lift Model

MR
2134 = 133 293

MR
2135 = 171 224

MR
2136 = Ia9 225
2137 = P 2133 — (4 2132
2138 = 223 2132 — P 2134
2139 = q 2134 — 223 2133

z140 = mp (233 210 — 234 25 ) + Mg (230 210 — 231 25 )
— by (240 25 — 239 210 — 267 278 — 270 281 )

2141 = 226 (25 27 — 210 215 — 211 216 )

z1a2 = —mp (233 211 — 235 25 ) — MuMR (230 211 — 232 25 ) — by (239 211 — 241 25 — 267 277 )
2143 = lp +mp (22 + 230 + 23)) + mam (22 + 255 + 22)

2144 = 226 (25 212 + 210 213 + 211 214 )

z145 = mp (234 211 — 235 210 ) + Mur (231 211 — 232 210 )
+ Uiy (240 211 + 267 276 — 241 210 — 270 282 )

z146 = by (267 279 — 270 283 )
2147 = by (267 280 — 270 284 )

2148 = mp (25 245 + 210 246 + 211 247 ) + Myr (25 242 + 210 243 + 211 244 )
+ Ly (25 2106 + 210 2107 + 211 2108 + 267 2109 + 270 2110 + 273 2111 )

z149 = mp (233 213 — 234 212 ) + mur (230 213 — 231 212 )
— Ly (240 212 — 239 213 — 268 278 — 271 281 )

2150 = 226 (27 212 — 213 215 — 214 216 )

z151 = —mp (233 214 — 235 212 ) — MMr (230 214 — 232 212 ) — by (239 214 — 241 212 — 268 277 )
2 2 2 2 2 2

2152 = by +mp (293 + 213 + 214) + mum (212 + 213 + 214)

2153 = mp (234 214 — 235 213 ) + Mg (231 214 — 232 213 )
+ Ly (240 214 + 268 276 — 241 213 — 271 282 )

2154 = lyp (268 279 — 271 283 )
2155 = b (268 280 — 271 284)

2156 = Mmp (212 245 + 213 246 + 214 247 ) + Mur (212 242 + 213 243 + 214 244 )
+ Uy (212 2106 + 213 2107 + 214 2108 + 268 2109 + 271 2110 + 274 2111 )

z157 = mp (233 215 + 234 27 ) + mur (230 215 + 231 27 )
+ Ly (239 215 + 240 27 + 269 278 + 272 281 )

14



2158

2159

2160

2161

2162

2163

2164

2165

2166

2167

2168
2169

2170

2171

2172
2173

2174

2175

2176

2177

2178

2179

<180

2181

3 Dynamic Equations of the Single-Lift Model

lp +mp (z? + 2%5 + Z%G) + muyr (z? + 2%5 + 2%6)
—mp (233 216 + 235 27 ) — MR (230 216 + 232 27 ) — by (230 216 + 241 27 — 269 277 )

mp (234 216 — 235 215 ) + Mumr (231 216 — 232 215 )
+ Ly (240 216 + 269 276 — 241 215 — 272 282)

L (269 279 — 272 283 )
L (269 280 — 272 284 )

—mp (27 245 — 215 246 — 216 247 ) — MMR (27 242 — 215 243 — 216 244 )
- lm (27 2106 — 215 2107 — <16 2108 — 269 2109 — 272 2110 — 275 2111 )

F MR 2 2 2 2
I + L7 +mp (234 + 235) + mur (231 + 232)
2
240

2
241

2 2
= 2164 — lip (2240 256 276 + 2240 260 282 — 2165 — 2166 — 27 — Z3o — 2241 258 282 )
= MF 233 235

= MMR 230 232

= 239 241

l7p (276 Z78 + 240 257 282 1 240 260 281 — Z170 — 281 282 — 239 Z58 282 — 240 254 276
T 240 256 278 T %41 258 281 ) — 2168 — <169

= MFp 233 234

MMR 230 231

= 239 240

L (276 277 + 239 256 276 + 239 260 282 + 241 254 276 — 2174 — 240 256 277 — 241 257 282 )
— 2172 — 2173

l7p (240 256 279 1 240 260 283 — X76 279 — 282 283 — Z41 X58 283 )
l7p (Z40 256 280 1 240 260 284 — 276 280 — 282 284 — Z41 Z58 284 )

2131 + 2130 + mp (234 247 — 235 246 ) + MMR (231 244 — 232 243 )
+ Ly (240 2108 + 276 2109 + 240 260 2110 + 240 261 2111 + 241 255 2111 + 254 276 2106
— 241 2107 — 282 Z110 — 240 #56 2109 — 241 258 2110 — 256 276 2108 — 257 282 2106
— 258 282 2107 — 260 282 2108) — 2135

F MR 2 2 2 2

Ly + Iy +mp (235 + 235) + mur (230 + 232)
2 2

239 1+ 241

2
z179 + by (2180 + 277 + 2239 256 277 + 2241 254 277)

15



3 Dynamic Equations of the Single-Lift Model

2182 = —MF 234 235 — MMR 231 232
2183 = 240 ?41

2184 = 2182
- l7p (Z183 1239 260 281 1240 Z54 277 — 277 278 — 239 Z56 278 — Z41 X54 278 — 241 A57 281 )

2185 = by (277 279 + 239 256 279 + 239 260 283 + 241 254 279 — 241 257 283 )
2186 = Ly (277 280 + 239 256 280 + 239 260 284 + 241 254 280 — 241 257 284 )

z187 = 2130 + 2136 + 2138 + Ly (241 2106 + 277 2109 + 239 256 2109 + 241 254 2109 + 241 257 2110
+ 241 259 2111 + 254 277 2106 — 239 2108 — 239 260 2110 — 239 261 Z111 — 256 277 2108 )
—mpg (2’33 247 — 235 245 ) — MMR (2’30 244 — 232 242 )

ziss = I3 + 133" +mp (233 + 234) + mar (23 + 231)

2180 = 239 + 240

2190 = 2188 + lp (2180 + 2% + 231 + 2239 258 281 — 2240 254 278 — 2240 257 281 )
2191 = lyp (281 283 + 239 258 283 + 240 254 279 — 278 279 — 240 Z57 283 )

2192 = lyp (281 284 + 239 258 284 + 240 254 280 — 278 280 — 240 Z57 284 )

2193 = 2129 + 2137 + M (233 246 — 234 245 ) + MR (230 243 — 231 242 )
— Ly (240 2106 + 239 255 2111 + 240 254 2109 + 240 257 2110 + 240 259 2111
+ 256 278 2108 — 239 2107 — 278 109 — 281 2110 — 239 258 110 — 254 278 Z106
— 257 281 2106 — 258 281 107 — 260 281 2108 )

2194 = by (279 280 + 283 284 )
2195 = lp (280 + 284)

2196 = l7p (ZSO 2109 + 254 280 2106 — 284 2110 — 256 280 108 — 257 284 106 — 258 284 2107
— 260 284 2108 )

2 9
2197 = lp (279 + 253)
2198 = Ly (279 2100 + 254 279 2106 — 283 2110 — 256 279 2108 — 257 283 2106 — 258 283 2107

— 260 <83 2108 )

3.2 Second Variant - Frame R Relative to Frame N

For the second model variant, the result of the Kane method is the following set of
equations:

MR TR . N N
0 =299 + F57 211 +F5 210 + 2134 W + 2139 ¢, + 2140 Py
— 2141 — 21337 — 2135 — 2136 U — 2137V — 2138 D

16



3 Dynamic Equations of the Single-Lift Model

MR TR . .
0=2z100 + F3 7214 + Fy 7213 + 2143 W — 2149 — 2137 U
. . . . .N .N
— 21427 — 21449 — 2145V — 2146 P — 21474, — X148 Py
MR TR . . N
0=2z101 +F5 216 + F5 215 + 2134 U + 21430 + 2154 G,
N . . ) .
+ 2155 D — 2156 — 21507 — 2151 W — 2152 ¢ — 2153 D

MR MR N N TR
0=T7""+ 231 F57" + 2104 + 2160 G; + 2161 D) — 238 F5
— 2162 — Z157D — 2158 T — 2159 — 2138 U — 2146 U — 2153 W

MR TR MR . .
0= T2 +T2 + 2106 — 230 F3 — 2167 — 2159P — 21634

. . . . N N
T 21647 — 2135 U — 2144V — 2152 W — 2165 4, — 2166 Py

MR TR N N
0="T5""+ 236 F5"" + z107 + 2169 ¢ + 2170 Dy, — 2171
— 2158 P — 21644 — 2168 T — 2133 U — 2142V — 2150 W

0 = 2108 + 2140 U + 2155 W + 2161 P + 2170 T — 2174 — 21480 — 2166 4 — 21724y — 2173 Db
0 = 2109 + 2130 U + 2150 + 2160 P + 2160 7 — 2176 — 2147 0 — 2165 § — 2172 P — 2175 G
The equations need to be solved for the desired variables (1, 0, w, p, ¢, #, pY, ¢~) to get
the explicit equations.
The following equations define the remaining z,. variables:
2 =7+
20 =7+ 0
zg = cos(z1 )
z4 = cos(z2)
Z5 = 2324
26 = sin(p)
z7 = sin(zy)
zg = cos(p)
29 = sin(z1)
210 = 2326 27 — 28 %9
211 = 26 29 + 23 27 28

212 = 24 29

213 = 2328 + 26 27 29

214 = X7 2829 — X3 26
215 = 24 %6
216 = 24 =8

17



3 Dynamic Equations of the Single-Lift Model

Z293 =WMR + T

224 = q(r — 223)

zo5 = p(r — 223)

226 = MF + MMR

zo7 = (dOFoymp + dOM Roymyr )/ 226
298 = (dOFoamp + dOM Roamyr )/ 726
299 = (dOFosmp + dOM Rosmpr )/ 226
z30 = dOM Ro1 — zo7

z31 = dOM Roo — zag

z30 = dOM Ros — za9

233 = dOFo1 — 297

234 = dOF o9 — 298

235 = dOFo3 — 299

236 = dOT| — zo7

238 = dOT3 — 299

239 = dORo1 — 297

za0 = dORogy — 298

z41 = dORo3 — 299

zag = —q(230q —2z31p) — 7 (2307 — 232p)
z43 = p (2309 —231p) — 7 (2317 — 232q)
zag =p(z30r —z32p) +q (2317 — 2329)
Zas = —q(233q — 234p) — 7 (2337 — 235p)
za6 =P (2339 — 234p) — 7 (2347 — 235¢)
zar = p (2337 — 235p) + q (2347 — 235q)
254 =1+ 6OY

255 = c0S(z54 )

256 = sin(p)

z57 = sin(zs4 )

258 = 256 257

259 = COS(%{V)

18



3 Dynamic Equations of the Single-Lift Model

260 = 257 259

Z61 = 255 256

Z62 = 255 259

263 = Z60 261 — Z58 262
264 = 252)6 + zgo + z§2
Z65 = 255 262 + 257 260

266 — Z57 261 — 255 258

267 = —Z55 261 — 257 258
268 = lip 265
269 = L 266
270 = by 263

271 = lyp 264
272 = 2414 — 2407
273 = 2397 — 241 P

274 = 240D — 2394
N N
275 = 268G, + 269 Pr
N N
276 = —Z2704, — 271Dr
N N
277 = TRZ55 %256 Py — 257 259 4
N N
278 = 255 259 4, — 256 257 Dy
_ N N
279 = 2552604, + 255277 + 257 278 — 257 262 Q)
N N
280 = 255 259 Dy — 256 257 4
N N
281 = 255256 q, + 257 259 D
_ N N
Z89 = 255 261G, + 257258¢, -+ 257280 — Z55 281
N N
283 = by (P 282 + q, 279)
N N
284 = 263q, + 264Dy
N N
285 = 2654, + 266Dy

N
286 = 267 qr
287 = 260 280 + 261 278 — 258 77 — 262 281

N
288 = 2256 259 Dyt 2260 278 + 2262 277
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Z89
290
291
292
293
294

295

296
297

<98

<99

2100

2101
2102

2103

2104

2105

<106

2107

2108

2109

2110

2111

2112
2113
2114

2115

2116

2117

2118

3 Dynamic Equations of the Single-Lift Model

=l () 288 +q)" 2s7)

=qr74 —T 273

=727 — P24

=Pz73 —qz72

= 283 — 276 286

= 275 286 — 289

276 284 — 275 285

=gmrg

= gmmRr

= 298 25 27 + 296 (25 27 — 210 215 — 211 216 ) — 298 210 215 — 298 211 216
= 298 27 212 + 296 (27 212 — 213 215 — 214 216 ) — 298 213 215 — 298 %14 %16
= —Z97 — 298 Z% — 298 2%5 — 298 2’%6 — 296 (Z% + 2’%5 + 2’%6)

= 232 298

= 231 298
2102 215 — 2103 216 — 296 (234 216 — 235 215 ) — 297 (240 216 — 241 215 )
= 230 298
= 2102 27 + 2105 216 + 296 (233 216 + 235 27 ) + 297 (239 216 + 241 27)
= —296 (233 215 + 234 27 ) — 297 (239 215 + 240 27 ) — 298 (230 215 + 231 27)
= 297 (257 269 + 261 271 )
= 297 (257 268 + 261 270 )
F
=1Ip
_¢F
= I22 q
_TF
= 133 T
=PZz111 —{q=Z110
=T2ZzZ110 —P*112
=qZz112 —TZzi11
_ MR
=Ii"p
_ MR
= I22 q

MR
= 133 223
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3 Dynamic Equations of the Single-Lift Model

MR
z119 = 177 294

MR
2120 = 139 " 295

2121
2122
2123
2124
2125
2126
2127
<128
2129
2130
2131

2132

2133

2134

<135

2136

2137

2138

2139

2140

2141

2142

2143

2144

2145

2146

2147

P z117 —q 2116

= 2232116 — P 2118

q z118 — 223 2117

27 257 — 25 %55

—Z5 258 — 27261 — 212 %59
Z12 256 — 25260 — 27 262
—Z10 255 — Z15 257

215 261 — 210 A58 — <13 259

= 213 256 + Z15 262 — 210 %60

= —Z11%55 — %16 257

216 261 — <11 258 — %14 259

%14 256 1+ 216 262 — 211 260

mp (233 210 — 234 25 ) + lyp (239 210 — 240 25 ) + Mg (230 210 — 231 25 )
296 (25 27 — 210 215 — 211 216 )

—mp (233211 — 23525 ) — lp (239 211 — 241 25 ) — MR (230 211 — 232 25 )

lp +mp (22 + 230 + 211) + mur (28 + 25 + 211)

= 296 (25 212 + 210 213 + 211 214)

mp (234 211 — 235 210 ) + bp (240 211 — 241 210 ) + Mmr (231 211 — 232 210 )
lvp (255 268 — 258 270 )
L (255 269 — 258 271)

mp (25 245 + 210 246 + 211 247 ) + MuMg (25 242 + 210 243 + 211 244)
+ Ly (25 290 + 210 291 + 211 292 — 255 293 — 258 294 — 260 295 )

mrp (233 213 — 234 212 ) + by (239 213 — 240 212 ) + MM (230 213 — 231 212)
226 (27 212 — 213 215 — 214 216 )

—mp (233214 — 235 212 ) — Ly (239 214 — 241 212 ) — MuR (230 214 — 232 212)
Ly +mr (275 + 273 + 214) + mar (270 + 275 + 214)

mp (234 214 — 235 213 ) + by (240 214 — 241 213 ) + Mur (231 214 — 232 213)

= lyp 259 270
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2148

2149

2150

2151

2152

2153

2154

%155

2156

2157

2158

2159

2160

2161

2162

2163

2164

2165

2166

2167

2168

3 Dynamic Equations of the Single-Lift Model

=l 259 271

mp (212 245 + 213 246 + 214 247 ) + MumR (212 242 + 213 243 + 214 244)
+ Uy (212 200 + 213 201 + 214 292 + 256 295 — 259 294 )

mp (233 215 + 234 27 ) + Ly (239 215 + 240 27 ) + Mumr (230 215 + 231 27)
by +mp (27 + 215 + 215) + mar (27 + 215 + 276)
—mp (233 216 + 235 27 ) — by (239 216 + 241 27 ) — Mg (230 216 + 232 27)

mp (234 216 — 235 215 ) + by (240 216 — 241 215 ) + Mmr (231 216 — 232 215 )

= Ly (257 268 + 261 270 )

= Ly (257 269 + 261 271)

—mp (27 245 — 215 246 — 216 247 ) — MMR (27 242 — 215 243 — 216 244 )
— lip (27 290 + 257 293 — 215 291 — 216 292 — 261 294 — 262 295 )

Iy + I+ mp (23 4 235) + by (230 + 231) +mam (231 + 232)
—Mp 233 235 — lip 239 241 — MMR 230 232

—Mp 233 234 — lp 239 240 — MMR 230 231

Ly (240 270 2131 + 241 268 2127 — 240 %68 2130 — 241 270 2128 )

Lip (240 271 2131 + 241 269 2127 — 240 269 2130 — 241 271 %128 )

2115 + 2123 + mp (234 247 — 235 246 ) + MR (231 244 — 232 243 )
+ Ly (240 292 + 240 2130 293 + 240 2131 204 + 240 2132 295 — 241 291 — 241 2127 293
— 241 2128 294 — 241 £129 295 ) — 2119

Iyy + 135" +mp (233 + 235) + by (239 + 231) + mar (230 + 232)
—Mp 234 235 — lyp 240 241 — MMR 231 232

lm (239 270 2131 + 241 268 2124 — 239 268 2130 — 241 270 2125 )

lip (239 271 2131 + 241 269 2124 — 239 269 2130 — 241 271 2125 )

2114 + 2120 + 2122 — M (233 247 — 235 245 ) — MR (230 244 — 232 242)
— lip (239 292 + 239 2130 293 + 239 2131 204 + 239 2132 295 — 241 290 — 241 2124 293
T 241 2125 294 — 241 2126 295 )

Ifs + 1357 + mp (235 + 230) + by (230 + 230) + mar (230 + 23,)

2169 = by (239 270 2128 + 240 268 2124 — 239 268 2127 — 240 270 %125 )

2170 = by (239 271 2128 + 240 269 2124 — 239 269 2127 — 240 271 2125 )
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3 Dynamic Equations of the Single-Lift Model

2171 = 2113 + 2121 + mp (233 246 — 234 245 ) + Mg (230 243 — 231 242)
+ Ly (239 291 + 239 z127 293 + 239 2128 204 + 239 2129 295 — 240 290 — 240 2124 293
— 240 2125 294 — 240 2126 795 )

2172 = by (268 269 + 270 271 )
2173 = by (239 + 231)

2174 = by (269 293 + 269 2124 290 + 269 2127 291 + 269 2130 292 — 271 294 — 271 2125 290
— 271 2128 291 — 271 2131 292 )

2175 = by (248 + 250)

2176 = iy (268 293 + 268 2124 290 + 268 2127 291 + 268 2130 292 — 270 294 — 270 2125 290
— 270 2128 291 — 270 #131 292 )
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4 Dynamic Equations of the Dual-Lift
Model

The following equations describe the dynamics of the multi-lift model, presented in the
thesis main document |[Ber13, pages 76ff.], for two coupled helicopters (dual-lift configu-
ration). The variables z,,. represent intermediate results, which are generated automat-
ically.

0 = 2644 — 2414 Up1 — 2415 Vn1 — 2416 Wh1 — 2417 Ph1 — 2418 qh1 — 2419 T'h1
— 2420 Up2 — 2421 Up2 — 2422 Wh2 — 2423 Ph2 — 2424 (h2 — 2425 Th2 — 2426 U

0 = 2645 — 2432 Up1 — 2433 Vn1 — 2434 Wh1 — 2435 Dh1 — 2436 Qh1 — 2437 T'h1
— 2438 Up2 — 2439 Up2 — 2440 Wh2 — 2441 Ph2 — 2442 qh2 — 2443 Th2 — 2444 Uy

0 = 2646 — 2450 Un1 — 2451 Up1 — 2452 Wh1 — 2453 Dh1 — 2454 Gh1 — 2455 Thl
— 2456 Wh2 — 2457 Up2 — 2458 Wh2 — 2459 Ph2 — 2460 h2 — 2461 Th2 — 2462 U

0 = 2647 — 2468 Un1 — 2469 Vh1 — 2470 Wh1 — 2471 Ph1 — 2472 qh1 — 2473 T'h1
— 2474 Up2 — 2475 Vp2 — 2476 Wh2 — 2477 Ph2 — 2478 h2 — 2479 Th2 — 2480 Ul

0 = 2648 — 2486 Un1 — 2487 Vh1 — 2488 Wh1 — 2489 Ph1 — 2490 qh1 — 2491 T'h1
— 2492 Up2 — 2493 Up2 — 2494 Wh2 — 2495 Ph2 — 2496 Gh2 — 2497 Th2 — 2498 U

0 = 2649 — 2504 U1 — 2505 Vh1 — 2506 Wh1 — 2507 Ph1 — 2508 Gh1 — 2509 T'h1
— 2510 Wh2 — 2511 Up2 — 2512 Wh2 — 2513 Ph2 — 2514 Gh2 — 2515 Th2 — 2516 U

0 = 2650 — 2522 Up1 — 2523 Up1 — 2524 Wh1 — 2525 Dh1 — 2526 Gh1 — 2527 Thl
— 2528 Uh2 — 2529 Up2 — 2530 Wh2 — 2531 Ph2 — 2532 h2 — 2533 Th2 — 2534 Uy

0 = 2651 — 2540 Un1 — 2541 Up1 — 2542 Wh1 — 2543 Dh1 — 2544 Gh1 — 2545 Thl
— 2546 Wh2 — 2547 Up2 — 2548 Wh2 — 2549 Ph2 — 2550 h2 — 2551 Th2 — 2552 U]

0 = 26520 — 2558 Un1 — 2559 Un1 — 2560 Wh1 — 2561 Ph1 — 2562 Gh1 — 2563 Thl
— 2564 Wh2 — 2565 Uh2 — 2566 Wh2 — 2567 Ph2 — 2568 §h2 — 2569 Th2 — 2570 U

0 = 2653 — 2576 Un1 — 2577 Vn1 — 2578 Wh1 — 2579 Dh1 — 2580 Qh1 — 2581 T'hl
— 2582 Up2 — 2583 Up2 — 2584 Wh2 — 2585 Ph2 — 2586 h2 — 2587 Th2 — 2588 U]

0 = 2654 — 2594 Up1 — 2595 V1 — 2596 Wh1 — 2597 Dh1 — 2598 Qh1 — 2599 T'h1
— 2600 Wh2 — 2601 Uh2 — 2602 Wh2 — 2603 Ph2 — 2604 §h2 — 2605 Th2 — 2606 Ul

0 = 2655 — 2612 Un1 — 2613 Vh1 — 2614 Wh1 — 2615 Ph1 — 2616 Gh1 — 2617 T'h1
— 2618 UR2 — 2619 U2 — 2620 Wh2 — 2621 Ph2 — 2622 Gh2 — 2623 Th2 — 2624 U]
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4 Dynamic Equations of the Dual-Lift Model

0 = 2656 — 2630 Wh1 — 2631 Uh1 — 2632 Wh1 — 2633 Ph1 — 2634 Gh1 — 2635 T'h1
— 2636 Wh2 — 2637 Uh2 — 2638 Wh2 — 2639 Dh2 — 2640 qh2 — 2641 Th2 — 2642 U

The equations need to be solved for the desired variables (tpz, Unzy Whay Phas Ghas Thay U1),

with z € {1,2, 3}, to get the explicit equations.

The following equations define the z.,. variables:
zZ6 = Sin((phl)

236 = tan(ﬁhl)

237 = 26 236
zg = cos(pp1)

Z38 = 28 236

©r1 = Ph1 + 237 qr1 + 238 Th1
9}11 = 284n1 — 26 Thl

233 = cos(Op1)

Z34 = 26 /233

235 = 28 /233

Un1 = 230 Qn1 + 235 T

222 = sin(pp2)

242 = tan(fp2)

Z43 = 292 742

224 = cos(Pp2)

Z44 = 224 242

©h2 = Ph2 + 243 qr2 + 244 Th2
éhQ = 224 4p2 — 222 Th2

239 = cos(6h2)

240 = 222 /239

241 = Zo4 [ 239

Uho = 240 Q2 + 241 Th2

255 = Th2 — Thl

256 = Yn2 — Ynl

257 = Zh2 — Zhl
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4 Dynamic Equations of the Dual-Lift Model

Z58 = 252)5 + ZE2>6 + 252)7
Z9 = 2%
260 = 255 /259
2129 = Zh1 — %
Z65 = 21 — Zhl
Z63 = T| — Thl
264 =Y —Yn
266 = 253 + 254 + 265
267 = 205
270 = 265 [ 267
262 = 257 /259
268 = 263 [ 267
261 = 256 /259
269 = 264 [ 267
zZ51 = mp +MyR
253 = (dOFOQTﬂF + dOM Rosm yr )/,251
Z298 — dOROQ — 253
2o =T+ th
24 = cos(z2)
R15 = %4 %6
254 = (dOF03mF + dOM Rosm yr )/251
Z99 — dOROg — 254
Z16 = 24 28
2127 = Thl — X
259 = (dOFolmF + dOM Roimyr )/2’51
z97 = dORo1 — 259
21 =T+ Yn1
23 = cos(z1)
R5 = 23 %4

z7 = sin(zs)
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29
210
211

Z128
212
213
214

2160

218
220
2143
2142
17
219
221
223

225
2150
2153

232
2141
2144

228
2154

Z31
2145

227
2146

2151

4 Dynamic Equations of the Dual-Lift Model

sin(z1)

— Z3Z6R7T — 28 %9
= 2629 + 232728
=Yn1 — Yl

= 24 29

— 2328 + 26 27 29

= 272829 — 23 %6

= 22129 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

+ 2298 215 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

+ 2299 216 (260 (260 270 — 262 268) + 261 (261 270 — 262 269)) — 2262 2127 — 2297 25 262
— 2298 210 262 — 2299 211 262 — 27128 (260 269 — 261 268) — 2297 212 (260 269 — 261 268)
— 2298 213 (260 269 — 261 268) — 2299 214 (260 269 — 261 268)

— 2297 27 (260 (260 270 — 262 Z68) + 261 (261 270 — 262 269))

T+ Opo
cos(z18)

Zh2 — 2l

=Yn2 — Ui

T+ Y2

cos(z17)

= 219 220

sin(zlg)

= sin(z17)

223 225

222 223

= 220 24

= Th2 — Ly

219 223
220 225
223 224
220 222

219 220 222

= 292 225 + 219 223 224
= —Z19 224 — 222 223 225

= 220 %22 225
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226 =
230 =
2149 =
2148
2147 =

2152 =

2164 =

2158 =

229 =

2169 =

2167 =

2173 =

2181 =

2165 =

2182 =

4 Dynamic Equations of the Dual-Lift Model

219 222 223 — 224 225
223 224 225 — 219 222

219 220 224

= 219 222 — 223 224 225

224 225 — 219 222 223

220 224 225

2297 220 222 2143 + 2297 2142 (221 241 + 222 Z150) + 2298 2143 (222 2153 + 232 244)

+ 2297 2141 (222 2144 — 228 Z41) + 2299 2143 (222 2154 — 231 244)

— 2298 2141 (222 2145 — 227 244 — 241 Z146) — 2208 2142 (222 2151 — 226 241 — 230 244)
— 2299 2141 (222 2149 — 241 2148 — 244 2147) — 2299 2142 (222 2152 — 227 241 — 244 2146)

2297 27 (261 (260 260 — 261 268) + 262 (260 270 — 262 268)) — 2260 2127

— 2297 25 260 — 2298 210 260 — 2299 211 Z60 — 22128 (261 270 — 262 269)

— 2297 212 (261 270 — 262 %69) — 2298 213 (%61 270 — 262 %69)

— 2299 214 (261 270 — 262 269) — 22129 (261 (260 260 — 261 268) + 262 (260 270 — 262 268))
— 2298 215 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))

— 2299 216 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))

219 224 + 292 223 225

22143 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

+ 2298 231 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

+ 2299 232 (260 (260 270 — 262 268) + z61 (261 270 — 262 269)) — 2262 2141 — 2297 221 262
— 2298 226 262 — 2299 227 262 — 22142 (260 269 — Z61 Z68) — 2297 228 (260 269 — 261 268)
— 2298 229 (260 269 — 261 268) — 2299 230 (260 260 — 261 268)

— 2297 223 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

2297 223 (261 (260 269 — 261 268) + 262 (260 270 — 262 268)) — 2260 2141

— 2297 221 Z60 — 2298 226 260 — 2299 227 260 — 22142 (261 270 — 262 269)

— 2297 228 (261 270 — 262 269) — 2298 229 (261 270 — 262 269)

— 2299 230 (261 270 — 262 269) — 22143 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))
— 2208 231 (261 (260 260 — 261 268) + 262 (260 270 — 262 268))

— 2299 232 (261 (260 260 — 261 268) + 262 (260 270 — 262 268))

2158 2169 — 2160 £167
2160 2164 /2173

2297 2142 (221 240 — 224 2150) + 2208 2141 (224 2145 + 227 243 + 240 2146)

+ 2298 2142 (224 2151 + 226 240 + 230 243) + 2299 2141 (224 2149 + 240 2148 + 243 2147)
+ 2299 2142 (224 2152 + 227 240 + 243 Z146)

— 2297 220 224 2143 — 2297 2141 (224 2144 + 228 240)

— 2299 2143 (224 2154 + 231 243) — 2298 2143 (224 2153 — 232 243)

<160 2165 /2173
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2166

2183

2170

2184
2171
%185
2172
2186
2136
2139
2130

2140

<131

2132
2137
2135
2134
2133

<138

2155

2174 =

%156

2175

2157

2176

4 Dynamic Equations of the Dual-Lift Model

= 22141 + 2297 291 + 2208 226 + 2299 227

= 2160 <166 /2173

2298 za7 2141 + 2298 230 2142 + 2298 232 2143
+ 2299 2141 2147 + 2299 2142 2146 — 2299 Z31 2143

= 2160 <170 /2173

22142 + 2297 298 + 2298 229 + 2299 230

= 2160 171 /2173

22143 + 2298 231 + 2299 232 — 2297 223

= 2160 2172 /z173

= 2729

= 26 27

= 2327

= 27 %8

= 2324 %6

— —Z3 k8 — 26 R7 k9
= 24 26 29

= 2324 %28

2326 — 272829

2829 — 23 %6 27

= R4 28 29

2297 24 26 2129 + 2297 2128 (25 235 + 26 2136) + 2298 2129 (26 2139 + 216 238)

+ 2297 2127 (26 2130 — 212 235) + 2299 2129 (26 2140 — 215 238)

— 2298 2127 (%6 2131 — 211 238 — 235 2132) — 2208 2128 (26 2137 — 210 235 — 214 238)
— 2299 2127 (26 2135 — 235 2134 — 238 2133) — 2299 2128 (%6 2138 — 211 235 — 238 2132)

<155 2169 /Z173

= 2297 2128 (25 234 — 28 2136) + 2298 2127 (28 2131 + 211 237 + 234 2132)

+ 2298 2128 (28 2137 + 210 234 + 214 237) + 2299 2127 (28 2135 + 234 2134 + 237 2133)
+2299 2128 (28 2138 + 211 234 + 237 2132) — 2297 24 28 2129 — 2297 Z127 (28 2130 +212 234)
— 2299 2129 (28 2140 + 215 237) — 2298 2129 (28 2139 — 216 237)

= 2156 £169 /2173

22197 + 2297 25 + 2298 210 + 2299 211

2157 2169 /2173
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4 Dynamic Equations of the Dual-Lift Model

2159 = 22128 (260 270 — 262 Z68) + 2297 212 (260 270 — 262 Z68) + 2298 213 (260 270 — 262 268)

<168

2177

2161

2178

2162

2179

2163

2180

uy

2187

<188

2189

2191

2192

2193

2190

2194

2195

2196

2197

2198

+ 2299 214 (260 270 — 262 268) + 22129 (260 (260 269 — 261 268) — Z62 (261 270 — 262 269))
+ 2298 215 (260 (260 269 — 261 268) — 262 (261 270 — 262 269))

+ 2299 216 (260 (260 269 — 261 268) — 262 (261 270 — 262 269)) — 2261 2127 — 2297 25 Z61
— 2298 210 261 — 2299 211 261 — 2297 27 (260 (260 269 — 261 268) — 262 (261 270 — 262 269) )

22142 (260 270 — 262 268) + 2297 228 (260 270 — 262 Z68) + 2298 229 (260 270 — 262 268)
+ 2299 230 (260 270 — 262 Z68) + 22143 (260 (260 269 — 261 Z68) — 262 (261 270 — 262 269) )
+ 2298 231 (260 (260 260 — 261 Z68) — 262 (261 270 — 262 269))

+ 2299 232 (260 (260 269 — 261 268) — 262 (261 270 — 262 269)) — 2261 2141 — 2297 221 261
— 2298 226 261 — 2299 227 Z61 — 2297 %23 (260 (260 269 — Z61 268) — Z62 (261 270 — 262 269))

= (2159 2169 — 2160 2168)/ 2173

2298 211 2127 + 2298 214 2128 + 2298 216 2129
+ 2299 2127 2133 + 2299 2128 2132 — 2299 215 2129

= 2161 %169 /2173

22128 + 2297 212 + 2298 213 + 2299 214
2162 2169 /2173

22129 + 2298 215 + 2299 216 — 2297 27

= 2163 2169 / 2173

2181 Th2 + 2182 Qh2 + 2183 Un2 + 2184 Ph2 + 2185 Vh2 + 2186 Wh2 — 2174 Thl
— 21754h1 — 2176 U1l — 2177Vl — 2178 Phl — 2179 Vhl — 2180 Wh1

= Z155 %167 /Z173

2156 2167 /2173

= Z157 2167 /2173
= 2161 %167 /2173

= 2162 %167 /2173

2163 2167 / 2173

(2158 2168 — 2159 2167)/ 2173

= %158 %164 /2173

= 2158 2165 /z173

2158 2166 / 2173

= 2158 £170 /2173

= %158 #4171 /2173
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4 Dynamic Equations of the Dual-Lift Model

2199 = 2158 2172 /2173

w; = 2187 Th1 + 2188 qh1 + 2189 Up1 + 2191 Ph1 + 2192 Up1 + 2193 Wh1 — 2190 U
— 2194 Th2 — 2195 4h2 — 2196 Uh2 — 2197 Ph2 — 2198 Up2 — 2199 Wh2

Ty = 260Uy + 261 V] + 262 Wy
U1 = (260 269 — 261 268)Wy + (261 270 — 262 Z69) Wi — (260 270 — 262 268

2 = (261 (260 269 — 261 268) + 262 (260 270 — 262 268) )W
— (260 (260 270 — 262 268) + 261 (261 270 — 262 269) )Wy
— (260 (260 269 — 261 268) — 262 (261 270 — 262 269) )l

Z45 = WMR + Thi

z16 = qn1 (Th1 — 2a5)

za7 = pp1 (rp1 — 245)

Z48 = WMR + Th2

249 = qn2 (Th2 — 248)

250 = ph2 (Th2 — 248)

271 = —2255 (Up1 — up2 ) — 2256 (Vn1 — vp2 ) — 2257 (Wp1 — Wh2)
272 = (2250 (un1 — un2) + 255 271 /258 )/ 23

213 = (2250 (on1 — vn2) + 256 271 /285 ) [ 239

zra = (2259 (wn1 — wra) + 257 211/ 258) [ 28

275 = —0.5u; 272 — 0.5v; 273 — 0.5wy 274

216 = —2z63 (un1 — 1) — 2264 (vn1 — Gi) — 2265 (wn1 — &)
277 = (2267 (Vh1 — Y1) + 264 276 /2865)/Z§7

218 = (2267 (un1 — 41) + 263 276 /208 ) ) 227

279 = (2267 (wh1 — 1) + 265 276 /288) | 287

280 = 260 269 — <61 <68

Z81 = 261 270 — 262 269

282 = 262 %68 — 260 270

283 = 0.5vy (270 272 +260 279 — 268 274 — 262 278) — 0.5 (270 273 + 261 279 — 269 274 — 262 277)
— 0.5wy (269 272 + 260 277 — 268 273 — 261 278)

284 = 261 (260 269 — 261 268) + 262 (260 270 — 262 268)

285 = —260 (260 270 — 262 268) — 261 (261 270 — 262 269)
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4 Dynamic Equations of the Dual-Lift Model

286 = 262 (261 270 — 262 269) — 260 (260 269 — 261 268)

287 = 0.5w; (260 270 — 262 268)272 + (261 270 — 262 269) 273

+ 260 (270 272 + 260 279 — 268 274 — 262 278)
+ 261 (270 273 + 261 279 — 269 274 — 262 277))

+0.5v; (260 269 — 261 268) 272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 260 274 — 262 277))

— 0.5u; ((260 269 — 261 268)273 + (260 270 — 262 268) 274

+ 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — 262 278))

Z88 — dOMR01 — 259

zZ89 — dOMR02 — 253

290 — dOMROg — 254

Z91 = dOF01 — 2592

Z92 = dOF02 — Z53

Z93 = dOFOg — Z54

294 = dOT1 — z52

296 = dOT3 — 254
2100 = —qn1 (288 qn1 — 289 Ph1 ) — Th1 (288 Th1 — 290 Ph1 )
2101 = Pr1 (288 Gn1 — 289 Ph1 ) — Thi (289 Th1 — 290 Qn1 )
2102 = Ph1 (288 Th1 — 290 Ph1 ) + qn1 (289 Th1 — 290 Qn1 )
2103 = —qn1 (291 qn1 — 292 Ph1 ) — Th1 (201 Th1 — 293 Dh1 )
2104 = Pr1 (291 qu1 — 292 Pn1 ) — Th1 (292 Th1 — 293 Qn1 )
2105 = Ph1 (201 Th1 — 293 Ph1 ) + qn1 (202 Th1 — 203 Q1 )
2112 = —qh2 (388 Gh2 — 289 Ph2 ) — Th2 (288 Th2 — 290 ph2)
2113 = Ph2 (288 qh2 — 289 Ph2 ) —Th2 (289 Th2 — 290 4h2 )
2114 = Ph2 (288 Tha — 200 Ph2 ) + qn2 (289 Th2 — 290 qn2)
2115 = —(qh2 (2’91 qh2 — 292 Ph2 ) —Th2 (291 Th2 — 293 phz)
2116 = Ph2 (201 qr2 — 292 Ph2 ) — Tha (202 Th2 — 293 qh2)

2117 = ph2 (201 h2 — 293 Ph2 ) + qn2 (292 The — 293 qn2)
2124 = gmp
2125 = dMMR

2126 = glp
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2200

2201
2202
2203
2204
2205
2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
2217
2218
2219

2220

2221

4 Dynamic Equations of the Dual-Lift Model

= —23270p1 — 24 29 Y11

sin(0p1)

(26 233 Pr1 — 28 2201 9h1)/Z§3

= 23 27 Yp1 + 24 29 Op1

24 26 Op1 + 27 28 Pn1
—24 26 Pn1 — 27 28 Om1

T .
28 On1/ 253 — 26 236 Ph1

= 2324 0p1 — 27 29 Y1

= 2324 Yp1 — 27 29 Op1

24 28 On1 — 26 27 Pn1
24 28 Pr1 — %6 27 Op1
23 24 28 Ph1 — 23 %6 27 On1 — 24 26 29 Yn1

23 26 Wh1 + 28 29 Ph1 + 23 24 28 Op1 — 23 26 27 Y1 — 27 28 29 Yp1

= 23 26 Pn1 + 28 20 Y1 — 23 26 27 Y1 — 24 Z6 20 On1 — 27 28 20 P
= 23 24 26 Un1 + 24 28 29 D1 — 26 27 20 On1

= 26 29 Ph1 + 23 24 26 On1 + 23 27 28 Ph1 — 23 28 ¢h1 — 26 27 %9 1/%1
= 26 29 Yn1 + 23 27 28 Y1 + 24 28 20 On1 — 23 28 Pr1 — 26 27 20 P
= —2324 26 Y1 — 23 27 28 On1 — 24 28 29 Y1

= 2328 D1 + 26 27 20 Y1 — 26 29 Y1 — 23 27 28 U1 — 24 28 29 Opa
= 23 28 Yn1 + 26 27 29 Y1 — Z6 20 Ph1 — 23 24 %6 Op1 — 23 27 28 P
= 23 24 28 Y1 — 24 26 29 Pr1 — 27 28 29 On1

= 2297 24 28 2129 Ph1 + 2297 24 26 (Wp1 — 1)

+ 2297 (25 235 + 26 2136) (Vh1 — Y1) + 2208 (26 2139 + 216 238) (Wp1 — Z1)

+ 2297 (26 2130 — 212 235) (Un1 — ®1) + 2299 (26 2140 — 215 238) (Wh1 — 21)

+ 2298 2129 (28 2139 Ph1 + 26 2204 + 216 2206 + 238 2205)

+ 2297 2127 (28 2130 Ph1 + 26 2207 + 212 2202 — 235 2208)

+ 2299 2129 (28 2140 Ph1 + 26 2209 — 215 2206 — 238 2210)

+ 2298 2127 (211 2206 + 235 2213 + 238 2212 — 28 2131 Ph1 — %6 2211 — 2132 2202)
+ 2299 2127 (235 2218 + 238 2219 + 2133 2206 — 28 2135 Ph1 — 26 2217 — 2134 2202)
— 2297 26 27 2129 On1 — 2208 (26 2131 — 211 238 — 235 2132) (U1 — 1)

— 2298 (26 2137 — 210 235 — 214 238) (V1 — Y1)

— 2299 (26 2135 — 235 2134 — 238 2133) (Un1 — 41)

— 2299 (26 2138 — 211 235 — 238 2132) (V1 — 1)

— 2297 2128 (25 2202 — 28 2136 Ph1 — 26 2203 — 235 2200)

— 2298 2128 (28 2137 Ph1 + 26 2214 + 210 2202 — 214 2206 — 235 2215 — 238 2216)
— 2299 2128 (28 2138 Ph1 + 26 2220 + 211 2202 — 235 2212 — 238 2213 — 2132 2206)
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2222

2223

2224

2225

2226

2227

4 Dynamic Equations of the Dual-Lift Model

. , )
(26 2201 On1 + 28 233 Pr1)/ %33
. © 9

28 236 Ph1 + 26 On1/ 233

2297 24 26 2129 Ph1 + 2207 27 28 2120 Op1 + 2207 (25 234 — 28 2136) (Vh1 — Y1)

+ 2298 (28 2131 + 211 237 + 234 2132) (Up1 — X1)

+ 2298 (28 2137 + 210 234 + 214 237) (V1 — 1)

+ 2299 (28 2135 + 234 2134 + 237 2133) (Un1 — ¥7)

+ 2299 (28 2138 + 211 234 + 237 2132) (V1 — W1)

+ 2297 2127 (26 2130 Ph1 — 28 2207 — 212 2222 — 234 2208)

+ 2299 2129 (26 2140 Ph1 — 28 2200 — 215 2223 — 237 2210)

— 2297 24 28 (wWp1 — &) — 2297 (28 2130 + 212 234) (Up1 — 47)

— 2299 (28 2140 + 215 237) (W1 — %) — 2208 (28 2139 — 216 237) (Wh1 — 1)

— 2297 2128 (28 2203 — 26 2136 Ph1 — 25 2222 — 234 2200)

— 2298 2129 (28 2204 — 26 2139 Ph1 — 216 2223 — 237 2205)

— 2298 2127 (Z6 2131 Phl — 28 2211 — 211 2223 — 234 2213 — 237 2212 — 2132 2222)
— 2298 2128 (26 2137 Ph1 — 28 2214 — 210 2222 — 214 2223 — 234 %215 — 237 2216)
— 2299 2127 (%6 2135 Ph1 — 28 2217 — 234 2218 — 237 2219 — 2133 2223 — 2134 2222)
— 2299 2128 (26 2138 Ph1 — 28 2220 — 211 2222 — 234 2212 — 237 2213 — 2132 2223)

2up1 + 2297 2200 + 2298 2215 + 2299 2012 — 2

23 26 27 Wp1 + 24 26 29 Op1 + 27 28 29 Ph1 — 23 26 Ph1 — 28 29 Yn1

2127 272 + 297 25 272 + 298 210 272 + 299 211 272 )
+ 2297 24 (261 (260 269 — 261 268) + 262 (260 270 — 262 268) )On1
+ 2128 (270 273 + 261 279 — 269 274 — Z62 277)
+ 297 212 (270 273 + 261 279 — 269 274 — 262 277)
+ 208 213 (270 273 + 261 279 — 269 274 — 262 277)
+ 299 214 (270 273 + 261 279 — 269 274 — 262 277) + 2129 ((260 269 — 261 268) 273
+ (260 270 — 262 268) 274 + 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — 262 278)) + 298 215 ((260 269 — 261 268) 273
+ (260 270 — 262 268) 274 + 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — Z62 278)) + 299 216 ((260 269 — 261 268) 273
+ (260 270 — 262 268) 274 + 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — %68 274 — %62 278))
— 2260 (up1 — 41) — 2(261 270 — 262 269)(Vn1 — U1)
— 2(261 (260 269 — 261 268) + 262 (260 270 — 262 268)) (Wh1 — %)
— 2297 260 2200 — 2298 260 2215 — 2299 260 2212 — 2297 (261 270 — 262 269) 2208
— 2298 (261 270 — 262 269) 2226 — 2299 (261 270 — 262 269) %216
— 2293 (261 (260 269 — 261 268) + 262 (260 270 — 262 268)) 2210
— 2299 (261 (260 269 — 261 Z68) + 262 (260 270 — 262 268)) 2205
— 297 27 (260 269 — 261 268)273 + (260 270 — 262 268) 274
+ 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — %62 278))
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2228 =

2229 =

4 Dynamic Equations of the Dual-Lift Model

2127 273 + 297 25 273 + 298 210 273 + 299 211 273 + 2(260 270 — 262 Z68) (Vh1 — Y1)
+ 2(260 (260 269 — 261 268) — 262 (261 270 — 262 269))(Wh1 — Z1)
+ 2297 (260 270 — 262 268) %208
+ 2298 (260 270 — 262 Z68) 2226 + 2299 (260 270 — 262 268) 2216
+ 2298 (260 (260 260 — 261 268) — 262 (261 270 — 262 269)) 2210
+ 2299 (260 (260 260 — 261 268) — 262 (261 270 — 262 269)) 2205
+ 297 27 (260 2690 — 261 268) 272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 269 274 — 262 277)) — 2261 (UR1 —T7)
— 2297 24 (260 (260 269 — 261 268) — 262 (261 270 — 262 269))0n1 — 2297 261 2200
— 2298 261 2215 — 2299 Z61 2212 — 2128 (270 272 + 260 279 — 268 274 — 262 278)
— 297 212 (270 272 + 260 279 — 268 274 — 262 278)
— 298 213 (270 272 + 260 279 — 268 274 — 262 278)
— 299 214 (270 272 + 260 279 — 268 274 — 262 278)
— 2129 ((260 269 — 261 268)272 + 260 (260 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — Z62 (270 273 + 261 279 — 260 274 — 262 277))
— 298 215 (260 269 — 261 268) 272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269)274 — 262 (270 273 + 261 279 — 269 274 — 262 277))
— 299 216 ((260 269 — 261 268) 272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 269 274 — 262 277))

2127 274 + 297 25 274 + 298 210 274 + 299 211 274
+ 2(z60 (260 270 — 262 268) + 261 (261 270 — 262 269)) (Wh1 — £1)
+ 2128 (269 272 + 260 277 — 268 273 — 261 278)
+ 297 212 (269 272 + 260 277 — 268 273 — Z61 278)
+ 298 213 (269 272 + 260 277 — 268 273 — Z61 278)
+ 299 214 (269 272 + 260 277 — 268 273 — 261 278)
+ 2298 (260 (260 270 — 262 268) + 261 (261 270 — 262 269)) 2210
+ 2299 (260 (260 270 — 262 268) + 261 (261 270 — 262 269) ) 2205
+ 297 27 ((260 270 — 262 268) 272 + (261 270 — %62 269) 273
+ 260 (270 272 + 260 279 — 268 274 — 62 278)
+ 261 (270 273 + 261 279 — 269 274 — %62 277))
— 2262 (up1 — 41) — 2(260 269 — 261 268)(Vh1 — Y1)
— 2297 24 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))0n1
— 2297 262 2200 — 2298 262 2215 — 2299 262 2212 — 2297 (260 269 — 261 268) 2208
— 2298 (260 269 — 261 268)%226 — 2299 (260 269 — 261 268)%216
— 2129 ((260 270 — 262 268) 272 + (261 270 — 262 269) 273
+ 260 (270 272 + 260 279 — 268 274 — %62 278)
+ 261 (270 273 + 261 279 — 269 274 — %62 277)) — 298 215 ((Z60 270 — 262 268) 272
+ (261 270 — 262 269) 273 + 260 (270 272 + 260 279 — 268 274 — %62 278)
+ 261 (270 273 + 261 279 — 269 274 — 262 277)) — 299 216 ((260 270 — 262 268) 272
+ (261 270 — 262 269)273 + 260 (270 272 + 260 279 — 268 274 — 262 278)
+ 261 (270 273 + 261 279 — 269 274 — 262 277))
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4 Dynamic Equations of the Dual-Lift Model

2930 = 2298 211 (Un1 — &1) + 2208 214 (Vh1 — Y1) + 2208 216 (W1 — 21) + 2299 2132 (Vh1 — U1)
+ 2299 2133 (up1 — @1) + 2208 2127 2212 + 2298 2128 2216 + 2298 2129 2205
+ 2299 2127 2219 + 2299 2128 2213 — 2299 215 (Wh1 — 21) — 2299 2129 2210

2931 = 20p1 + 2297 2008 + 2208 7226 + 2799 2216 — 2U

2939 = 2wp1 + 2298 2010 + 2299 2205 — 221 — 2297 24 On1

2233 = Up1 2225 + U 2227 + Uy 2228 + Wi 2229 + Up1 2231
+ Wp1 2232 + Pr1 2230 + qn1 2224 + Th1 2221

2234 = —Z19 223 9h2 — 220 225 ¢h2

29235 — Sin(th)

2036 = (222 239 Pha — 224 2235 O2) [ 25

2237 = 219 223 ¢h2 =+ 220 %25 9h2

2038 = 220 222 Op2 + 223 224 Ppo

2939 = —220 222 Ph2 — 223 224 9h2

2040 = 224 Ona/ 23 — 222 242 P2

2241 = 219 220 éh? — 223 225 ¢h2

2242 = 219 220 ¢h2 — 223 225 9h2

2043 = 220 224 Op2 — 222 203 P2

Zo44 = 220 224 P2 — 722 223 Opo

2945 = 219 220 224 Ph2 — 219 222 223 9h2 — 220 222 225 7/.1h2

2046 = 219 222 Una + 224 225 Pha + 219 220 204 Ona — 219 202 223 Ph2 — 223 224 225 V2
Zo47 = 219 222 Ph2 + 224 225 thz — 219 222 223 ¢h2 — 220 222 225 9h2 — 293 224 225 Ph2
2248 = 219 220 <222 7/.%2 + 290 224 225 Ph2 — 222 223 225 éhQ

2049 = 292 225 Pha + 219 220 222 Op2 + 219 293 224 P2 — 219 224 Vna — 222 223 225 Vha
2250 = 222 225 ¢h2 + 219 223 224 ¢h2 + 220 224 225 éh2 — 219 224 Ph2 — 222 223 225 Ph2
2951 = —219 220 222 Ph2 — 219 223 224 9h2 — 220 224 225 ¢h2

2952 = 219 Z24 Ph2 + 222 223 225 Ph2 — 222 225 ¢h2 — 219 223 224 ¢h2 — 220 224 225 9h2
2253 = 219 224 ¢h2 + 222 223 225 @/}h2 — 222 225 Ph2 — 219 220 222 9h2 — 219 223 224 Ph2

2954 = 219 220 224 Yp2 — 220 222 225 Ph2 — 223 224 225 Ono
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4 Dynamic Equations of the Dual-Lift Model

2955 = 2297 220 224 2143 Ph2 + 2297 220 222 (Wh2 — 1)

2256

2257

2258

2259

2260

+ 2297 (221 241 + 222 2150) (Vn2 — Y1) + 2298 (222 2153 + 232 Z44) (Wh2 — %)

+ 2297 (222 2144 — 228 241) (Un2 — &1) + 2299 (222 2154 — 231 244) (W2 — Z1)

+ 2298 2143 (224 2153 Ph2 + 222 2238 + 232 2240 + 244 2239)

+ 2297 2141 (224 2144 Ph2 + 222 2241 + 228 2236 — 241 2242)

+ 2299 2143 (224 2154 Ph2 + 222 2243 — 231 2240 — 244 2244

+ 2298 2141 (227 2240 + 241 2247 + 244 2246 — Z24 2145 Ph2 — 222 2245 — %146 2236)
+ 2299 2141 (241 2252 + 244 2253 + 2147 2240 — %24 2149 Ph2 — %22 2251 — Z148 2236
— 2297 292 223 2143 Ono — 2298 (222 2145 — 227 244 — 241 2146) (U2 — T1)

— 2298 (202 2151 — 226 241 — 230 244)(Vh2 — Y1)

— 2299 (222 2149 — 241 2148 — 244 2147) (Up2 — Z7)

— 2299 (202 2152 — Zo7 241 — 244 2146)(Vh2 — Y1)

— 2297 2142 (221 2236 — 224 2150 Ph2 — 222 2237 — 241 %234)

— 2298 2142 (%24 2151 Ph2 + 222 2248 + 226 2236 — 230 2240 — Z41 2249 — %44 %250)
— 2299 2142 (224 2152 Ph2 + 222 Zo54 + Zo7 2236 — 241 2246 — 244 2247 — Z146 £240)

) . )
(222 2235 On2 + 224 239 Pn2)/ %59
. A 2

204 242 P2 + 222 Opa/ 239

2297 220 222 2143 Ph2 + 2297 223 224 2143 Ona + 2297 (221 240 — 224 2150) (Vh2 — Y1)
+ 2298 (224 2145 + 227 243 + 240 2146) (Un2 — Z1)

+ 2298 (224 2151 + 226 240 + 230 243) (Vh2 — Y1)

+ 2299 (224 2149 + 240 2148 + 243 2147) (Up2 — T7)

+ 2299 (224 2152 + 227 240 + 243 2146) (V2 — Y1)

+ 2297 2141 (222 2144 Pr2 — 224 2241 — 228 2256 — 240 Z242)

+ 2299 2143 (222 2154 Pho — 224 2243 — 231 2257 — 243 2244

— 2297 220 224 (Wh2 — &) — 2297 (224 2144 + 228 240) (U2 — 1)

— 2299 (224 2154 + 231 243) (Wh2 — 21) — 2208 (224 2153 — 232 243) (Wh2 — %)

— 2297 2142 (%24 2237 — %22 2150 Ph2 — %21 %256 — 240 %234)

— 2298 2143 (224 2238 — 222 2153 Ph2 — 232 2257 — 243 2239)

— 2298 2141 (222 2145 Ph2 — 224 2245 — 227 2257 — 240 2247 — Z43 2246 — 2146 £256)
— 2298 2142 (222 2151 Ph2 — %24 2248 — 226 2256 — 230 2257 — 240 2249 — 243 Z250)
— 2299 2141 (222 2149 Ph2 — 224 2251 — 240 %252 — 243 2253 — Z147 2257 — 2148 2256)
— 2299 2142 (222 2152 Ph2 — %24 2254 — %27 %256 — 240 2246 — Z43 2247 — 2146 2257)

2upg + 2297 2234 + 2298 2249 + 2299 2246 — 2y

219 222 223 ¢h2 + 290 222 225 9h2 + 223 224 225 Qth — 219 222 ‘th — 224 225 7!%2
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2261 =

2262 =

4 Dynamic Equations of the Dual-Lift Model

2141 272 + 297 221 272 + 298 226 272 + 299 227 272 )
+ 2297 220 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))On2
+ 2142 (270 273 + 261 279 — 269 274 — 262 277)
+ 297 228 (270 273 + 261 279 — 269 274 — 262 277)
+ 298 229 (270 273 + 261 279 — 269 274 — 62 277)
+ 299 230 (270 273 + 261 279 — 269 274 — 262 277) + 2143 ((260 269 — 261 268) 273
+ (260 270 — 262 268) 274 + 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — Z62 278)) + 298 231 (260 269 — 261 268) 273
+ (260 270 — 262 268) 274 + 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — 262 278)) + 299 232 ((260 269 — 261 268)273
+ (260 270 — 262 268) 274 + 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — 262 278))
— 2260 (un2 — 21) — 2(261 270 — 262 269) (V2 — U1)
— 2(261 (260 269 — 261 Z68) + 262 (260 270 — 262 268) ) (Wh2 — £1)
— 2297 260 2234 — 2208 260 2249 — 2299 260 2246 — 2297 (261 270 — 262 269) 7242
— 2208 (261 270 — 262 269) 2260 — 2299 (261 270 — 262 269) 2250
— 2298 (261 (260 269 — 261 268) + 262 (260 270 — 262 268)) 2244
— 2299 (261 (260 269 — 261 268) + 262 (260 270 — 262 268)) 2239
— 297 223 ((260 269 — 261 268) 273 + (260 270 — 262 268) 274
+ 261 (269 272 + 260 277 — 268 273 — 261 278)
+ 262 (270 272 + 260 279 — 268 274 — 262 278))

2141 273 + 297 221 273 + 298 226 273 + 299 227 273 + 2(260 270 — 262 Z68)(Vn2 — Vi)
+ 2(260 (260 269 — 261 268) — 262 (261 270 — 262 269) ) (Wh2 — Z1)
+ 2297 (260 270 — 262 Z68) 2242
+ 2298 (260 270 — 262 268) 2260 + 2299 (260 270 — 262 268) 2250
+ 2208 (260 (260 269 — 261 268) — 262 (261 270 — 262 269)) 2244
+ 2299 (260 (260 269 — 261 268) — 262 (261 270 — 262 269)) 2239
+ 297 223 ((260 269 — 261 268)272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 269 274 — 262 277)) — 2261 (Un2 — L)
— 2297 220 (260 (260 269 — 261 268) — 262 (261 270 — 262 269))0n2 — 2297 261 2234
— 2298 261 2249 — 2299 261 2246 — 2142 (270 272 + 260 279 — 268 274 — 262 278)
— 297 228 (270 272 + 260 279 — 268 274 — 262 278)
— 298 229 (270 272 + 260 279 — 268 274 — 262 278)
— 299 230 (270 272 + 260 279 — 268 274 — 262 278)
— 2143 ((260 269 — 261 268) 272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 269 274 — 262 277))
— 298 231 ((260 269 — 261 268) 272 + 260 (269 272 + 260 277 — 268 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 269 274 — 262 277))
— 299 232 (260 269 — 261 268) 272 + 260 (269 272 + 260 277 — %68 273 — 261 278)
— (261 270 — 262 269) 274 — 262 (270 273 + 261 279 — 269 274 — 262 277))
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4 Dynamic Equations of the Dual-Lift Model

2263 = 2141 274 + 297 221 274 + 298 226 274 + 299 227 274

2264

2265

2266

2267

2268

2269

2272

z275

2278

+ 2(260 (260 270 — 262 268) + 261 (261 270 — 262 269)) (Wh2 — Z7)
+ 2142 (269 272 + 260 277 — 268 273 — 261 278)
+ 297 228 (269 272 + 260 277 — 268 273 — 261 278)
+ 298 229 (269 272 + 260 277 — 268 273 — 261 278)
+ 299 230 (269 272 + 260 277 — 268 273 — 261 278)
+ 2298 (260 (260 270 — 262 268) + 261 (261 270 — 262 269)) 2244
+ 2299 (260 (260 270 — 262 268) + 261 (261 270 — 262 269)) 2239
+ 297 223 ((260 270 — 262 268)272 + (261 270 — 262 269) 273
+ 260 (270 272 + 260 279 — 268 274 — 262 278)
+ 261 (270 273 + 261 279 — 269 274 — 262 277))
— 2262 (up2 — 21) — 2(260 269 — 261 268)(Vn2 — U1)
— 2297 220 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))0n2
— 2297 262 2234 — 2298 Z62 2249 — 2299 262 2246 — 2297 (260 269 — 261 268) 2242
— 2208 (260 260 — 261 268) 2260 — 2299 (260 260 — 261 268) 2250
— 2143 ((260 270 — 262 268) 272 + (261 270 — %62 269) 273
+ 260 (270 272 + 260 279 — 268 274 — 262 278)
+ 261 (270 273 + 261 279 — 269 274 — 262 277)) — 298 231 ((Z60 270 — 262 268) 272
+ (261 270 — 262 269) 273 + 260 (270 272 + 260 279 — 268 274 — 262 278)
+ 261 (270 273 + 261 279 — 269 274 — 262 277)) — 299 232 ((Z60 270 — 262 268) 272
+ (261 270 — 262 269)273 + 260 (270 272 + 260 279 — 268 274 — 262 278)
+ 261 (270 273 + 261 279 — 269 274 — %62 277))

2298 227 (Un2 — &1) + 2298 230 (Vn2 — 1) + 2208 232 (Wh2 — %1) + 2299 2146 (Vh2 — 1)
+ 2299 2147 (upa — &1) + 2208 2141 2246 + 2208 2142 2250 + 2208 2143 2239
+ 2299 2141 2253 + 2299 2142 2247 — 2299 231 (Wh2 — £1) — 2299 2143 2244

2upa + 2297 2242 + 2298 2260 + 2299 2250 — 2U;
2wna + 2298 2244 + 2299 2239 — 22, — 2297 220 U2

Ph2 2264 + qn2 2258 + Th2 2255 + Up 2261 + V) 2262
+ wy 2263 + U2 2259 + Un2 2265 + Wh2 2266

(2160 2267 — 2169 2233) /2173
(2158 2267 — 2167 2233)/ 2173

—Z176 (Z6l (260 269 — 261 268) + 262 (260 270 — 262 268))
— 2189 (260 (260 270 — 262 268) + Z61 (261 270 — 262 269))

—2179 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))
— 2192 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

—2180 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))
— 2193 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))
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2281

2284

2287

2290

2293

2296

2299

2302

2305

2308

<309

2310

2311

2312

2313

2314

2315

%316

Z317

%318

4 Dynamic Equations of the Dual-Lift Model

= —2z178 (261 (260 269 — 261 268) + 262 (260 270 — 262 263))
— z191 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= —2z175 (261 (260 269 — 261 268) + 262 (260 270 — 262 263))
— z188 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= —Z174 (Z61 (260 269 — 261 268) + 262 (260 270 — 262 268))
— 2187 (260 (260 270 — 262 268) + 261 (261 270 — 262 %69))

= 2183 (261 (z60 269 — 261 268) + 262 (260 270 — 262 z68))
+ 2196 (ZGO (260 270 — 262 268) + 261 (261 270 — 262 269))

= 2185 (261 (260 269 — 261 268) + 262 (260 270 — 262 %68))
+ 2198 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= 2186 (261 (260 269 — 261 268) + 262 (260 270 — 262 %68))
+ 2199 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= 2184 (261 (260 269 — 261 268) + 262 (260 270 — 262 %68))
+ 2197 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= 2182 (261 (260 269 — 261 268) + 262 (260 270 — 262 %68))
+ 2195 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= 2181 (261 (260 269 — 261 268) + 262 (260 270 — 262 %68))
+ 2194 (260 (260 270 — 262 268) + 261 (261 270 — 262 269))

= z62 (261 270 — 262 269) + 2190 (260 (260 270 — 262 268) + 261 (261 270 — 262 %69))
— 260 (260 269 — 261 268) — 2177 (261 (260 269 — 261 268) + 262 (260 270 — 262 268))

MR TR
= Fpi 3211 + Fpi9210 + 2125 25 27 + 2124 (25 27 — 210 215 — 211 %16)
— 2126 2272 — %125 %10 15 — %125 %11 %16

MR TR
= Fp1 3214 + Fpiaz13 + 2125 27 212 + 2124 (27 212 — 213 215 — 214 216)
— 2126 2275 — 2125 213 215 — 2125 214 216

MR TR 2 2 2 24 24 .2)
= Fp1 3216 + Fpioz1s — 2126 2278 — 2125 27 — 2125 215 — 2125 216 — 2124 (27" 213 216
= 290 2125
= 289 2125

MR MR TR
=Ty11 + 289 1 3+ 2312 215 — 296 Flyi 0 — 2126 2281 — 2313 216 — 2124 (292 216 — 293 215)

= %88 2125
MR | IR MR
=Tp15 + Thi'a + 2312 27 + 2315 216 + 2124 (201 216 + 293 27) — 288 Fjy1 3 — 2126 2284

MR TR
=Tp13 + 204 P — 2126 2287 — 2124 (201 215 + 202 27) — 2125 (288 215 + 289 27)

MR TR
= Fpa 3201 + Foloza6 + 2125 221 203 + 2124 (221 203 — 226 231 — 227 232)
— 2126 2290 — 2125 226 231 — 2125 227 232
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4 Dynamic Equations of the Dual-Lift Model

MR TR
2319 = Fp53230 + Fpoa220 + 2195 223 228 + 2124 (223 228 — 229 231 — 230 232)
— 2126 2293 — 2125 229 231 — 2125 230 232

_ MR TR 2 2 2 2+ 2+ _2)
2320 = Fh2,3232 + th,zz?)l — 2126 2296 T <125 293 — 125 231 — <125 232 — 2124 (223 231 232
MR MR TR
2391 = Tho 1 + 289 o 3 + 2312 231 — 206 Fl2lo — 2126 2200 — 2313 232 — 2124 (292 232 — 293 231)
MR TR MR
2322 = Thoo + Thalo + 2312 223 + 2315 232 + 2124 (201 232 + 203 223) — 288 [0 3 — 2126 2302
MR TR
2323 = Tho 3 + 204 Flo'y — 2126 2305 — 2124 (201 231 + 292 223) — 2125 (288 231 + 289 223)
2324 = 2126 2308
F
z325 = 171 pm
F
2326 = 153 qm
F
z397 = Iz3Tm
%328 = Ph1 %326 — qhl 2325
2329 = Th1 %325 — Dhl 2327

2330 = gn1 2327 — T'hl 2326
z331 = I\ ppa
2332 = I35 g
2333 = 133" 245
2330 = I 246
2335 = 129" zu7
2336 = Ph1 2332 — Qn1 2331

2337 = Z45 2331 — Phl 2333
2338 = (hl1 2333 — 245 2332
2339 = I{) Pho
2310 = I35 qno
2341 = I35 7o
2342 = Ph2 2340 — 4h2 2339
2343 = Th2 2339 — Ph2 2341

2344 = {4h2 2341 — Th2 2340

MR
2345 = 111 Dh2
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4 Dynamic Equations of the Dual-Lift Model

MR
2346 = 159 " qpo

MR
z3a7 = I33 " 248

MR
2348 = 177 249

MR
2349 = 139" 250

2350 = Ph2 2346 — (h2 2345

2351

2352

2353

2354

2355

2356

2357

2358

2359

2360

2361

2362

2363

2364

2365

2366

2367

2368

2369

2370

2371

2372

2373

= 248 2345 — DPh2 2347

Ah2 2347 — %48 2346

mp (201 210 — 292 25) + MuR (288 210 — 289 25)
z51 (25 27 — 210 215 — 211 216)

—mp (291 211 — 203 25) — MuMR (288 211 — 290 25)

24 2+ _2)
z51 (25 210 211

z51 (25 212 + 210 213 + 211 214)

mp (202 211 — 2903 210) + MMR (289 211 — 290 210)

mp (25 2103 + 210 2104 + 211 2105) + MMR (25 2100 + 210 2101 + 211 2102)
mp (201 213 — 292 212) + MMR (288 213 — 289 212)

251 (27 212 — 213 215 — 214 216)

—mp (291 214 — 203 212) — MR (288 214 — 290 212)

24 2+ _2)
z51 (215 213 ?14

mp (292 214 — 293 213) + MuyR (289 214 — 290 213)
mp (212 2103 + 213 2104 + 214 2105) + Mumr (212 2100 + 213 2101 + 214 2102)
mr (291 215 + 292 27) + Mur (288 215 + 289 27)

2+ 2+ 2)
z51 (277 215 216

—mp (201 216 + 293 27) — Mg (288 216 + 290 27)
mp (292 216 — 293 215) + MumR (289 216 — 290 215)
—mp (27 2103 — 215 2104 — 216 2105) — MMR (27 2100 — 215 2101 — 216 2102)

F MR 2+ _2) 2+ _2)
Iy + L +mr (299 293 + Mg (239 290

= —Mp 291 293 — T MR 288 290

= —MNFE 291 292 — M MR <88 289
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4 Dynamic Equations of the Dual-Lift Model

z374 = 2330 + 2338 + mp (202 2105 — 293 2104) + MR (289 2102 — 290 2101) — 2334

_JF MR 2+ 2) 2+ .2)
2315 = Iog + D30 +mr (291 293 + mur (283 290

2376 = —IMF 292 293 — MMR 289 290

z377 = 2329 + 2335 + 2337 — M (201 2105 — 203 2103) — M MR (288 2102 — 290 2100)
egrs = Iy + IR+ mp (237 gy + mam (225 23)

2379 = 2328 + 2336 + MmF (291 2104 — 292 2103) + MMR (288 2101 — 289 2100)

2380 = M (291 226 — 292 221) + MR (288 226 — 289 221)

2381 = 251 (221 223 — 226 231 — 227 232)

z382 = —mp (291 227 — 293 221) — MMR (288 227 — 200 221)

24+ 2+ 2)
2383 = 251 (23] %o %o%

2384 = 251 (221 228 + 226 220 + 227 230)

2385 = Mmp (292 221 — 293 226) + MR (289 227 — 290 Z26)

2386 = M (221 2115 + 226 2116 + 227 2117) + Mur (221 2112 + 226 2113 + 227 2114)
z387 = mp (291 220 — 202 228) + MMR (288 229 — 289 228)

2388 = 251 (223 228 — 229 231 — 230 232)

2389 = —mp (291 230 — 293 228) — MMR (288 230 — 290 228)

_ 24 2+ _2)
z300 = 251 (258 259 230

2391 = mp (292 230 — 293 229) + MumR (289 230 — 290 229)
2392 = mp (228 2115 + 229 2116 + 230 2117) + MR (228 2112 + 220 2113 + 230 #114)
2393 = mp (201 231 + 292 223) + Mur (288 231 + 289 223)

_ 2+ 2+ 2)
z304 = 251 (253 231 237

2395 = —mp (201 232 + 293 223) — MR (288 232 + 290 223)

2396 = Mp (292 232 — 293 231) + MR (289 232 — 290 231)

2397 = —mp (223 2115 — 231 2116 — 232 2117) — MMR (223 2112 — 231 2113 — 232 2114)
2308 = 2344 + 2352 + M (292 2117 — 293 Z116) + MMR (289 2114 — 290 2113) — 2348
2399 = 2343 + 2349 + 2351 — mp (291 2117 — 293 2115) — MMR (288 2114 — 290 2112)
2400 = 2342 + 2350 + Mmp (291 2116 — 292 2115) + MMR (288 2113 — 289 2112)

2401 = Ly (260 261 + 281 282 + 284 286)
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4 Dynamic Equations of the Dual-Lift Model

_ 24 2+ _2)
za02 = bip (257 283 %86

2403 = Ly (261 262 + 280 282 + 285 286)
2404 = b (261 275 + 282 283 + 286 287)

_ 24 2+ _2)
2405 = bp (250 231 284

2406 = b (260 262 + 280 281 + 284 285)
2407 = b (260 275 + 281 283 + 284 287)

_ 24 2+ _2)
z408 = bp (262 230 %85

z409 = lp (262 275 + 280 283 + 285 287)
Z410 = Z189 2406 — 2176 2405
2411 2189 2403 — 2176 2401
2412 = Z189 2408 — X176 2406
Z413 = 2359 1 2189 2409 — 2176 2407
Z414 = 2356 + 2189 2412 — 2176 2410
2415 = 2357 + 2192 2412 — 2179 2410
Z416 = 2193 2412 — 2354 — 2180 2410
Z417 = 2358 + 2191 2412 — 2178 %410
2418 = 2355 + 2188 2412 — 2175 2410
Z419 = 2353 1 2187 2412 — 2174 %410
2420 = 2183 2410 — 2196 2412
2421 = 2185 2410 — 2198 2412
Z422 = Z186 2410 — 2199 2412
2423 = Z184 2410 — 2197 2412
2424 = 2182 2410 — 2195 2412
Z425 = Z181 2410 — 2194 2412
2426 = 2411 — 2177 410 — 2190 ?412
2427 = 2413 + 2410 2268 — 2412 2269
Z428 = 2192 2406 — 2179 2405
2429 2192 2403 — 2179 2401
2430 = 2192 2408 — 2179 2406
Z431 = 2365 1 2192 2409 — 2179 2407

2432 = 2357 1 2189 2430 — 2176 2428
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2433
2434
2435
2436
2437
2438
2439
2440
Z441
2442
2443
2444
2445
2446
2447
2448
2449
2450
2451
2452
2453
2454
2455
2456
2457
%458
2459
2460
2461
2462
2463
2464

2465

4 Dynamic Equations of the Dual-Lift Model

= 2363 1 2192 2430 — 2179 #428

2193 2430 — 2361 — <180 %428

= 2183 %2428
= Z185 %428

= 2186 2428

2184 2428

= 2182 2428

= 2181 2428

2193 2406

= 2193 2403

2193 2408

= 2189 %448

= 2192 2448

= 2364 + 2191 2430 — %178 2428
= 2362 + 2188 2430 — 2175 2428

= 2360 + 2187 2430 — 2174 %428

2196 2430
2198 2430
<199 2430
2197 2430
2195 2430

2194 2430

= 2429 — 2177 2428 — 2190 2430

= 2431 + 2428 2268 — 2430 2269

2180 2405
<180 2401

2180 406

= 2370 1 2193 2409 — 2180 2407

2354 — 2176 2446

2361 — 2179 2446

= 2367 + 2193 2448 — 2180 446

2369 + 2191 2448 — 2178 2446

= 2183 %446
= Z185 %446
= 2186 %446

= 2184 %446

2182 2446

2181 2446

= 2368 + 2188 2448 — 2175 %446

= 2366 + 2187 2448 — 2174 2446

2196 2448
2198 2448
2199 2448
2197 2448
Z195 2448

2194 2448

= 2447 — Z177 %446 — 2190 2448
= 2449 + Z446 2268 — 2448 2269

= 2191 2406 — <178 2405

2191 2403 — 2178 2401
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2466
2467
2468
2469
2470
2471
2472
2473
2474
2475
2476
47T
2478
2479
2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
2492
2493
2494
2495
2496
2497

2498

2183 %464

= 2185 %464
= 2186 %464
= %184 %464

= 2182 2464

2181 2464

4 Dynamic Equations of the Dual-Lift Model

= 2191 2408 — Z178 %406

= 2374 + 2191 2409 — 2178 2407
= 2358 1 2189 2466 — 2176 2464
= 2364 T 2192 2466 — 2179 2464
= 2369 1+ 2193 2466 — 2180 2464
= 2371 T 2191 2466 — 2178 2464
= 2373 1 2188 2466 — 2175 2464

= 2372 1 2187 2466 — 2174 2464

2196 #2466
<198 2466
2199 2466
2197 2466
2195 2466

2194 2466

= 2465 — 2177 2464 — 2190 2466
= 2467 T 2464 2268 — 2466 2269
= 2188 %406 — Z175 2405
= 2188 %403 — %175 2401
= 2188 %408 — Z175 2406

= Z377 + 2188 2409 — 2175 2407

2355 + 2189 2484 — 2176 2482

= 2183 %482

2185 2482

2186 2482

= 2184 2482
= 2182 %482

= Z181 2482

= 2362 + 2192 2484 — 2179 2482
= 2368 + 2193 2484 — 2180 2482
= 2373 1 2191 2484 — 2178 2482
= 2375 T 2188 2484 — 2175 2482

= 2376 + 2187 2484 — 2174 %482

2196 2484
Z198 %484
Z199 2484
Z197 2484
2195 2484

2194 2484

2483 T R177 2482 — 2190 2484
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4 Dynamic Equations of the Dual-Lift Model

2499 = 2485 + 2482 2268 — 2484 2269
2500 = Z187 2406 — Z174 2405
2501 = 2187 2403 — 2174 2401
2502 = 2187 2408 — X174 2406
2503 = 2379 1 2187 2409 — 2174 2407
2504 = 2353 T 2189 2502 — 2176 2500
Z505 = 2360 1 2192 2502 — 2179 2500
2506 = 2366 1 2193 2502 — 2180 2500
2507 = 2372 + 2191 #4502 — 2178 2500
2508 = 2376 1+ 2188 #4502 — 2175 2500
2509 = 2378 1 2187 2502 — 2174 Z500
2510 = 2183 2500 — %196 2502
2511 = 2185 2500 — %198 2502
Z512 = Z186 2500 — 2199 2502
2513 = Z184 2500 — 2197 2502
2514 = Z182 2500 — 2195 2502
Z515 = Z181 2500 — 2194 2502
2516 = Z501 — Z177 2500 — 2190 2502
2517 = 2503 1 2500 2268 — 2502 2269
2518 = 2183 2405 — %196 2406
Z519 = Z183 2401 — 2196 %403
Z520 = 2183 2406 — 2196 2408
2521 = 2386 + 2183 2407 — 2196 2409
2522 = Z189 2520 — Z176 2518
2523 = 2192 2520 — %179 2518
2524 = 2193 2520 — %180 %518
2525 = 2191 520 — X178 2518
2526 = Z188 2520 — 2175 %518
Z527 = Z187 2520 — 2174 %518
2528 = 2383 1+ 2183 #4518 — 2196 2520
2529 = 2384 1 2185 #4518 — 2198 2520
2530 = Z186 2518 — Z381 — 2199 2520

2531 = 2385 1 2184 2518 — 2197 #520
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4 Dynamic Equations of the Dual-Lift Model

2532 = 2382 1+ 2182 #4518 — 2195 2520
2533 = 2380 1+ 2181 #4518 — 2194 2520
2534 = 2519 — 2177 2518 — 2190 2520
2535 = 2521 + 2518 2268 — 2520 2269
2536 = 2185 2405 — 2198 2406
Z537 = 2185 2401 — 2198 2403
2538 = 2185 2406 — 2198 2408
2539 = 2392 + 2185 2407 — 2198 2409
2540 = 2189 2538 — 2176 2536
2541 = 2192 2538 — 2179 2536
Z542 = 2193 2538 — 2180 2536
2543 = 2191 2538 — 2178 2536
Z544 = 2188 2538 — 2175 2536
2545 = 2187 2538 — 2174 2536
2546 = 2384 + 2183 2536 — 2196 2538
2547 = 2390 + 2185 2536 — 2198 2538
2548 = 2186 2536 — 2388 — 2199 2538
2549 = 2391 1 2184 2536 — 2197 2538
2550 = 2389 1 2182 2536 — 2195 2538
2551 = 2387 1 2181 2536 — 2194 2538
2552 = 2537 — 2177 2536 — 2190 #5383
2553 = 2539 + 2536 2268 — 2538 2269
2554 = 2186 2405 — 2199 2406
2555 = 2186 2401 — 2199 2403
2556 = 2186 2406 — 2199 2408
2557 = 2397 1 2186 2407 — 2199 2409
Z558 = 2189 2556 — 2176 2554
2559 = 2192 2556 — 2179 2554
2560 = 2193 2556 — 2180 2554
2561 = 2191 2556 — 2178 2554
2562 = 2188 2556 — 2175 2554
2563 = 2187 2556 — 2174 2554

2564 — <183 2554 — <381 — <196 £556
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4 Dynamic Equations of the Dual-Lift Model

2565 = 2185 2554 — 2388 — 2198 2556
2566 = 2394 + 2186 2554 — 2199 2556
2567 = 2396 + 2184 2554 — 2197 2556
2568 = 2395 1 2182 2554 — 2195 2556
2569 = 2393 1 2181 2554 — 2194 2556
Z570 = 2555 — 2177 2554 — 2190 2556
Z571 = 2557 1 2554 2268 — 2556 2269
2572 = 2184 2405 — 2197 2406
2573 = 2184 2401 — 2197 2403
2574 = 2184 2406 — 2197 2408
2575 = 2398 1 2184 2407 — 2197 2409
2576 = 2189 574 — 2176 2572
Z577 = 2192 574 — 2179 2572
2578 = 2193 2574 — 2180 2572
2579 = 2191 2574 — 2178 2572
2580 = 2188 2574 — Z175 2572
2581 = 2187 2574 — Z174 2572
2582 = 2385 1 2183 2572 — 2196 2574
2583 = 2391 1 2185 2572 — 2198 #574
2584 = 2396 1 2186 2572 — 2199 Z574
Z585 = 2371 + 2184 572 — 2197 2574
2586 = 2373 + 2182 2572 — 2195 2574
2587 = 2372 + 2181 #4572 — 2194 2574
2588 = 2573 — 2177 2572 — 2190 2574
25890 = 2575 1 2572 2268 — 2574 2269
2590 = 2182 2405 — 2195 2406
Z591 = 2182 2401 — 2195 2403
2592 = 2182 2406 — 2195 2408
2593 = 2399 + 2182 2407 — 2195 2409
2594 = 2189 2592 — 2176 2590
2595 = 2192 2592 — 2179 2590
2596 = 2193 2592 — 2180 2590

2597 = 2191 #592 — <178 2590
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4 Dynamic Equations of the Dual-Lift Model

2598 = 2188 2592 — 2175 2590
2599 = 2187 2592 — 2174 2590
2600 = 2382 + 2183 2590 — 2196 2592
2601 = 2389 1 2185 2590 — 2198 2592
2602 = 2395 1 2186 2590 — 2199 2592
2603 = 2373 1 2184 2590 — 2197 2592
2604 = 2375 1 2182 2590 — 2195 2592
2605 = 2376 + 2181 2590 — 2194 2592
2606 = 2591 — 2177 2590 — 2190 2592
2607 = 2593 + 2590 2268 — 2592 2269
2608 = 2181 2405 — 2194 2406
2609 = <181 2401 — 2194 2403
Z610 = Z181 2406 — 2194 2408
2611 = 2400 1 2181 2407 — 2194 2409
2612 = 2189 2610 — 2176 2608
2613 = 2192 2610 — 2179 2608
2614 = 2193 2610 — 2180 2608
Z615 = 2191 2610 — 2178 2608
2616 = 2188 2610 — 2175 2608
Z617 = Z187 2610 — 2174 %608
2618 = 2380 1 2183 2608 — 2196 2610
2619 = 2387 1 2185 2608 — 2198 2610
2620 = 2393 + 2186 2608 — 2199 2610
2621 = 2372 1+ 2184 2608 — 2197 2610
2622 = 2376 1 2182 2608 — 2195 2610
2623 = 2378 1 2181 2608 — 2194 2610
2624 = 2609 — Z177 2608 — Z190 2610
2625 = 2611 1 2608 2268 — 2610 2269
2626 = 2401 — 2177 2405 — 2190 2406
2627 = 2402 — 2177 2401 — %190 2403
2628 = 2403 — Z177 2406 — %190 2408
2629 = 2404 — Z177 2407 — %190 %409

2630 — <189 2628 — <176 2626
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4 Dynamic Equations of the Dual-Lift Model

2631 = 2192 2628 — 2179 2626
2632 = 2193 2628 — 2180 2626
2633 = Z191 2628 — 2178 2626
2634 = Z188 2628 — 2175 2626
2635 = Z187 2628 — 2174 2626
2636 — 2183 2626 — 2196 2628
2637 = Z185 2626 — 2198 2628
2638 = Z186 2626 — 2199 2628
2639 = Z184 2626 — 2197 2628
2640 = Z182 2626 — 2195 2628
2641 = Z181 2626 — 2194 2628
2642 = 2627 — 2177 2626 — 2190 2628
2643 = 2629 1 2626 2268 — 2628 2269
2644 = Z309 — 2427

2645 = 2310 — 2445

2646 = Z311 — 2463

2647 = 2314 — 2481

2648 = Z316 — 2499

2649 = Z317 — 2517

2650 — Z318 — 2535

2651 — 2319 — 2553

2652 = 2320 — 2571

2653 — 2321 — 2589

2654 — 2322 — 2607

2655 — 2323 — 2625

2656 = TX324 T 2643
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5 Dynamic Equations of the Multi-Lift
Model

The following equations describe the dynamics of the multi-lift model, presented in the
thesis main document [Berl3, pages 76ff.], for three coupled helicopters (multi-lift con-
figuration). The variables z,. represent intermediate results, which are generated auto-
matically.

0 = 2897 — 2504 Un1 — 2505 Uh1 — 2506 Wh1 — 2507 Phl — 2508 Gh1 — 2509 Th1
— 2510 Wh2 — 2511 Up2 — 2512 Wh2 — 2513 Ph2 — 2514 h2 — 2515 Th2
— 2516 Wh3 — 2517 Up3 — 2518 Wh3 — 2519 Ph3 — 2520 h3 — 2521 Th3

0 = 2898 — 2526 Un1 — 2527 Uh1 — 2528 Wh1 — 2529 Phl — 2530 Gh1 — 2531 Thl
— 2532 Wh2 — 2533 Up2 — 2534 Wh2 — 2535 Ph2 — 2536 §h2 — 2537 Th2
— 2538 Uh3 — 2539 Vh3 — 2540 Wh3 — 2541 Dh3 — 2542 h3 — 2543 Th3

0 = 2899 — 2548 Un1 — 2549 Up1 — 2550 Wh1 — 2551 Phl — 2552 Gh1 — 2553 T'hl
— 2554 Wh2 — 2555 Up2 — 2556 Wh2 — 2557 Ph2 — 2558 h2 — 2559 Th2
— 2560 Wh3 — 2561 Uh3 — 2562 Wh3 — 2563 Ph3 — 2564 4h3 — 2565 Th3

0 = 2900 — 2570 Wh1 — 2571 Un1 — 2572 Wh1 — 2573 Phl — 2574 Gh1 — 2575 Thl
— 2576 Wh2 — 2577 Up2 — 2578 Wh2 — 2579 Ph2 — 2580 h2 — 2581 Th2
— 2582 UWh3 — 2583 Up3 — 2584 Wh3 — 2585 Ph3 — 2586 h3 — 2587 Th3

0 = 2901 — 2592 Up1 — 2593 Un1 — 2594 Wh1 — 2595 Phl — 2596 Gh1 — 2597 Th1
— 2598 Up2 — 2599 U2 — 2600 Wh2 — 2601 Ph2 — 2602 Gh2 — 2603 Th2
— 2604 Wh3 — 2605 Uh3 — 2606 Wh3 — 2607 Ph3 — 2608 4h3 — 2609 Th3

0 = 2902 — 2614 Uh1 — 2615 Uh1 — 2616 Wh1 — 2617 Phl — 2618 Gh1 — 2619 Th1
— 2620 Wh2 — 2621 Uh2 — 2622 Wh2 — 2623 Ph2 — 2624 h2 — 2625 Th2
— 2626 Uh3 — 2627 Vh3 — 2628 Wh3 — 2629 Ph3 — 2630 ¢h3 — 2631 Th3

0 = 2903 — 2636 Wh1 — 2637 Uh1 — 2638 Wh1 — 2639 Ph1 — 2640 Gh1 — 2641 Th1
— 2642 Up2 — 2643 U2 — 2644 Wh2 — 2645 Dh2 — 2646 Gh2 — 2647 Th2
— 2648 UWh3 — 2649 Uh3 — 2650 Wh3 — 2651 Ph3 — 2652 h3 — 2653 Th3

0 = 2904 — 2658 Un1 — 2659 Uh1 — 2660 Wh1 — 2661 Phl — 2662 Gh1 — 2663 Th1
— 2664 Wh2 — 2665 Uh2 — 2666 Wh2 — 2667 Ph2 — 2668 §h2 — 2669 Th2
— 2670 Wh3 — 2671 Un3 — 2672 Wh3 — 2673 Ph3 — 2674 h3 — 2675 Th3

0 = 2905 — 2680 Uh1 — 2681 Un1l — 2682 Wh1 — 2683 Phl — 2684 Gh1 — 2685 T'h1
— 2686 Wh2 — 2687 Uh2 — 2688 Wh2 — 2689 Ph2 — 2690 4h2 — 2691 Th2
— 2692 Wh3 — 2693 Uh3 — 2694 Wh3 — 2695 Ph3 — 2696 h3 — 2697 Th3
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5 Dynamic Equations of the Multi-Lift Model

0 = 2906 — 2702 Un1 — 2703 Un1 — 2704 Wh1 — 2705 Ph1 — 2706 Gh1 — 2707 T'h1
— 2708 Wh2 — 2709 Vp2 — 2710 Wh2 — 2711 Ph2 — 2712 ¢h2 — 2713 Th2
— 2714 Wh3 — 2715 Up3 — 2716 Wh3 — 2717 Ph3 — 2718 ¢h3 — 2719 Th3

0 = 2907 — 2724 Up1 — 2725 Un1 — 2726 Wh1 — 2727 Phl — 2728 Gh1 — 2729 Th1
— 2730 Wh2 — 2731 Up2 — 2732 Wh2 — 2733 Ph2 — 2734 h2 — 2735 Th2
— 2736 Wh3 — 2737 Up3 — 2738 Wh3 — 2739 Ph3 — 2740 h3 — 2741 Th3

0 = 2908 — 2746 Un1 — 2747 Un1 — 2748 Wh1 — 2749 Ph1 — 2750 Gh1 — 2751 Thl
— 2752 Up2 — 2753 Vh2 — 2754 Wh2 — 2755 Ph2 — 2756 h2 — 2757 Th2
— 2758 Wh3 — 2759 Up3 — 2760 Wh3 — 2761 Ph3 — 2762 h3 — 2763 Th3

0 = 2909 — 2768 Uh1 — 2769 Uh1 — 2770 Wh1 — 2771 Phl — 2772 Gh1 — 2773 Th1
— 2774 Uh2 — 2775 Vp2 — 2776 Wh2 — 2777 Ph2 — 2778 4h2 — 2779 Th2
— 2780 Wh3 — 2781 Up3 — 2782 Wh3 — 2783 Ph3 — 2784 qh3 — 2785 Th3

0 = 2910 — 2790 Uh1 — 2791 Un1 — 2792 Wh1 — 2793 Ph1 — 2794 Gh1 — 2795 T'h1
— 2796 Wh2 — 2797 Up2 — 2798 Wh2 — 2799 Ph2 — 2800 h2 — 2801 Th2
— 2802 UWh3 — 2803 Un3 — 2804 Wh3 — 2805 Ph3 — 2806 h3 — 2807 Th3

0 = 2911 — 2812 Up1 — 2813 Up1 — 2814 Wh1 — 2815 Dhl — 2816 Ghl — 2817 Thl
— 2818 Uh2 — 2819 Up2 — 2820 Wh2 — 2821 Ph2 — 2822 (h2 — 2823 Th2
— 2824 Up3 — 2825 Up3 — 2826 Wh3 — 2827 Ph3 — 2828 qh3 — 2829 Th3

0 = 2912 — 2834 Up1 — 2835 Un1 — 2836 Wh1 — 2837 Phl — 2838 Gh1 — 2839 T'h1
— 2840 Uh2 — 2841 Up2 — 2842 Wh2 — 2843 Ph2 — 2844 qh2 — 2845 Th2
— 2846 Uh3 — 2847 Up3 — 2848 Wh3 — 2849 Ph3 — 2850 h3 — 2851 Th3

0 = 2913 — 2856 Un1 — 2857 Un1 — 2858 Wh1 — 2859 Ph1 — 2860 Gh1 — 2861 T'hl
— 2862 Wh2 — 2863 Un2 — 2864 Wh2 — 2865 Ph2 — 2866 §h2 — 2867 Th2
— 2868 Wh3 — 2869 Un3 — 2870 Wh3 — 2871 Ph3 — 2872 h3 — 2873 Th3

0 = 2914 — 2878 Up1 — 2879 Uh1 — 2880 Wh1 — 2881 Phl — 2882 Gh1 — 2883 T'h1
— 2884 Up2 — 2885 Up2 — 2886 Wh2 — 2887 Ph2 — 2888 h2 — 2889 Th2
— 2890 UWh3 — 2891 Un3 — 2892 Wh3 — 2893 Ph3 — 2894 qh3 — 2895 Th3

The equations need to be solved for the desired variables (g, One, Whas Phas Ghas The)s
with x € {1, 2,3}, to get the explicit equations.

The following equations define the z,,. variables:
zg = sin(pn1)

Z52 = tan(&hl)

253 = 26 252

zg = cos(pn1)

R54 = Z8 252
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5 Dynamic Equations of the Multi-Lift Model

©n1 = Ph1 + 253 qr1 + 254 Th1
éhl = 284n1 — R6Thl

249 = cos(Op1)

250 = 26 /249

251 = 28 [ 249

Un1 = 250 qh1 + 2517h1

Z99 = Sin((phg)

258 = tan(@hg)

Z59 = 222 258

294 = cos(pp2)

260 = 224 253

Oh2 = Ph2 + 250 Qh2 + 260 Th2
éh2 = 224 4h2 — 222Th2

255 = cos(Op2)

zs56 = 222 /255

z57 = 224 /255

Uha = 256 qha + 257 Tha

Z38 = Sin((phg)

264 = tan(@hg)

265 = 238 264

zZ40 = COS((phg)

266 — 240 264

©n3 = Pr3 + 265 qn3 + 266 Th3
éh3 = 240 9h3 — 238 Th3

261 = cos(Or3)

262 = 238 [ 261

263 = 240 / %61

Un3 = 262 Gh3 + 263 Th3

2147 = Zh2 — 2
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5 Dynamic Equations of the Multi-Lift Model

Z76 = MF + MMR
278 = (dOFOQmF + dOM Rosmyr )/2’76
290 — dOR02 — 278
218 = T + Op2
290 = cos(z18 )
Z31 = 220 222
zZ79 = (dOF03mF + dOMROgmm )/276
291 = dORo3 — z79
Z32 = 220 224
2y = (dOFolmF + dOM Roiymuyr )/276
Z89 — dOROl — Z77
z9g = sin(z1g)
z183 = 22147 + 2290 231 + 2291 232 — 2289 223
2132 = Ynl — Yl
Zo =T + 9h1
z4 = cos(z2)
21 =7+ Yn
z9 = sin(z)
12 = 24 29
z3 = cos(z1)
z7 = sin(zy)
213 = 2328 + 26 27 29
214 = 272829 — 23 %6
Z176 = —22132 — 2289 212 — 2290 213 — 2291 214
Z34 = T + 9h3
z39 = sin(zs4 )
2161 = Zh3 — 2l
236 = cos(z34 )
Z47 = 236 238
Z48 = 236 240

2196 = 2289 239 — 22161 — 2290 247 — 2291 248
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5 Dynamic Equations of the Multi-Lift Model

2133 = Zp1 — 2
215 = 24 %6
216 = 24 28
z177 = 2289 27 — 22133 — 2290 215 — 2201 216
2160 = Yh3 — Yl
233 = T+ Yn3
Z41 = sin(233 )
244 = 236 241
235 = cos(z33)
Z45 = 235 240 + 238 239 241
246 = 239 240 241 — 235 238
2194 = —22160 — 2289 244 — 2290 245 — 2201 246
2207 = 2176 2196 — 2177 2194
2159 = Tp3 — Iy
237 = 235 236
242 = 235 238 239 — 240 241
Z43 = 238 241 + 235 239 240
2192 = —22159 — 2289 237 — 2290 242 — 2201 243
2182 = 2289 223 — 22147 — 2290 231 — 2291 232
2146 = Yn2 — Yl
217 = T+ Yno
Z95 = Sin(217)
298 = 220 225
z19 = cos(z17)
229 = 219 224 + 222 223 225
230 = 223 224 225 — 219 222
2189 = —22146 — 2289 228 — 2290 229 — 2291 230
2202 = 2176 2182 — X177 2189
2131 = Th1 — Xy
Z5 — 23 %24
210 = 2326 27 — 28 29

211 = 2629 + 23 27 28
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5 Dynamic Equations of the Multi-Lift Model

2174 = —22131 — 2289 25 — 2290 210 — 2201 211
2145 = Th2 — T
221 = 219 220
226 = 219 222 223 — 224 225
227 = 222 %25 + 219 223 224
2187 = —22145 — 2289 221 — 2290 226 — 2291 227
2200 = 2174 189 — 2176 %187
2201 = 2174 2182 — 2177 #4187
2203 = 2192 2202 T 2196 2200 — 2194 2201
2216 = 2183 2207 / 2203
2154 = 223 225
2157 = 222 %23
2148 = 219 %23
%158 = 223 224
2149 = 219 Z20 222
2150 = —Z19 224 — 222 223 225
2155 = 220 222 225
2153 = 219 220 224
2152 = 219 222 — 223 224 225
2151 = 224 %25 — 219 %22 223
2156 = 220 224 225
2184 = 2289 220 222 2147 + 2289 2146 (221 257 + 222 2154 ) + 2200 2147 (222 2157 + 232 Z60 )
+ 2289 2145 (222 2148 — 228 257 ) + 2291 2147 (222 2158 — 231 %60 )
— 2290 2145 (222 2149 — 227 260 — 257 2150 ) — 2200 2146 (222 2155 — 226 257 — 230 260 )
— 2291 2145 (222 2153 — Z57 Z152 — 260 #2151 ) — 2291 2146 (222 2156 — 227 257 — 260 2150 )

2217 = 2184 2207 / 2203

2185 = 2289 2146 (221 256 — 224 2154 ) + 2290 2145 (224 2149 + 227 259 + 256 2150 )
+ 2290 2146 (224 2155 + 226 256 + 230 259 ) + 2291 2145 (224 2153 + 256 2152 + 259 2151 )
+ 2291 2146 (224 2156 + 227 256 + 259 2150 )
— 2289 220 224 2147 — 2289 2145 (224 2148 + 228 256 )
— 2291 2147 (224 2158 *+ 231 259 ) — 2290 2147 (Z24 2157 — %32 259 )

2218 = 2185 2207 /2203

2186 = 2290 227 2145 + 2290 230 2146 + 2200 232 2147
+ 2291 2145 2151 + 2291 2146 2150 — 2291 231 2147

2219 = 2186 2207 /2203
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2188

2220

2190

2221

2173

2204

2210

2175

2211

2178

2212
2140
2143
2134
2144
2135
2136
2141
2139
2138
2137

2142

2179

2213

2180

2214

5 Dynamic Equations of the Multi-Lift Model

= 22145 + 2289 221 + 2290 226 + 2291 227

= 2188 2207 / %203

= 22146 + 2289 228 + 2290 229 + 2291 230

= 2190 2207 / %203

= 22131 + 2289 25 + 2290 210 + 2291 211

= 2189 2196 — <182 2194

= 2173 2204 /%203

= 22132 + 2289 212 + 2290 213 + 2201 214

= Z175 2204 / 2203

= 22133 + 2290 215 + 2291 216 — 2289 27

= Z178 2204 / 2203

= Z7 29

= 26 27

= Z3 27

= Z7Z8

— Z3 %4 %6

= —TRZ3Z8 T Z6R7%9

— Z4 %6 29

— Z3 24 %8

— 23k — R7R8 %9

= 2829 — 232627

= 24 28 29

= 2289 24 26 2133 + 2289 2132 (25 251 + 26 2140 ) + 2200 2133 (26 2143 + 216 254 )
+ 2259 2131 (26 2134 — 212 251 ) + 2291 2133 (26 2144 — 215 254 )

— 2290 2131 (26 2135 — 211 254 — 251 2136 ) — 2290 2132 (26 2141 — 210 251 — 214 254 )
— 2291 2131 (26 2139 — 251 2138 — 254 2137 ) — 2291 2132 (26 2142 — 211 251 — 254 2136 )

= 2179 2204 /%203

= 2289 2132 (25 250 — 28 2140 ) + 2290 2131 (28 2135 + 211 253 + 250 2136 )
+ 2290 2132 (28 2141 + 210 250 + 214 253 ) + 2291 2131 (28 2139 + 250 2138 + 253 2137 )
+ 2291 2132 (28 2142 + 211 250 + 253 2136 )
— 2289 24 28 2133 — 2289 2131 (28 2134 + 212 250 )
— 2291 2133 (28 2144 + 215 253 ) — 2290 2133 (28 2143 — 216 253 )

= 2180 %204 /2203
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5 Dynamic Equations of the Multi-Lift Model

2181 = 2290 211 2131 + 2290 214 2132 + 2290 216 2133
+ 2291 2131 2137 + 2201 2132 2136 — 2291 215 2133

2215 = 2181 2204 /2203

2191 = 22159 + 2289 237 + 2290 242 + 2291 243

2292 = 2191 2202 / 2203

2193 = 22160 + 2289 244 + 2290 245 + 2201 246

2223 = 2193 2202 / 2203

2195 = 22161 + 2290 247 + 2291 248 — 2289 239

7224 = 2195 2202 /%203
2168 = 239 241
2171 = 238 239
2162 = 235 239
2172 = 239 240
2163 = 235 236 238
2164 = —Z35 240 — 238 239 241
2169 = 236 238 241
2167 = 235 236 240
2166 = 235 238 — 239 240 241
2165 = 240 241 — Z35 238 239
2170 = 236 240 241
2197 = 2289 236 238 2161 + 2289 2160 (237 263 + 238 2168 ) + 2200 2161 (238 2171 + 248 Z66 )
+ 2259 2159 (238 2162 — 244 263 ) + 2201 2161 (238 2172 — 247 %66 )
— 2290 2159 (238 2163 — 243 266 — 263 2164 ) — 2200 2160 (238 2160 — 242 263 — 246 266 )
— 2291 2150 (238 2167 — 263 2166 — 266 2165 ) — 2291 2160 (238 2170 — 243 263 — 266 2164 )

2225 = Z197 2202 / 2203

z198 = 2289 2160 (237 262 — 240 2168 ) + 2200 2159 (240 2163 + 243 265 + 262 2164 )
+ 2290 2160 (240 2169 + 242 262 + 246 265 ) + 2291 2159 (240 2167 + 262 2166 + 265 2165 )
+ 2291 2160 (240 2170 + 243 Z62 + 265 2164 )
— 2289 236 240 2161 — 2289 2159 (240 2162 + 244 262 )
— 2291 2161 (240 2172 + 247 265 ) — 2200 2161 (240 2171 — 248 %65 )

2226 = <198 2202 / 2203

2199 = 2290 243 2159 + 2290 246 2160 + 2290 248 2161
+ 2291 2159 2165 + 2201 2160 2164 — 2291 247 2161

2227 = 2199 2202 / 2203
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u

2205

2228

2229

2230

2231

2232

2233

2240

2241

2242

2243

2244

2245

2208

2234

2235

2236

2237

2238

2239

Uy

2209

2252

2253

2254

5 Dynamic Equations of the Multi-Lift Model

2216 Wh2 + 2217 Th2 + 2218 qh2 + 2219 Ph2 + 2220 Up2 + 2221 Up2
— 2210 Upl — 2211 VARl — 2212 Wh1 — 2213 Thl — 2214 4n1 — 2215 Phl
— 2222 Up3 — 2223 Up3 — 2224 Whp3 — 2225 Th3 — 2226 Qh3 — 2227 Ph3

Z187 2196 — <182 <2192
2173 2205 / 2203
2175 2205 [ 2203

<178 2205 /2203

= 2179 2205 /3203

<180 2205 /2203

= 2181 2205 / %203
= 2191 2201 /2203

= 2193 2201 /z203

2195 2201 /2203

2197 2201 / %203

= 2198 2201 /2203

= 2199 2201 /Z203

2174 2196 — 2177 2192
2183 2208 / 2203

2184 2208 / 2203

= 2185 2208 /2203

2186 2208 /2203

2188 2208 / 2203

= 2190 2208 /2203

2228 Up1 + 2229 Up1 + 2230 Wh1 + 2231 Th1 + 2232 Qn1 + 2233 Ph1
+ 2240 Up3 + 2241 Un3 + 2242 Wh3 + 2243 Th3 + 2244 qn3 + 2245 Ph3
— 2934 Wh2 — 2235 Th2 — 2236 Qh2 — 2237 Ph2 — 2238 Up2 — 2239 Up2

2174 2194 — 2176 2192

2183 2209 / 2203

= 2184 %209 / 2203

= 2185 2209 /2203
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5 Dynamic Equations of the Multi-Lift Model

2955 = 2186 2209 / 2203
2956 = 2188 2209 / 2203
2257 = 2190 2209 / 2203
2206 = <187 2194 — 2189 2192
2246 = 2173 2206 / 2203
2247 = 2175 2206 / 2203
2248 = 2178 2206 /%203
2249 = 2179 2206 /%203
2250 = 2180 2206 /%203
2251 = 2181 2206 /2203
2258 = 2191 2200 /%203
2259 = 2193 2200 /%203
2260 = 2195 2200 /%203
2261 = 2197 2200 / %203
2262 = 2198 2200 / %203
2263 = 2199 2200 / %203

Wy = 2252 Wh2 + 2253 Tha + 2254 qn2 + 2255 Ph2 + 2256 Up2 + 2257 Up2
T 2246 Up1l — 2247 Vhl — 2248 Wh1 — 2249 Thl — 2250 @h1 — 2251 Phl
— 2258 Up3 — 2259 Up3 — 2260 Wh3 — 2261 Th3 — 2262 Gh3 — 2263 Ph3

267 = WMR + Thl

268 = qn1 (Th1 — 267)
269 = Ph1 (Th1 — 267 )
270 = WMR + Th2

271 = qn2 (Tha — 270)
z72 = ppa (Th2 — 270)
273 = WMR + Th3

274 = qn3 (Th3 — 273)
275 = pr3 (Ths — 273)
zZ80 — dOMR01 A
zZ81 — dOMR02 — 278
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5 Dynamic Equations of the Multi-Lift Model

289 = dOM Ro3 — z79

Z83 — dOF01 — 277

Z84 — dOF02 — 278

zZ85 — dOFOg — 279

Z86 — dOT1 — 277

<88

292

293

294

295

296

297

2104

<105

2106

2107

2108

2109

2116

2117

2118

2119

2120

2121
2128

2129

2130

2264

2265

dOT3 — z79

—qn1 (280 qn1 — 281 Ph1) — Thi (280 Th1 — 282 Ph1 )
Ph1 (280 @h1 — 281 Ph1 ) — Th1 (281 Th1 — 282 qh1 )
Ph1 (280 Th1 — 282 Ph1 ) + qn1 (281 Th1 — 282 qh1 )
—qn1 (283 qn1 — 284Pn1) — Th1 (283 Th1 — 285 Ph1 )
Ph1 (283 Gt — 284 Ph1 ) — Th1 (284 Th1 — 285 Qh1 )
Pr1 (283 7h1 — 285 Ph1 ) + qn1 (284 TH1 — 285 Q1 )
—qn2 (280 qn2 — 281Pn2) — Th2 (280 Th2 — 282 P2 )
Ph2 (280 Gh2 — 281 Ph2 ) — Th2 (281 The — 282 qh2 )
Ph2 (280 Th2 — Z82Ph2 ) + qn2 (281 7Th2 — 282 qn2 )
—Qn2 (283 qna — 284 Ph2 ) — Tha (283 Th2 — 285 Ph2 )
Ph2 (283 Gh2 — 284 Ph2 ) — Th2 (284 Th2 — 285 qh2 )
Ph2 (283 The — 285 Ph2 ) + qn2 (284 Tha — 285 Qh2 )
—qn3 (280 qn3 — 281Pn3 ) — Th (280 Th3 — 282 Pn3 )
Ph3 (280 qhs — 281 Ph3 ) — Th3 (281 Ths — 282 4h3 )
Ph3 (280 Th3 — 282 Pn3 ) + qn3 (281 7h3 — 282 qn3 )
—qn3 (283 qn3 — 284 Pp3 ) — Tha (283 Th3 — 285 Ph3 )
pn3 (283 qn3 — 284 Pn3) — Th3 (284 Th3 — 285 qn3 )
Ph3 (283 Th3 — 285 Ph3 ) + qn3 (284 Th3 — 285 qn3 )
gmpr

gmmpR

gl

—23 27 0p1 — 24 20 Y1

26 29 Ph1 + 23 24 26 On1 + 23 27 28 Pn1 — 23 28 Yp1 — 26 27 29 Yn1
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2266
2267

2268

2269

2270

2271
2272

2273

2274

2275

2276

2277

2278

2279

2280

2281

2282

2283

2284

2285

2286

2287

2288

2289

2290

2291

5 Dynamic Equations of the Multi-Lift Model

23 26 Yn1 + 28 29 Pu1 + 23 24 28 On1 — 23 26 27 Ph1 — 27 28 29 Yp1
2up1 + 2289 2264 + 2290 2265 + 2291 2266 — 2y

2up — 2up1 — 2289 2964 — 2290 2265 — 2291 2266
23 24 Y1 — 27 29 O
23 26 27 Wp1 + 24 26 29 Op1 + 27 28 29 Ph1 — 23 26 Ph1 — 28 29 Yp1

26 29 Yn1 + 23 27 28 Yp1 + 24 28 29 Op1 — 23 28 Ph1 — 26 27 29 Ph1
2up1 + 2289 2269 + 2290 2270 + 2291 2271 — 20y

2up — 2vup1 — 2289 2269 — 2290 2270 — 2291 2271

2428 Y1 — %6 27 O

—24 26 Pn1 — 27 28 O

2wy + 2289 24 Op1 — 2w — 2200 2274 — 2291 2275

2wy + 2290 2274 + 2201 2275 — 2w; — 2289 24 O

Sin(ehl)

(26 249 P11 — 28 2278 On1)/ 239

z3 27 ¢h1 + 24 29 Oy

2426 On1 + 27 28 P

28 On1/ 239 — 26 252 P

23 24 Op1 — 27 29 Upa

2428 On1 — 26 27 P

2324 28 D1 — 23 26 27 On1 — 24 26 29 Yn1

23 26 D1 + 28 20 Un1 — 23 26 27 Y1 — 24 26 29 On1 — 27 28 Z9 Ph1
23 24 26 Y1 + 24 28 20 1 — 26 27 29 Op1

—23 24 26 Ph1 — 23 27 28 On1 — 24 28 29 Yna

23 28 D1 + 26 27 20 Pr1 — 26 20 Y1 — 23 27 28 Yn1 — 24 28 29 Oy
23 28 Y1 + 26 27 20 i1 — 26 29 Y1 — 23 24 26 On1 — 23 27 28 Ph1

23 24 28 Wp1 — %4 %6 29 Pr1 — 27 28 29 Op1
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2292 =

22093 =

2294 =

2205 =

5 Dynamic Equations of the Multi-Lift Model

2289 (25 251 + 26 2140 ) (Vh1 — 1) + 2289 (26 2134 — 212 251 )(Up1 — )

+ 2289 24 28 2133 Pn1 + 2290 2133 (28 2143 Pn1 + 26 2281 + 216 2282 + 254 2275 )

+ 2289 2131 (28 2134 Ph1 + 26 2283 + 212 2279 — 251 2269 )

+ 2291 2133 (28 2144 Ph1 + 26 2284 — 215 2282 — 254 2274 )

+ 2290 2131 (211 2282 + 251 2286 + 254 2266 — 28 2135 Ph1 — 26 2285 — 2136 2279 )
+ 2291 2131 (251 2289 + 254 2200 + 2137 2282 — 28 2139 Ph1 — 26 2288 — 2138 2279 )
— 2289 24 26 (W — w1 ) — 2290 (26 2143 + 216 254 ) (W — Wp1 )

— 2291 (26 2144 — 215 254 ) (W — w1 ) — 2290 (26 2135 — 211 254 — 251 2136 ) (Uh1 — U7 )
— 2290 (26 2141 — 210 251 — 214 254 )(Vh1 — V1)

— 2291 (26 2139 — 251 2138 — 254 2137 ) (Up1 — U1 )

— 2291 (26 2142 — 211 251 — 254 2136 ) (Un1 — V1) — 2289 26 27 2133 U1

— 2289 2132 (25 2279 — 28 2140 Ph1 — 26 2280 — 251 2264 )

— 2290 2132 (28 2141 Ph1 + 26 2287 + 210 2279 — 214 2282 — 251 2265 — 254 2271 )
— 2291 2132 (28 2142 Ph1 + 26 2201 + 211 2279 — 251 2266 — 254 2286 — 2136 2282 )

. . )
(26 2278 On1 + 28 249 Y1)/ %59
. 2

28 252 Pn1 + 26 On1/ 249

2289 24 28 (W1 — wp1 ) + 2201 (28 2144 + 215 253 ) (W — wp1 )

+ 2289 (25 250 — 28 2140 ) (Vh1 — V1) + 2200 (28 2143 — 216 253 ) (Wi — Wh1 )

+ 2290 (28 2135 + 211 253 + 250 2136 ) (Un1 — U1 )

+ 2290 (28 2141 + 210 250 + 214 253 ) (Uh1 — W1)

+ 2291 (28 2139 + 250 2138 + 253 2137 ) (Up1 — Uy )

+ 2291 (28 2142 + 211 250 + 253 2136 ) (V1 — U1 ) + 2289 24 26 2133 Ph1

+ 2289 27 28 2133 Op1 + 2289 2131 (26 2134 Ph1 — 28 2283 — 212 2203 — 250 2269 )
+ 2291 2133 (26 2144 Ph1 — 28 2284 — 215 2294 — 253 2274 )

— 2289 (28 2134 + 212 250 ) (Un1 — )

— 2289 2132 (28 2280 — 26 2140 Ph1 — 25 2293 — 250 2264 )

— 2290 2133 (28 2281 — 26 2143 Ph1 — 216 2294 — 253 2275 )

— 2290 2131 (26 2135 Ph1 — 28 2285 — 211 2204 — 250 2286 — 253 2266 — 2136 2293 )
— 2290 2132 (26 2141 Ph1 — 28 2287 — 210 2293 — 214 2294 — 250 2265 — 253 2271 )
— 2291 2131 (26 2139 Ph1 — 28 2288 — 250 2280 — 253 2290 — 2137 2294 — 2138 2293 )
— 2291 2132 (26 2142 Ph1 — 28 2201 — Z11 2203 — 250 2266 — 253 2286 — 2136 2294 )

2296 = 2290 211 (up1 —uy ) + 2290 214 (Vp1 — V1 ) + 2291 215 (W —wh1 ) + 2291 2136 (Vh1 — V1)

2297 =

2208 =

2299 =

+ 2291 2137 (up1 — wi ) + 2290 2131 2266 + 2290 2132 2271 + 2290 2133 2275
+ 2291 2131 2200 + 2291 2132 2286 — 2290 216 (W) — Wh1 ) — 2291 2133 2274

Up1 2267 + Ul 2268 + Up1 2272 + U 2273 + Wi 2276
+ wp1 2277 + Pr1 2296 + qr1 2295 + Th1 2292

290 224 Ph2 — 222 223 Op2

— 220 222 Ph2 — 23 %24 On2

64



5 Dynamic Equations of the Multi-Lift Model

2300 = 2wy + 2289 220 On2 — 2wpa — 2290 2298 — 2291 2299

2301
2302

2303
2304
2305
2306
Z307
2308
2309
2310
2311
2312
2313
2314
2315
2316
2317
Z318
Z319

2320

2321

= 2wpo + 2290 2298 + 2291 2299 — 2wy — 2289 220 Up2
= —219 223 Opa — 220 225 Yn2
= Sin(@hg)

(292 255 Pha — 224 2303 Ona) / 225

219 223 Yn2 + 220 225 Op2

= 220 222 Ona + 223 224 P12
= 294 Ona/ 225 — 222 258 P2
= 219 220 éhQ — 223 225 7/‘1h2
= Z19 220 ¢h2 — 223 225 9h2

= 290 %24 On2 — 222 223 Pn2

219 220 224 Pha — 219 222 223 Opa — 290 222 295 U2
219 292 Yo + 224 225 Pha + 219 220 224 Ona — 219 222 223 Pra — 223 224 225 Yo
219 222 Ph2 + 224 225 ¢h2 — 219 222 223 T/}hQ — 220 %22 225 éh2 — 293 224 225 Ph2
219 220 222 "‘/.Jh2 + 2920 224 225 Ph2 — 222 223 225 éhz

222 225 Sbh2 + 219 220 222 Op2 + 219 223 224 Sth — 219 224 7wbh2 — 222 223 225 7/%2

= 229 225 Yn2 + 219 223 224 Un2 + 220 224 225 On2 — 219 224 Pn2 — 222 223 225 P2

— 219 220 222 Ph2 — 219 223 224 Ona — 220 224 225 Y2

= 219 224 Ph2 + 222 223 225 Pha — 222 225 Yho — 219 223 224 Yh2 — 220 224 225 Op2

= 219 224 Yh2 + 222 223 225 Yha — 222 225 Ph2 — 219 220 222 Oh2 — 219 223 224 Ph2

219 220 224 ¢h2 — 220 222 225 Sth T 223 224 225 9h2

= 2290 (222 2149 — 227 260 — 257 2150 ) (W — up2)

+ 2290 (222 2155 — 226 257 — 230 260 ) (Vi — Vh2)

+ 2291 (222 2153 — 257 2152 — 260 2151 ) (W — Up2)

+ 2291 (222 2156 — 227 257 — 260 2150 ) (U1 — Un2 ) + 2289 220 224 2147 Ph2

+ 2290 2147 (224 2157 Ph2 + 222 2306 + 232 2307 + 260 2299 )

+ 2289 2145 (224 2148 Ph2 + 222 2308 + 228 2304 — 257 2309 )

+ 2291 2147 (224 2158 Ph2 + 222 2310 — 231 2307 — 260 2298 )

+ 2290 2145 (227 2307 + 257 2313 + 260 2312 — 224 2149 Ph2 — 222 2311 — 2150 2304 )
+ 2201 2145 (257 2318 + 260 2319 + 2151 2307 — 224 2153 Ph2 — 222 2317 — 2152 2304 )
— 2289 220 222 (W — wpa ) — 2289 (221 257 + 222 2154 ) (V] — Un2)

— 2290 (222 2157 + 232 260 ) (Wi — wp2 ) — 2289 (222 2148 — 228 257 ) (U — Up2 )

— 2291 (222 2158 — 231 260 ) (W1 — Wh2 ) — 2289 222 223 2147 Op2

— 2289 2146 (221 2304 — 224 7154 Ph2 — 222 2305 — 257 2302 )

— 2290 2146 (224 2155 Ph2 + 222 2314 + 226 2304 — 230 2307 — 257 2315 — 260 2316 )
— 2291 2146 (2'24 2156 Ph2 + 222 2320 + 227 2304 — 257 2312 — 260 2313 — 2150 2307 )

65



5 Dynamic Equations of the Multi-Lift Model

. . )

2300 = (222 2303 Op2 + 224 255 Pn2)/ 255
. A 2

2323 = 224 258 Ph2 + 222 Op2/ 255

2394 = 2289 220 224 (W — Wh2 ) + 2289 (224 2148 + 228 256 ) (W — Un2)
+ 2291 (224 2158 + 231 259 ) (W — wh2 ) + 2290 (224 2157 — 232 259 ) (W — Wh2)
+ 2289 290 222 2147 Ph2 + 2289 293 224 2147 On2
+ 2289 2145 (222 2148 Ph2 — 224 2308 — 228 2322 — 256 2309 )
+ 2291 2147 (222 2158 Ph2 — 224 2310 — 231 2323 — 259 2208 )
— 2289 (221 256 — 224 2154 ) (U1 — Un2 ) — 2290 (224 2149 + 227 259 + 256 2150 ) (W — Up2 )
— 2290 (224 2155 + 226 256 + 230 259 ) (V| — Vp2)
— 2291 (224 2153 + 256 2152 + 250 2151 ) (W — Up2 )
— 2291 (224 2156 + 227 256 + 259 2150 ) (V1 — Vn2)
— 2289 2146 (224 2305 — 222 2154 Ph2 — %21 2322 — 256 2302 )
— 2290 2147 (224 2306 — 222 2157 Ph2 — 232 2323 — 259 2209 )
— 2290 2145 (2’22 2149 Ph2 — 224 2311 — 227 2323 — 256 2313 — 250 2312 — 2150 2322 )
— 2290 2146 (222 2155 Ph2 — 224 2314 — 226 2322 — 230 2323 — 256 2315 — 259 2316 )
— 2291 2145 (222 2153 Ph2 — 224 2317 — 256 2318 — 259 2319 — 2151 2323 — 2152 2322 )
— 2291 2146 (222 2156 Ph2 — 224 2320 — 227 2322 — 256 2312 — 259 Z313 — 2150 2323 )

2395 = 2291 231 (W] — Wwpa ) + 2290 2145 2312 + 2290 2146 2316 + 2290 2147 2299
+ 2291 2145 2319 + 2291 2146 2313 — 2200 227 (W — Un2 ) — 2290 230 (Vi — Vh2)
— 2290 232 (W; — wha ) — 2201 2150 (U] — Vh2 ) — 2201 2151 (W — Up2 ) — 2291 2147 2298

2326 = 2u; — 2upy — 2289 2302 — 2290 2315 — 2291 2312
2397 = 2upy + 2289 2302 + 2290 2315 + 2201 2312 — 21y
2308 = 219 222 203 Una + 220 222 225 Ona + 223 224 225 P2 — 210 222 Pha — 224 225 Vn2
2329 = 20; — 2up2 — 2289 2309 — 2290 2328 — 2291 2316
2330 = 2Upo + 2289 2309 + 2290 2328 + 2791 2316 — 2U;

2331 = Ph2 2325 + Qp2 2324 + Tp2 2321 + Up 2326 + V) 2329
+ wy 2300 + Up2 2327 + Vh2 2330 + Wh2 2301

2332 = —£Z35 %239 9h3 — 236 241 1/%3

2333 = 238 241 Ph3 + 235 236 238 On3 + 235 239 240 D3 — 235 240 Uh3 — 238 239 241 Yh3
2334 = 235 238 Una + 240 241 Ph3 + 235 236 240 Onz — 235 238 239 Pha — 239 240 241 Vn3
2335 = 2up3 + 2289 2332 + 2290 2333 + 2291 2334 — 2wy

2336 = 2u; — 2up3 — 2289 2332 — 2290 2333 — 2291 2334

2337 = 235 236 Y3 — 230 241 On3

2338 = 235 238 239 Yn3 + 236 238 241 On3 + 239 240 241 Ph3 — 235 238 Ph3 — 240 241 Vn3
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2339
Z340
2341

2342
Z343
Z344

2345

2346
Z347
2348
2349
2350
2351
2352
2353
2354
2355
2356
2357
2358

2359

2360

5 Dynamic Equations of the Multi-Lift Model

= 238 241 Y3 + 235 239 240 Yn3 + 236 240 241 On3 — 235 240 Ph3 — 238 239 241 Ph3

2up3 + 2289 2337 + 2290 2338 + 2291 2339 — 20

= 2u; — 2up3 — 2289 2337 — 2290 2338 — 2291 2339

236 240 Ph3 — 238 239 On3
— 236 238 Ph3 — 239 240 On3

2wp3 + 2290 2342 + 2291 2343 — 2wy — 2289 236 Op3

= 2wy + 2289 236 On3 — 2wp3 — 2290 2342 — 2291 2343

sin(fp3)

. A 2
(238 261 Ph3 — 240 2346 On3) /251
235 239 Yn3 + 236 241 On3

236 238 Op3 + 239 240 Ph3

S .
= 240 On3/ 251 — 238 264 Ph3
= 235 236 Un3 — 239 241 V3

= 236 240 On3 — 238 239 Pn3

235 236 240 Ph3 — 235 238 239 On3 — 236 238 241 Vh3

= 235 238 Pn3 + 240 241 Yn3 — 235 238 239 Yn3 — 236 238 241 Un3 — 239 240 241 Pn3

235 236 238 Wn3 + 236 240 241 Ph3 — 238 239 241 On3
— 235 236 238 Ph3 — 235 239 240 On3 — 236 240 241 Vn3
235 240 Ph3 + 238 239 241 Ph3 — 238 241 Wh3 — 235 239 240 Vh3 — 236 240 241 O3

235 240 ¢h3 + 238 239 241 ¢h3 — 238 241 Sbh?: — %35 236 £38 0h3 — &35 239 240 Qbh?)

= 235 236 240 Vh3 — 236 238 241 Ph3 — 239 240 241 Op3
= 22g9 236 238 (Wh3 — wy ) + 2289 (237 263 + 238 2168 ) (Un3 — U1 )

+ 2290 (238 2171 + 248 266 ) (W3 — wy ) + 2289 (238 2162 — 244 263 ) (Un3 — Uy )

+ 2291 (238 2172 — 247 266 ) (Wh3 — Wy ) + 2289 236 240 2161 Ph3

+ 2290 2161 (240 2171 Ph3 + 238 2349 + 248 2350 + 266 2343 )

+ 2289 2159 (240 2162 Ph3 + 238 2351 + 244 2347 — 263 2337 )

+ 2291 2161 (240 2172 Ph3 + 238 2352 — 247 2350 — 266 2342 )

+ 2290 2159 (243 2350 + 263 2354 + 266 2334 — 240 2163 Ph3 — 238 2353 — 2164 2347 )
+ 2291 2159 (263 2357 + 266 2358 + 2165 2350 — 240 2167 Ph3 — 238 2356 — 2166 2347 )
— 2290 (238 2163 — 243 266 — 263 2164 ) (Un3 — U7 )

— 2290 (238 2169 — 242 263 — 246 266 ) (Un3 — V1 )

— 2291 (238 2167 — 263 2166 — 266 2165 ) (Un3 — U7 )

— 2291 (238 2170 — 243 263 — 266 2164 ) (Vn3 — U1 ) — 2289 238 239 2161 On3

— 2289 2160 (237 2347 — 240 2168 Ph3 — 238 2348 — 263 2332 )

— 2290 2160 (240 2169 Ph3 + 238 2355 + 242 2347 — 246 2350 — 263 2333 — 266 2339 )
— 2291 2160 (240 2170 O3 + 238 2359 + 243 2347 — 263 2334 — 266 2354 — 2164 2350 )
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2361

2362

2363

2364

2365

2366

2367

2368

2369

2370

2371

Z2372

2373

2374

2375

z376

5 Dynamic Equations of the Multi-Lift Model

) _ )

= (238 2346 On3 + 240 261 Pn3)/ 251
. A 2

= 240 %64 Ph3 + 238 O3/ 251

= 2289 (237 262 — 240 2168 ) (Un3 — U1 ) + 2290 (240 2163 + 243 265 + 262 2164 ) (Unz — Uy )

+ 2290 (240 2169 + 242 262 + 246 265 ) (Vng — V1)

+ 2291 (240 2167 + 262 2166 + 265 2165 ) (U3 — U7 )

+ 2291 (240 2170 + 243 262 + 265 2164 ) (V3 — V1) + 2289 236 238 2161 Ph3

+ 2289 239 240 2161 On3 + 2289 2159 (238 2162 Ph3 — 240 2351 — 244 2361 — 262 2337 )
+ 2291 2161 (238 2172 Ph3 — 240 2352 — 247 2362 — 265 2342 )

— 2289 236 240 (Wh3 — wy ) — 2289 (240 2162 + 244 Z62 ) (Un3 — uy )

— 2201 (240 2172 + 247 265 ) (Wh3 — w1 ) — 2200 (240 2171 — 248 265 ) (Wh3 — Wy )

— 2289 2160 (240 2348 — 238 2168 Ph3 — 237 2361 — 262 #332 )

— 2290 2161 (240 2349 — 238 2171 Ph3 — 248 2362 — 265 2343 )

— 2290 2159 (238 2163 Ph3 — 240 2353 — 243 2362 — 262 2354 — 265 2334 — 2164 2361 )
— 2290 2160 (238 2169 Ph3 — 240 2355 — 242 2361 — 246 2362 — 262 2333 — 265 2339 )
— 2291 2159 (238 2167 Ph3 — 240 2356 — 262 2357 — 265 2358 — 2165 2362 — 2166 2361 )
— 2291 2160 (238 2170 Ph3 — 240 2350 — 243 2361 — 262 2334 — 265 2354 — 2164 2362 )

2290 243 (ung —w; ) + 2290 246 (Vng — U1 ) + 2290 248 (Wh3 — wy ) + 2291 2164 (Vh3 — V1)
+ 2291 2165 (un3 — Wi ) + 2290 2159 2334 + 2290 2160 2339 + 2290 2161 2343
+ 2291 2159 2358 + 2291 2160 2354 — 2201 247 (Wh3 — Wy ) — 2291 2161 2342

Up3 2335 + Up3 2340 + Wh3 2344 + Ph3 2364 + qn3 2363
+ Tp3 2360 1+ U 2336 + U1 2341 + Wi 2345

(2202 2365 + 2204 2297 — 2207 2331 )/ 7203
(2201 2365 + 2205 2297 — 2208 2331 )/ 2203
(2200 2365 + 2206 2207 — 2209 2331 )/ 2203

MR TR
2130 2246 + Fp1 3211 + Fpi9210 + 2129 25 27

+ 2128 (25 27 — 210 215 — 211 216 ) — 2129 210 #15 — 2129 211 216

MR TR
2130 2247 + Fp1 3214 + Fpi9213 + 2129 27 212

+ 2128 (27/212 — 213215 — 214 Zlﬁ) — 2129 213 215 — 2129 214 216

MR TR 2 2 2 2., .2 | .2
2130 2248 + Fp1 3216 + Fpi2215 — 2120 27 — 2129 215 — 2129 216 — 2128 (27 + 215 + 216)

= 282 2129

281 2129

MR MR TR
Tyi 1+ 281 Fpy 3+ 2130 2251 + 2372 215 — 288 Fp12 — 2373 216 — 2128 (284 216 — 285 215 )
%80 129

MR | IR MR
Ty s+ Thie + 2130 2250 + 2372 27 + 2375 216 + 2128 (283 216 + 285 27) — 280 F1 3
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5 Dynamic Equations of the Multi-Lift Model

MR TR
2377 = Th1,3 + 286 Fpyi o + 2130 2249 — 2128 (283 215 + 284 27) — 2120 (280 215 + 281 27)

MR TR
2378 = Fpg 3227 + Fyoze6 + 2120 221 223 + 2128 (201 223 — 226 231 — 227 232 )
T 2130 2256 T <129 226 £31 — <129 227 232

MR TR
2379 = Fi3230 + Fpolaz20 + 2129 223 228 + 2128 (223 228 — 229 231 — 230 232 )
— Z130 2257 — 2129 229 231 — 2129 Z30 £32

2380 = F;%%zm + F}TfQZSl — 2130 2252 — 2120 %33 — 2120 231 — 2120 230 — 2128 (253 + 23, + 235)
2381 = Tigt + 281 Figs + 2372 231 — 288 Fiia'a — 2130 2255 — 2373 232 — 2128 (284 232 — 285 231 )
382 = Thas + Thaa + 2372 223 + 2375 232 + 2128 (283 232 + 285 223 ) — 280 Flig's — 2130 2254
2383 = Thys + 286 Fliga — 2130 2253 — 2128 (283 231 + 284 223) — 2120 (280 231 + 281 223 )

MR TR
z3g4 = 2130 2258 + Fp3 3243 + Fsazaa + 2129 237 239
+ 2128 (237 239 — 242 247 — 243 248 ) — 2120 242 247 — 2129 243 248

MR TR
z385 = 2130 2259 + Fp33246 + Fp3'9245 + 2129 239 244

+ 2128 (239 244 — 245 247 — 246 248 ) — 2120 245 247 — 2129 246 748
2386 = 2130 2260 + Fig 5248 + Frig 0247 — 2120 239 — 2120 247 — 2120 Zag — 2128 (230 + 237 + 233)
2387 = Tf%ﬁ + 281 F;%I@ + 2130 2263 + 2372 247 — 288 Fﬁf’g — 2373 248 — 2128 (284 248 — 285 247 )
2388 = T;%,@ + ng + 2130 2262 + 2372 239 + 2375 248 + 2128 (283 248 + 285 239 ) — 280 F;ﬁ,j\%
2389 = T,{‘ﬁ% + 286 F,Zé"fg + 2130 2261 — 2128 (283 247 + 284 239 ) — 2120 (280 247 + 281 239 )
2300 = If) pa
2301 = I3 qu1
2392 = If3rh1
2393 = Ph1 2391 — Gh1 2390

2394 = Th1 2390 — Phl 2392

2395 = Qn1 2392 — Thl 2391
2306 = It
z397 = I35 g
2308 = I35" 267
2399 = I z6g

MR
2400 = 139" 269
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5 Dynamic Equations of the Multi-Lift Model

2401 = Ph1 2397 — 4h1 2396

2402 = 267 2396 — Phl 2398

2403 = Qh1 2398 — 267 2397
2404 = I} pho
2405 = 135 qno
2106 = I337ho
2407 = Ph2 2405 — 4h2 2404

2408 = Th2 2404 — Ph2 #2406

2409 = Gh2 2406 — T'h2 2405
za10 = I ppo
211 = 1297 gpo
212 = 1332 279
zns = I 2n
za1a = 1597 279
2415 = Ph2 2411 — Gh2 2410

2416 = 270 2410 — Ph2 2412

2417 = Gh2 2412 — 270 2411
zas = If1 prs
2419 = 135 qn3
2490 = I357n3

2421 DPh3 2419 — 4h3 2418

2422 = Th3 2418 — Ph3 2420

2423 = Qn3 2420 — Th3 2419
zaoq = I pa
2195 = 1397 g3
2196 = I33% 273
zaor = I 2y
2408 = 195" 275

2429 = DPh3 2425 — (h3 %424
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2430

2431

2432

2433

2434

2435

2436

2437

2438

2439

2440

2441

2442

2443

2444

2445

2446

2447

2448

2449

2450

2451

2452

2453

2454

2455

2456

2457

2458

5 Dynamic Equations of the Multi-Lift Model

= 273 2424 — Ph3 2426

= (Qh3 2426 — 273 2425

mp (283 210 — 284 25 ) + Mur (280 210 — 281 25 )
276 (25 27 — 210 215 — 211 216 )
—mp (283 211 — 285 25 ) — MMR (280 211 — 282 25 )

276 (ZE% + Z%o +211)

= 276 (25 212 + 210 213 + 211 214 )

mp (284 211 — 285 210 ) + MR (281 211 — 282 210 )

mp (25 205 + 210 206 + 211 207 ) + MR (25 292 + 210 203 + 211 204 )
mp (283 213 — 284 212 ) + mur (280 213 — 281 212 )

z76 (27 212 — 213 215 — 214 216 )

—mp (283 214 — 285 212 ) — MMR (280 214 — 282 212 )

276 (212 + 213 + 214)

mp (284 214 — 285 213 ) + MR (281 214 — 282 213 )

mp (212 295 + 213 296 + 214 297 ) + Mur (212 202 + 213 203 + 214 204 )
mp (283 215 + 284 27) + Mg (280 215 + 281 27)

276 (27 + 275 + 215)

—mp (283 216 + 285 27 ) — MR (280 216 + 282 27)

mp (284 216 — 285 215 ) + MR (281 216 — 282 215 )

—mp (27 205 — 215 206 — 216 297 ) — MR (27 202 — 215 203 — 216 294 )
Iy + LY+ mp (2 + 285) + mur (23 + 2%)

—Mp 283 285 — MMR 280 282

= —IMF 283 284 — MMR 280 <81

2395 + 2403 + mp (284 297 — 285 296 ) + MM (281 294 — 282 293 ) — 2399

= I}y + 9% +mp (235 + 235) + mur (250 + 282)

—NF 284 285 — MMR 281 282

2394 + 2400 + 2402 — M (283 297 — 285 295 ) — MMR (280 294 — 282 292 )
F MR 2 2 2 2

I35 + I33" + mp (255 + 254) + mug (250 + 2351)

2393 + 2401 + mp (283 296 — 284 295 ) + MMR (280 293 — 281 292 )
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2459

2460

2461

2462

2463

2464

2465

2466

2467

2468

2469

2470

2471

2472

2473

2474

2475

2476

z4T7T

2478

2479

2480

2481

2482

2483

2484

2485

2486

5 Dynamic Equations of the Multi-Lift Model

mp (283 226 — 284 221 ) + MuR (280 226 — 281 221 )

276 (221 223 — 226 231 — 227 232)

—mp (283 227 — 285 221 ) — MMR (280 227 — 282 221 )

276 (231 + 236 + 237)

276 (221 208 + 226 229 + 227 230 )

mp (284 227 — 285 226 ) + Mg (281 227 — 282 226 )

mp (221 2107 + 226 2108 + 227 2109 ) + Mmr (221 2104 + 226 2105 + 227 2106 )
mp (283 229 — 284 228 ) + Mmumr (280 229 — 281 228 )

276 (223 228 — 229 231 — 230 232 )

—mp (283 230 — 285 228 ) — MMR (280 230 — 282 228 )

276 (233 + 239 + 230)

mp (284 230 — 285 220 ) + Mur (281 230 — 282 229 )

mp (228 2107 + 229 2108 + 230 2109 ) + M MR (228 2104 + 229 2105 + 230 2106 )
mp (283 231 + 284 223 ) + Mur (280 231 + 281 223 )

276 (233 + 231 + 232)

—mp (283 232 + 285 223 ) — MR (280 232 + 282 223 )

mp (284 232 — 285 231 ) + Mur (281 232 — 282 231 )

—mp (223 2107 — 231 2108 — 232 2109 ) — MMR (223 2104 — 231 2105 — 232 2106 )
2409 + 2417 +MF (Z84 2109 — 285 2108 ) + mMpR (281 2106 — %82 2105 ) — 2413
z408 + 2414 + 2416 — MF (283 2109 — 285 2107 ) — MMR (280 2106 — 282 2104 )
2407 + 2415 + mp (283 2108 — 284 2107 ) + MMr (280 2105 — 281 2104 )

mp (283 242 — 284 237 ) + MR (280 242 — 281 237 )

276 (237 239 — 242 247 — %43 %48 )

—mp (283 243 — 285 237 ) — MMR (280 243 — 282 237 )

276 (237 + 245 + 233)

276 (237 244 + 242 245 + 243 246 )

mp (284 243 — 285 242 ) + mMMR (281 243 — 282 242 )

mp (237 2119 + 242 2120 + 243 2121 ) + Mur (237 2116 + 242 2117 + 243 2118 )
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2487

2488

2489

2490

2491

2492

2493

2494

2495

2496

2497

2498

2499

2500

2501

2502

2503

2504
2505
2506
2507
2508
2509
2510
2511
2512
2513
2514
Z515

2516

5 Dynamic Equations of the Multi-Lift Model

mp (283 245 — 284 244 ) + MuR (280 245 — 281 244 )

276 (239 244 — 245 247 — 246 748 )

—mp (283 246 — 285 244 ) — MMR (280 246 — 282 244 )

276 (244 + 245 + 235)

mp (284 246 — 285 245 ) + MMR (281 246 — 282 245 )

mp (244 2119 + 245 2120 + 246 2121 ) + Myr (244 2116 + 245 2117 + 246 2118 )
mp (283 247 + 284 239 ) + MR (280 247 + 281 239 )

216 (239 + 247 + 215)

—mp (283 248 + 285 239 ) — MM (280 248 + 282 239 )

mp (284 248 — 285 247 ) + MR (281 248 — 282 247 )

—mp (239 2119 — 247 2120 — 248 2121 ) — MMR (239 2116 — 247 2117 — 248 2118 )
2423 + 2431 + mp (284 2121 — 285 2120 ) + MMR (281 2118 — 282 2117 ) — 2427
2492 + 2428 + 2430 — M (283 2121 — 285 2119 ) — MMR (280 2118 — 282 2116 )
2421 + 2429 + mp (283 2120 — 284 2119 ) + Mur (280 2117 — 281 2116 )

Ly 2210

lyp 2208

lip 2246

2435 + 2210 2501 1 2228 2502 1 2246 2503

= Z436 + 2211 2501 + 2229 2502 + 2247 2503

2212 2501 + 2230 2502 + 2248 2503 — 2433

= 2437 + 2215 2501 + 2233 2502 + 2251 2503
= 2434 + 2214 2501 + 2232 2502 + 2250 2503
= 2432 + 2213 2501 + 2231 2502 + 2249 2503
= —Z2220 2501 — 2238 2502 — 2256 2503
= —2221 2501 — 2239 2502 — 2257 2503
= 2216 2501 — 2234 2502 — 2252 2503
= —2219 2501 — 2237 2502 — %255 2503
= —Z2218 2501 — 2236 2502 — 2254 2503

= TR2217 2501 — 22352502 — 2253 2503

2222 2501 + 2240 2502 + 2258 2503
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2517
2518
Z519
2520
2521
2522
2523
2524
2525
2526
Z527
2528
2529
2530
2531
2532
2533
2534
2535
2536
2537
2538
2539
2540
2541
2542
2543
2544
2545
2546
2547

2548

5 Dynamic Equations of the Multi-Lift Model

2223 2501 + 2241 2502 + 2259 2503

= 2224 2501 t+ 2242 2502 + 2260 2503
= 2927 2501 T 2245 2502 + 2263 2503
= 2226 2501 + 2244 2502 + 2262 2503

= 29225 2501 + 2243 2502 + 2261 2503

z438 + 2501 2366 + 2502 2367 1 2503 2368
Ly 2211
Ly 2229

Ly 2247

= 2436 1 2210 2523 + 2228 2524 + 2246 2525

= 2442 + 2211 2523 + 2229 2524 + 2247 2525

2212 2523 + 2230 2524 + 2248 2525 — 2440

= 2443 + 2215 2523 + 2233 2524 + 2251 2525
= 2441 + 2214 #523 + 2232 2524 + 2250 2525
= 2439 + 2213 2523 + 2231 2524 + 2249 2525
= 2220 2523 — 2238 2524 — 2256 <525

= 2221 2523 — 2239 2524 — 2257 2525

= —2216 %523 — 2234 2524 — 2252 2525

= —2219 2523 — 2237 2524 — 2255 2525

= —2218 2523 — 2236 2524 — 2254 2525

= —2217 2523 — 2235 2524 — 2253 2525

= 2222 2523 + 2240 2524 + 2258 2525

= 2923 2523 1 2241 Z524 + 2259 2525

= 2224 2523 + 2242 2524 + 2260 #525

= 2927 2523 1 2245 2524 + 2263 2525

= 2226 2523 + 2244 2524 + 2262 2525

= 2925 2523 T 2243 2524 + 2261 2525

Z444 + 2523 2366 + 2524 2367 1 2525 2368
lLp 2212
Lyp 2230

Ly 2248

= 2910 2545 T 2228 2546 T 2246 2547 — 2433
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2549
2550
2551
2552
2553
2554
2555
2556
2557
2558
2559
2560
2561
2562
2563
2564
2565
2566
2567
2568
2569
2570
2571
2572
Z573
2574
2575
2576
Z577
Z578
2579
2580

2581

5 Dynamic Equations of the Multi-Lift Model

2211 2545 + 2229 2546 + 2247 2547 — 2440

= 2446 T 2212 2545 + 2230 2546 1 2248 2547
= 2448 + 2215 2545 + 2233 2546 1 2251 2547
= 2447 + 2214 Z545 + 2232 2546 1 2250 2547
= 2445 + 2213 2545 + 2231 2546 1 2249 2547

= X220 545 — 2238 2546 — <256 2547

TR2221 545 T 2239 2546 T X257 2547

TRZ216 2545 T 2234 2546 T 2252 2547

= X219 545 — 2237 2546 — <255 2547

= TR2218 2545 T 2236 2546 — 2254 2547

—R217 #545 — 2235 2546 — 2253 2547

2222 2545 + 2240 2546 + 2258 2547

= 2923 2545 T 2241 2546 T 2259 2547
= 2924 2545 + 2242 2546 T 2260 2547

= 2227 2545 + 2245 2546 + 2263 2547

29226 2545 + 2244 Z546 + 2262 2547

2225 2545 + 2243 Z546 + 2261 2547

= 2449 + 2545 2366 + 2546 2367 T 2547 2368

Ly 2215
Ly 2233

lip 2251

= 2437 + 2210 2567 + 2228 2568 1 2246 2569
= 2443 + 2211 2567 + 2229 2568 + 2247 2569
= 2448 + 2212 2567 + 2230 2568 1 2248 2569
= 2450 + 2215 2567 + 2233 2568 1 2251 2569
= Z452 + 2214 2567 + 2232 2568 1 2250 2569

= 2451 + 2213 2567 + 2231 2568 + 2249 2569

—R220 #567 — 2238 2568 — 2256 2569

= TR221 2567 T 2239 568 T 2257 Z569
= TR216 567 — 2234 568 — 2252 2569

= 2219 2567 — 2237 #568 — <255 £569

—R218 567 — 2236 £568 — 2254 2569

= TR217 2567 — 2235 2568 — <253 £569
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2582
2583
2584
2585
2586
2587
2588
2589
2590
2591
2592
2593
2594
2595
2596
2597
2598
2599
2600
2601
2602
2603
2604
2605
2606
2607
2608
2609
2610

2611

5 Dynamic Equations of the Multi-Lift Model

= 2222 Z567 1 2240 2568 + 2258 2569
= 2223 2567 1 2241 2568 + 2259 2569
= 2224 2567 + 2242 2568 1 2260 2569
= 2227 Z567 1 2245 2568 + 2263 2569
= 2226 2567 + 2244 2568 1 2262 2569
= 2225 2567 1 2243 2568 + 2261 2569

= Z453 + 2567 2366 1 2568 2367 1 2569 2368

Ly 2214
lip 2232

Lyp 2250

= 2434 + 2210 2589 + 2228 2590 + 2246 2591

Z441 + 2211 2589 + 2229 2590 + 2247 2591

= 2447 + 2212 2589 + 2230 2590 + 2248 2591

= Z452 + 2215 2589 + 2233 2590 + 2251 2591

Z454 + 2214 2589 + 2232 2590 + 2250 2591

= Z455 + 2213 2589 + 2231 2590 + 2249 2591
= —2990 2589 — 2238 2590 — 2256 2591

= X221 2589 — 2239 2590 — <257 2591

—R216 #589 — 2234 Z590 — 2252 2591

= —2219 2589 — 2237 2590 — 2255 2591
= —2218 2589 — 2236 590 — 2254 2591
= —2217 Z589 — 2235 2590 — %253 2591
= 2222 Z589 1 2240 2590 T 2258 2591
= 2223 2589 + 2241 2590 + 2259 2591

= 2924 2589 + 2242 2590 + 2260 2591

2227 2589 + 2245 2590 + 2263 2591

= 2226 2589 + 2244 2590 + 2262 2591

= 2925 2589 + 2243 2590 + 2261 2591

z456 + 2589 2366 + 2590 2367 1 2591 2368

= lyp 2213

2612 = lip 2231

2613 = lip 2249
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2614
2615
2616
2617
2618
2619
2620
2621
2622
2623
2624
2625
2626
2627
2628
2629
2630
2631
2632

2633

2634

2635
2636
2637
2638
2639
2640
2641
2642
2643
2644
2645

2646

5 Dynamic Equations of the Multi-Lift Model

= 2432 1 2210 2611 + 2228 2612 + 2246 2613
= 2439 + 2211 %611 + 2229 2612 + 2247 2613
= 2445 + 2212 %611 + 2230 2612 1 2248 %613
= Z451 + 2215 2611 + 2233 2612 + 2251 2613
= Z455 + 2214 2611 + 2232 2612 1 2250 2613
= 2457 + 2213 2611 + 2231 2612 1 2249 2613
= 2220 2611 — 2238 2612 — 2256 <613

= 2221 2611 — 2239 2612 — 2257 2613

= —Z216 2611 — 2234 2612 — 2252 %613

= —2219 2611 — 2237 2612 — 2255 2613

= TZ2218 2611 — 2236 2612 — 2254 2613

= TZ2217 2611 — 22352612 — 2253 2613

= 2222 2611 + 2240 2612 1 2258 2613

= 2223 2611 + 2241 2612 1 2259 2613

= 2224 2611 + 2242 2612 t+ 2260 2613

2227 2611 + 2245 2612 + 2263 2613

2226 2611 + 2244 2612 1 2262 2613

= 2925 2611 T 2243 2612 + 2261 2613

Z458 + 2611 2366 1+ 2612 2367 1 2613 2368
Ly 2220
Ly 2238

Ly 2256

= X210 %633 — 2228 2634 — <246 2635

2211 2633 — 2229 2634 — 2247 2635

= 2212 2633 — 2230 2634 — 2248 2635
= —Z215 %633 — %233 2634 — 2251 2635

= X214 2633 — 2232 2634 — 2250 2635

—R213 2633 — 2231 2634 — 2249 2635

= Z462 + 2220 2633 + 2238 2634 1 2256 2635

= 2463 + 2221 2633 + 2239 2634 + 2257 2635

2216 2633 + 2234 2634 + 2252 2635 — 2460

= Z464 + 2219 2633 + 2237 2634 1 2255 2635

= 2461 + 2218 2633 + 2236 2634 + 2254 2635
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2647
2648
2649
2650
2651
2652
2653
2654
2655
2656
2657

2658
2659
2660
2661
2662
2663
2664
2665
2666
2667
2668
2669
2670
2671
2672
2673
2674
2675
2676

2677

5 Dynamic Equations of the Multi-Lift Model

= 2459 + 2217 2633 + 2235 2634 + 2253 2635
= 2222 2633 — 2240 2634 — 2258 2635
= TR2223 2633 — 2241 #4634 — <259 2635
= —2224 2633 — 2242 2634 — 2260 2635
= —2227 2633 — 2245 2634 — %263 2635
= TR2226 2633 — 2244 2634 — 2262 2635
= —2225 2633 — 2243 2634 — 2261 2635

= 2465 — 2633 2366 — 2634 2367 — 2635 <368

Lyp 2221
Ly 2239

Ly 2257

= —Z210 %655 — 2228 2656 — 2246 2657
= TR2211 2655 — 2229 2656 — 2247 2657
= —Z212 %655 — 2230 2656 — 2248 2657
= —Z215 %655 — 2233 2656 — 2251 2657

= —X2214 2655 — 2232 2656 — <2250 2657

—Z2213 2655 — 2231 2656 — 2249 2657

= z463 + 2220 2655 + 2238 2656 1+ 2256 2657

z469 + 2221 2655 + 2239 2656 1+ 2257 2657

= 2216 2655 T 2234 2656 + 2252 2657 — 2467
= 2470 + 2219 2655 + 2237 2656 1 2255 2657
= 2468 1 2218 2655 + 2236 2656 1 2254 2657
= 2466 1 2217 2655 + 2235 2656 1 2253 2657
= 2222 2655 — 2240 2656 — 2258 2657

= X223 2655 T 2241 2656 — <259 2657

2224 2655 T 2242 2656 — 2260 2657

= X227 2655 — 2245 2656 — <263 2657

TR226 2655 T 2244 2656 — 2262 2657

= 2225 2655 — 2243 2656 — 2261 2657
= 2471 — 2655 2366 — 2656 2367 — <657 368

= Ly 2216

2678 = lip 2234
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2679
2680
2681
2682
2683
2684
2685
2686
2687
2688
2689
2690
2691
2692
2693
2694
2695
2696
2697
2698
2699
2700
Z701
2702
2703
2704
2705
2706
2707
2708
2709

2710

5 Dynamic Equations of the Multi-Lift Model

= lyp 2252

= —2210 2677 — 2228 2678 — 2246 2679

= TR211 2677 — 2229 2678 — 2247 2679

= —2212 2677 — 2230 2678 — 2248 2679

= —Z2215 2677 — 2233 2678 — 2251 2679

= TR2214 2677 — 2232 2678 — 2250 2679

= —2213 2677 — 2231 2678 — 2249 2679

2220 2677 + 2238 2678 + 2256 2679 — 2460
= 2221 %677 1 2239 2678 + 2257 2679 — 2467
= 2473 + 2216 2677 + 2234 2678 1 2252 2679
= 2475 1 2219 2677 + 2237 2678 1 2255 2679
= 2474 + 2218 2677 + 2236 2678 1 2254 2679
= 2472 + 2217 2677 + 2235 2678 1 2253 2679
TR2222 2677 T 2240 2678 — <258 2679

= TR223 2677 — <241 2678 — 2259 2679
—2224 2677 — 2242 2678 — 2260 2679
—2227 2677 — 2245 2678 — 2263 2679

= —2926 2677 — 2244 2678 — 2262 2679

= —2925 2677 — 2243 2678 — 2261 2679

= 2476 — 2677 2366 — 2678 2367 — 2679 2368
=l 2219

=l 2937

=l 2255

= —Z2210 2699 — 2228 2700 — 2246 2701

= TZ2211 2699 — 2229 2700 — 2247 2701

= —Z2212 2699 — 2230 2700 — 2248 2701

= —Z215 2699 — 2233 2700 — 2251 2701
—Z2214 2699 — 2232 2700 — 2250 2701

= —Z2213 2699 — 2231 2700 — 2249 2701

= 2464 1 2220 2699 + 2238 2700 1 2256 2701
= 2470 + 2221 2699 + 2239 2700 1 2257 2701

= Z475 + 2216 2699 + 2234 2700 + 2252 2701
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2711
2712
2713
2714
2715
2716
Z717
2718
2719
2720
2721

2722

2723
2724
Z725
2726
2727
2728
2729
2730
2731
2732
2733
2734
2735
2736
2737
2738
2739
2740
2741

2742

5 Dynamic Equations of the Multi-Lift Model

= Z450 + 2219 2699 + 2237 2700 + 2255 2701

= 2452 + 2218 2699 + 2236 2700 + 2254 2701

Z451 + 2217 2609 + 2235 2700 + 2253 2701

= 2222 2699 — 2240 2700 — 2258 2701
= —Z2223 2699 — 2241 2700 — 2259 2701

= T2224 2699 — 2242 2700 — 2260 <701

2227 2699 T 2245 2700 — 2263 2701

= TR226 2699 — 2244 2700 — 2262 2701

= X225 2699 — 2243 2700 — 2261 2701

2477 — 2699 7366 — 2700 2367 — 2701 2368
Ly 2218
Ly 2236

lip 2254

= TZ210 2721 — 2228 2722 — 2246 2723
= TZ211 2721 — 2229 2722 — 2247 2723
= TR212 2721 — 2230 A722 — 2248 2723
= 2215 2721 — 2233 2722 — 2251 2723
= TZ2214 2721 — 2232 2722 — 2250 2723

= TR213 2721 — 2231 <722 — 2249 2723

Z461 + 2220 2721 + 2238 2722 + 2256 2723

z468 + 2221 2721 + 2239 2722 + 2257 2723

= 2474 + 2216 2721 + 2234 2722 + 2252 2723

Z452 + 2219 2721 + 2237 2722 + 2255 2723

2454 + 2218 2721 + 2236 2722 1 2254 2723

= Z455 + 2217 2721 + 2235 2722 + 2253 2723
= TR222 2721 — 2240 722 — 2258 2723
= 2223 2721 — 2241 2722 — 2259 2723
= TZ2224 2721 — 2242 2722 — 2260 2723
= TZ227 2721 T 2245 2722 — 2263 2723

= TR226 2721 T 2244 2722 — 2262 2723

TR225 2721 T 2243 722 T 2261 2723

2478 — 2721 2366 — <722 367 — 2723 2368
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5 Dynamic Equations of the Multi-Lift Model

2743 = by 2917
2744 = lyp 2235

2745 = lp 2953

2746 = TRZ210 2743 — 2228 2744 — 2246 2745
2747 = TRZ211 2743 — 2229 2744 — 2247 2745
2748 = X212 2743 — 2230 744 — 2248 2745
2749 = TZ215 2743 — 2233 2744 — 2251 2745
2750 = TRZ214 2743 — 2232 2744 — 2250 2745

2751 = TR213 2743 — 2231 2744 — 2249 2745

2752 = 2459 + 2220 2743 + 2238 2744 + 2256 2745
2753 = 2466 + 2221 2743 + 2239 2744 + 2257 2745
2754 = Z472 + 2216 2743 + 2234 2744 + 2252 2745
2755 = 2451 + 2219 2743 + 2237 2744 + 2255 2745
2756 = 2455 + 2218 2743 + 2236 2744 + 2254 2745

2757 = 2457 + 2217 2743 + 2235 2744 + 2253 2745

2758 T TZ222 2743 — 2240 2744 — 2258 2745
2759 = TR223 2743 — 2241 2744 — 2259 2745
2760 = TR224 2743 — 2242 2744 — 2260 2745
2761 T TZ227 2743 T 2245 2744 — 2263 2745
2762 T TZ226 743 — 2244 2744 — 2262 2745
2763 = TR225 2743 — 2243 2744 — 2261 2745

2764 = 2479 — 2743 2366 — 2744 2367 — 745 2368
2765 = Ly 2222

2766 = lp 2240

2767 = lp 2258

2768 = 2210 2765 1T 2228 2766 + 2246 2767

2769 = 2211 2765 1 2229 2766 + 2247 2767

2770 = 2212 2765 T 2230 2766 + 2248 2767
2771 = 2215 2765 1 2233 2766 + 2251 2767
Z772 = 2214 2765 1 2232 2766 + 2250 2767
2773 = 2213 2765 1 2231 2766 + 2249 2767

R774 = TR220 2765 T 2238 2766 — <256 2767
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5 Dynamic Equations of the Multi-Lift Model

2775 = TR221 2765 T 2239 2766 — <257 2767
2776 = TR216 765 — <234 2766 — <252 2767
R777 = TR219 2765 — 2237 2766 — <255 2767
R778 = TR218 2765 T 2236 2766 — <254 2767
2779 = TR217 2765 — 2235 2766 — 2253 2767

2780 = 2483 + 2222 2765 T 2240 2766 + 2258 2767
2781 = 2484 + 2223 2765 1 2241 2766 T 2259 2767
2782 = 2224 2765 T 2242 2766 + 2260 2767 — 2481
2783 = 2485 1 2227 2765 + 2245 2766 + 2263 2767
2784 = 2482 + 2226 2765 T 2244 2766 + 2262 2767
2785 = 2480 + 2225 2765 T 2243 2766 + 2261 2767
2786 = 2486 1 2765 2366 T+ 2766 2367 1+ 2767 2368
2787 = lyp 2223

2788 = lpp 2241

2789 = ly 2259

2790 = 2210 2787 + 2228 2788 + 2246 2789

2791 = 2211 2787 + 2229 2788 + 2247 2789

2792 = 2212 2787 1 2230 2788 + 2248 2789

2793 = 2215 2787 1 2233 2788 + 2251 2789

2794 = 2214 2787 + 2232 2788 + 2250 2789

Z795 = 2213 2787 + 2231 2788 + 2249 2789

2796 — X220 2787 T 2238 2788 <256 <789
2797 = TR221 K787 — 2239 2788 — 2257 2789
2798 = TR216 A787 T 2234 2788 — 2252 2789
2799 = X219 2787 — X237 2788 — 2255 2789
2800 = TR218 2787 — 2236 2788 — 2254 2789
2801 = TR217 2787 — <235 2788 — 2253 2789

2802 = 2484 * 2222 2787 —+ 2240 2788 + 2258 2789
2803 = 2490 1 2223 2787 ~+ 2241 2788 + 2259 2789
2804 = 2224 2787 *+ 2242 2788 ~+ 2260 2789 — 2488
2805 = 2491 + 2227 2787 + 2245 2788 + 2263 2789
2806 = 2489 + 2226 2787 1 2244 2788 + 2262 2789

2807 = 2487 + 2225 2787 + 2243 2788 + 2261 2789
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5 Dynamic Equations of the Multi-Lift Model

2808 = 2492 + 2787 2366 T 2788 2367 + 2789 2368
2809 = lp 2224

2810 = lip 2242

2811 = lip 2260

2812 = 2210 2809 1 2228 2810 + 2246 2811

2813 = 2211 2809 1 2229 2810 + 2247 2811

2814 = 2212 2809 + 2230 2810 T 2248 2811

2815 = 2215 2809 + 2233 2810 T 2251 2811

2816 = 2214 2809 1 2232 2810 ~+ 2250 2811

Z817 = 2213 2809 + 2231 2810 + 2249 2811

2818 = 2220 2809 — 2238 Z810 — 2256 2811
2819 = —Z221 2809 — 2239 #4810 — 2257 2811
2820 = X216 2809 — <234 2810 — <252 2811
2821 = —Z219 2809 — 2237 2810 — 2255 2811
2822 = —Z218 2809 — 2236 2810 — 2254 2811
2823 = —Z217 2809 — 22352810 — 2253 2811

2824 = 2222 2809 1 2240 2810 T 2258 2811 — 2481
2825 = 2223 2809 1 2241 2810 + 2259 2811 — 2488
2826 = 2494 + 2224 2809 1 2242 2810 + 2260 2811
Z827 = 2496 + 2227 2809 + 2245 2810 + 2263 2811
2828 = 2495 + 2226 2809 + 2244 2810 + 2262 2811
2829 = 2493 + 2225 2809 + 2243 2810 + 2261 2811
2830 = 2497 + 2809 2366 + 2810 2367 T 2811 2368
2831 = lyp 2007

2832 = lp 2245

2833 = lpp 2263

2834 = 2210 2831 1 2228 2832 + 2246 2833

2835 = 2211 2831 + 2229 2832 + 2247 2833

%836 = 2212 2831 1 2230 2832 + 2248 2833
2837 = 2215 %831 1 2233 2832 + 2251 2833
%838 = 2214 2831 1 2232 2832 + 2250 2833

2839 = 2213 2831 + 2231 2832 1+ 2249 2833
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2840
2841
2842
2843
Z844
2845
2846
z847
2848
2849
2850
2851
2852
2853
2854
2855
2856
2857
2858
2859
2860
2861
2862
2863
2864
2865
2866
2867
2868
2869
2870
2871

2872

5 Dynamic Equations of the Multi-Lift Model

= 2220 2831 — 2238 #832 — <256 <833

2221 2831 — 2239 2832 — <257 2833

2216 2831 — <234 2832 — <252 2833

= —Z2219 2831 — 2237 2832 — 2255 2833
= —2218 2831 — 2236 2832 — 2254 2833
= —Z217 2831 — 2235 2832 — 2253 2833
= 2485 T 2222 2831 + 2240 2832 1 2258 2833
= 2491 + 2223 2831 + 2241 2832 1 2259 2833
= 2496 1 2224 2831 + 2242 2832 + 2260 2833
= 2450 + 2227 2831 + 2245 2832 + 2263 2833
= 2452 + 2226 2831 + 2244 2832 + 2262 2833
= 2451 + 2225 2831 + 2243 2832 + 2261 2833

= Z498 + 2831 2366 + 2832 2367 1 2833 2368

Ly 2226
lip 2244

lip 2262

= 2210 2853 + 2228 2854 + 2246 2855

2211 2853 + 2229 2854 + 2247 2855

2212 2853 + 2230 2854 + 2248 2855

= 2215 2853 + 2233 2854 + 2251 2855
= 2914 2853 T 2232 2854 + 2250 2855

= 2213 2853 + 2231 2854 + 2249 2855

—R220 #853 — 2238 2854 — 2256 2855

—R221 #2853 — 2239 2854 — 2257 2855

= X216 2853 — <234 2854 — <252 <855
= 2219 2853 — 2237 #4854 — <255 2855

= X218 2853 — 2236 2854 — <254 2855

—R217 #2853 — 2235 2854 — 2253 2855

= 2482 + 2222 2853 + 2240 2854 1 2258 2855
= 2489 + 2293 2853 + 2241 2854 + 2259 2855
= 2495 + 2224 2853 + 2242 2854 + 2260 2855
= 2452 + 2227 2853 + 2245 2854 + 2263 2855

= 2454 + 2226 2853 + 2244 2854 + 2262 2855
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5 Dynamic Equations of the Multi-Lift Model

2873 = 2455 + 2225 2853 T 2243 2854 + 2261 2855
2874 = 2499 1 2853 2366 + 2854 2367 1 2855 £368
2875 = lp 2205

2876 = lp 2243

2877 = lip 2261

2878 = 2210 2875 1 2228 2876 ~+ 2246 2877

2879 = 2211 2875 T 2229 2876 ~+ 2247 2877

2830 = 2212 2875 + 2230 2876 1 2248 2877

2881 = 2215 2875 1 2233 2876 + 2251 2877

2882 = 2214 2875 + 2232 2876 1 2250 2877

%883 = 2213 2875 1 2231 2876 + 2249 2877

2884 = TR220 2875 — 2238 2876 — 2256 <877
2885 = TR221 2875 — 2239 2876 — <257 2877
2886 — 216 2875 — <234 2876 — <252 2877
2887 = X219 2875 — 2237 2876 — <255 2877
2888 = TR218 2875 — 2236 2876 — <254 2877
2889 = TR217 2875 — 2235 2876 — <253 2877

2890 = 2480 + 2222 2875 T 2240 2876 + 2258 2877
2891 = 2487 + 2223 2875 + 2241 2876 + 2259 2877
2892 = 2493 + 2224 2875 + 2242 2876 + 2260 2877
2893 = 2451 1 2227 2875 + 2245 2876 1 2263 2877
2894 = 2455 1 2226 2875 + 2244 2876 + 2262 2877
2895 = 2457 + 2225 2875 T 2243 2876 + 2261 2877
2896 = 2500 1 2875 2366 T 2876 2367 + 2877 2368
2897 = 2369 — 2522
2898 = 2370 — 2544
2899 = 2371 — 2566
2900 = 2374 — 2588
2901 = 2376 — 2610
2902 = 2377 — %632
2903 = 2378 — 2654
2904 = 2379 — 2676
2905 = 2380 — 2698
2906 = 2381 — 2720
2907 = 2382 — 2742
2908 = 2383 — 2764
2909 = 2384 — 2786
2910 = 2385 — 2808
2911 = 2386 — 2830
2912 = 2387 — 2852
2913 = 2388 — 2874
2914 = 2389 — 2896
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6 Dynamic Equations of the
Translational Multi-Lift Model

The following sections present the dynamic equations of the translational model for
multi-lift configurations, which is described in the main document [Berl3, pages 100ff.].

6.1 Dynamic Equations

The presented dynamic equations are the solution of

G=a+M A (AMAY)*(b - Aa)

The equation itself is described in the thesis main document, see [Ber13, page 102]. The
coordinates (Ax;, Ay;, Az;) describe the position difference between the i'th helicopter
and the load. The length of the modeled ropes, connecting helicopters and load, cor-
respond to l123. The average rope length is described by [. Normally, for simulation
l = li23 is assumed, but for initial positions based on real flight data [ is only ap-
proximately equal to l123. The variable den describes a common denominator of the
equations. To achieve a compact set of equations the common denominator has been
replaced by this variable.

Arpy = xp1 — 2y
Ayn1 = Yn1 — Y
Azpy = 2p1 — 2
Azxpy = xpo — 74
Ayn2 = Yn2 — Y1
Azpa = 2p2 — 2
Azpz = zp3 — 1y
Aynz = Yn3 — Y

Azps = zp3 — 2
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Ih1
lh2

Ih3
l
41

G2

6 Dynamic Equations of the Translational Multi-Lift Model

= (((mhg +my) (Ax,%g + Ayz?, + Az,%3) (((mhl + my) (mpe + my) (A:c%l +

Ayiy + Aziy) (AThy + Ay + Azpy)) /(mpiming) — (Azp Azpg +

Ayp1 Aypo + Azp1 Azp)?)) /(mns) — (AzpaAzps + AypaAyps +

AzpaAzps) (((ma1 +my) (Azjy + Aypy + Azpy) (AzpaAzps + AypoAyps +
AzpaAzpz)) /(1) — (AzpiAzpg + Ay Ayp + Azp Azpg) (Azp Azps +

Ayp1 Ayps + Az Azps)) + (Azp Azpg + Aypi Ayps + Az Azps) ((Azp Azpg +
Ayp1 Aypg + Azpi Azpo) (AzpeApg + AynaAyns + AzpaAzpg) — ((mp2 +

my) (Azjy + Aypg + Azjy) (Azp Azps + Ayp Ayns + Azp1 Azys)) /(mn2))) /(m})

= \/A$i2zl + Ay + Azjy

= \/Axlzﬂ + Ay + Az,

= \/Agc%:3 + Ayis + Azl

= (1) /(3) (In1 + ln2 + In3)

= ((Azp1 ((ma1 ((Azp1Azps + Ayp Ayps + Azp1 Azps) (AzpoAzys +
AypaAyns + AzpaAzpg) — (P (mag + my) (Azp Azpg + Aypi Ayps +

Az Azna)) [(mn3)) (—Azna Bl 1 — Fily oyna + Fifb oyt — Fiy 32n2 +

il szi—mig ((En2— 21+ Wn2 — )+ (Grz— £)?))) /(mn2) + (man (Azp Azps +
Ayp1 Aypa + Azpi Azpe) (AzpaAzpg + AypoAyps + AzpaAzyg) — (12 (mps +

my) (Azpy Azps + Ayp Ayps + Azp1 Azps)) /(mn2)) (—Azps Bl | — FiL yyns +
Ff oy — Fff szns + Byl sz — mps (B3 — 1) + (9ns — 01)° +

(2hs — 20)%))) /(mans) + ((I*(mn2 + my) (mas + myq)) /(mpamns) — (AzpaAzps +
AynaAyns + AzpaAzps)?) (—Azm Fi 1 — Fi oynt +

B ow — Bl szn1 + Fi gz — mn (B0 — )% +

(I — 90 + (B — 4)%)))) /(denmi) + Fif ymnn) /(miy)

= ((Ayn1 ((ma1 ((AzpAzps + Ay Ayns + Azp1 Azps) (AzpaAzps +
AynaAyns + AzpaAzps) — (1P (mps + my) (Azpi Azpa + Aypr Aype +
Azp1Azpa)) [(mns)) (—Azno Bl 1 — Fl5 oyna + Fifb oy — Fily 32no +

Fﬁ,gzz —mp2 ((Fn2 —31)% + Wn2 —90)* + (G2 — 20)?))) /(mn2) + (mp1 (Azpi Azpe+
Ayn1Ayna + Azp1 Azpa) (AzpaAzys + AypaAyns + AzpaAzps) — (1% (mps +

my) (Azp Azps + Aypi Ayps + Azpi Azng)) [(mnz)) (—Azns Byl — Fifb yyns +
il oyt — Ffh szns + Fifg gz — mg ((Bns — 80)% + (s — 00)* +

(ns — £)?))) /(mas) + ((I*(maz + my) (mas + my)) /(mpamps) — (AzpoAzps +
AynaAypz + AzpaAzps)?) (_Axth}ﬁ,l — Fﬁgyhl +

Flﬁ,2yl - F;ﬁ,gzhl + F;ﬁ,gzz —mp1 (B — @)% +

(1 — 90" + (G — 2)%)))) / (denmi) + Fyigmn) / (mis)
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6 Dynamic Equations of the Translational Multi-Lift Model

= (Azp1 (M1 ((AzpiAzpg + Ayp Ayns + Azp Azpg) (AzpoAzps +

AynoAyns + AzpaAzps) — (P (mps + mu) (Azp1 Azp + Aypi Aypo +
Azp1Azn2)) [(mn3)) (—Azna Bl — Fify oyne + i oyt — Fify szne +

F}ggzl —mp2 (B2 —20)2+ Wn2 — 0)* + Gra— 2)%))) /(m2) + (mp1 ((Azp1Azpo +
Ayp1 Aypo + Azpi Azpe) (AzpaAzpg + AypoAyps + AzpaAzyg) — (12 (mps +

my) (Azp Azps + Ayni Ayps + AzhlAzhg)) /(mhg)) (—Axth}gyl — F,ggyhg +
Ff oy — Fff szns + Byl sz — ms (B3 — 1) + (9ms — 01)° +

(2n3 — 2)?))) /(mins) + ((I*(mnz + m0) (mas +my)) /(mpamps) — (AzpaAzps +
AynaAyns + AzpaAzps)?) (—Azm Fil 1 — Fi oynt +

B ow — B szn1 + gz — mnn ((Bn1 — 80)% + (a1 — 00)* +

(2p1 — 21)2)))) /(denm%lm?) + (F,ﬁg) /(mp1) — G

= ((Azpz ((ma2 ((Azp1Azps + Aypi Ayps + Azpi Azps) (AzpeAzys +
AynaAyps + AzpaAzpg) — (1P (mpg + my) (Azp1 Azps + Aypi Ayps +
Azp1Azp2)) [(ma3)) (—A@"thng - Ffﬁ,ﬂ/hl + Ffﬁ,zyl - Fﬁ,szhl +

Fl sz—mn ((Ea1—20)° + a1 —90)2 + G — 20%))) /(m1) + (mn2 (Azp Azpe +
Ayn1 Ayna + Azpi Azpa) (Azpi Azps + Aypi Ayps + Az Azpg) — (1% (mp +

my) (AzpeAzps + AypeAyns + AzpaAzng)) /(mn)) (—Azns Byl — Filk gyns +
Fyfh oyt — Fyfh szns + Fifg sz — mg ((Bns — 80)% + (s — 00)* +

(2hs — 4)?))) /(mas) + ((1*(mpa + my) (mapg +my)) /(mpmps) — (Azp Azps +
Ayp1Ayns + Az Azpz)?) (—Azpa Fflh 1 — Filg oyma +

il oyt — Ff} szne + Fifb sz — mpo ((2h2 — #1)° +

(2 = 90 + (2n2 — 2)%)))) / (denmi) + Fyl ymnz) / (mi,)

= ((Ayn2 ((mn2 ((Azp Azpg + Ayp1 Ayns + Azp1 Azps) (AzpaAzys +
AynoAyns + AzpaAzps) — (1P (mns + my) (Azp Azpg + Ayt Ayps +
Azp1Azp2)) [(mn3)) (—Azn Fl | — Fil oyt + Fil oyt — Fil s2m +

B sz—mp1 ((En1—20)% 4 Wn — 00)*+ Gri— £)?))) /(mi1) + (maz (Azp Azps +
Ayp1 Ayns + Az Azpo) (Azp1 Azpg + Ayp1 Ayns + Az Azpz) — (1P (mpy +

my) (AzpaAzns + AyneAyns + Azpalzps)) /(mi1)) (—Azns B — Fi oyns +
il oyi — Fifg szns + Fifh sz — mas (s — 31)° + (9ms — 01)° +

(2hs — 2)%))) /(mns) + ((I* (mpy + my) (mag +my)) /(mprmns) — (Azpy Azps +
Ayn1Ayns + Azp1Azpz)®) (—Azne Byl 1 — Filb gyne +

FfS oyt — Ff szne + Fifh sz — mpo ((dn2 — #1) +

(2 = 90 + (w2 = )%)))) / (denmi) + Fyj ymnz) / (mi,)
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6 Dynamic Equations of the Translational Multi-Lift Model

= (Azpa ((mn2 ((Azpi Azpg + Ayp Ayns + Azp Azpg) (AzpoAzps +

AynoAyns + AzpaAzps) — (P (mps + mu) (Azp1 Azp + Aypi Aypo +
Azp1Azp2)) [(mng)) (—Azp B — Fi oynt + B oyt — Fi szn1 +

F}ﬁgzl —mpt (&1 —20)2+ @n1 — 0)* + G —2)2))) /(1) + (min2 ((Azp Azpo +
Ayp1 Aypa + Azpi Azpe) (Azpi Azpg + Aypi Ayps + Azpi Azpg) — (1P (mpy +

my) (AzpaAxps + AynaAyps + Azthzhg)) /(mhl)) (—Axth}gyl — F,ggyhg +
Fig,zyl - F;fé,gzhg + F}g,gzl — mpg ((Zn3 — @)% + (Ung — 01)* +

(2h3 — 2)?))) /(mins) + ((1*(mar 4+ m0) (mas +my)) /(mprmps) — (Azp Azps +
Ayn1 Ayns + Azp1 Azps)?) (—AznaFilh 1 — Fil oyn2 +

Fyfb out — Fifb szne + Fify sz — mna (B2 — 80)% + (2 — 01)* +

(2o — 21)2)))) /(den m%2ml2) + (F,gg) /(mp2) — G

= ((Azpz ((ma3 ((Azp Azpg + Ayp1 Ayng + Azpy Azpo) (AzpaAzps +
AypaAyps + AzpaAzpg) — (1P (mpa + my) (Azp1 Azps + Aypi Ayps +

Az Azps)) [(mn2)) (—Azp B — Filaym + Fi oy — Fil a2m +

F}ﬁ,gzl —mp1 ((En1 —30)%+ Wn1 —90)% + G —2)?))) /(1) + (mns ((Azpy Azpe +
Ayn1 Ayna + Azpi Azpa) (Azpi Azps + Aypi Ayps + Az Azpg) — (1% (mp +

my) (AzpaAzns + AypeAyns + AzpaAzng)) /(mn)) (—Azne Byl — Fifb gyne +
Fyfb ot — Fifb szne + Fily sz — mna (B2 — &0)% + (2 — 00)* +

(2h2 — #)?))) /(ma2) + ((1*(mpa + my) (mpg +my)) /(mpimpe) — (Azp Azps +
Ayp1 Ayns + Az Azpg)?) (—Azps il 1 — Filg oyns +

Fyfh oyt — Fifh azns + Filg 32 — mng ((dms — 0)” +

(ns — 90)% + (2ns — 2)%)))) / (denmi) + Fig,lmhfi) /(mis)

= ((Ayns ((mns (Azp1Azpg + Aypi Aynz + Azp1 Azpg) (AzpoAzps +
AynoAyns + AzpaAzps) — (1P (mna + my) (Azpy Azps + Ayt Ayps +
AzpiAzps)) /(mna)) (=Aaxm B — Ff oynt + FA oy — Fif gzp +

B sz—mn1 ((En1—20)% 4+ Wn1 — 00)*+ Gri— £)?))) /(mi1) + (mas (Azp Azps +
Ayp1 Ayns + Az Azpo) (Azp1 Azpg + Ayp1 Ayns + Az Azpz) — (1P (mpy +

my) (AzpaAzns + AypeAyns + Azpalzps)) /(mi1)) (—Azne Bl — Ff oyns +
il oyt — Fify szne + Fifb sz — mpa (B2 — 1) + (9m2 — 01)° +

(2h2 — £)?))) /(ma2) + (1 (mp1 + my) (mps + my)) /(mpimpe) — (Azp Azpo +
Ayp1Aypo + AzhlAth)Z) (—Axth,g’l - F,ggyh;; +

Fifk oy — Fif s2ns + Filg 321 — s (s — £0)° +

(9m3 — 90)* + (w3 — 2)%)))) / (denmi) + Fyl} ymis) / (mi5)
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= (Azps ((mn3 ((Azpi Azpa + Ayp Ayne + Azp1 Azpe) (AzpoAzps +

AynoAyns + AzpaAzps) — (P (mpa + my) (Azp1 Azps + Aypi Ayps +
Azp1Azps)) [(mn2)) (—Azp B — Fi oynt + B oy — Fif szn1 +

B sz—mp ((Ep1— 2%+ Wn —00)+ Gra— 2)?))) /(m1) + (mas (Azp Azps +
Ayp1 Aypa + Azpi Azpe) (Azpi Azpg + Aypi Ayps + Azpi Azpg) — (1P (mpy +

my) (AzpaAxps + AynaAyps + Azthzhg)) /(mhl)) (—Axth}gyl — F,ggyhz +
F;g,zyz - F;g,gzm + F}g,gzl — mpa ((Zn2 — 20)% + (Jn2 — 90)* +

(2h2 — 4)?))) /(ma2) + (11 + my) (mps + my)) /(mpimpe) — (Azp Azps +
Ayn1 Ayn + Dzp1Azp2)?) (—Azps Bl — Byl yyns +

il oyt — Fyfh szns + Fifg g2 — mung ((Bns — 80)% + (s — 00)* +

(2ns — 2)%)))) / (denmjzmi) + (Fil3 5) /(mn3) — G

= — (((Azps ((Azp1 Azpg + Ayp1 Ayns + Azpi Azpg ) (AzpaAzps + AypaAyps +
AzpaAzpz) — (P(mna + my) (Azpi Azps + Ay Ayns + Az Azps)) /(mn2)) +
Azpa ((Azp Azpg + Ayp1 Ayns + Azp Azpz) (AzpaAzps + AypaAyps +
AzpaAzpz) — (P(mps + my) (Azp Azpe + Ayp1 Ayn + Az Azpa)) /(mas)) +
Azpy (1 (mng + my) (mpg +my)) /(mpamps) — (AzpoAzps +

AypeAyns + AzpaAzps)?)) (—Azp FiL L — Bl oym + Fil oy — Bl s2m +
Ffﬁ,szl —mp1 ((Zn1 — 2%+ Wn — 90)* + G — 2)?))) /(mn1) +

((Azps ((Azp1Azpa + Aypi Ayne + Azp1 Azpe) (Azp1 Azpg + Aypt Ayps +
Azp1 Azpz) — (P(mp1 + 1) (AzpeAzps + AypoAyns + AzpaAzps)) /(mn)) +
Azpy ((Azp Azpg + Ayn Ayps + Azp1 Azpg) (AzpeAzpg + AypaAyps +
AzpaAzpz) — (ZQ(mhg + my) (Azp Axpe + Ayni Aypo + AzhlAzhz)) /(mhg)) +
Axpy (1 (1 + mu) (mps +my)) /(mpimag) — (Aapy Azpg +

Ayn1 Ayns + Azn1Azps)®)) (= AznaFih | — Fiy oyna + Fils oyt — Fiy s2n2 +

Fyfb sz — mpg ((dn2 — 1) + (In2 — 90)° + (G2 — 20)%))) /(ma2) +

((Aznz ((Azp Azpg + Ayp1 Ayng + Azpy Azpo) (Azp Azpz + Ayp Ayps +
Az Azpz) — (P(mp + my) (AzpeAzns + AypaAyns + AzpaAzps)) /(mn1)) +
Azpy ((Azp1Azpg + Aypt Ayns + Azp1 Azpe) (AzpeAzpg + AypoAyps +
AzpaAzpz) — (PP(mpg + my) (Azp Azps + Ayp1 Ayns + Azpi Azps)) /(mag)) +
Azps (1 (mpa +mg) (mpz +my)) /(maimag) — (Azp Azpe +

Aypi Ayne + Azp Azp2)?)) (—Azns i | — Bl oyns + Bl oy — Bl s2ns +
Fﬁ,gzl — mpg (3 — @)% + (Uns — 0)* + (23 — 21)2))) /(ma3)) /(den m?)
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6 Dynamic Equations of the Translational Multi-Lift Model

11 = — (((Ayns ((Azp1Azpz + Ayni Ayn + Azp1 Azpg) (AzpoAzps + AypaAyps +
AzpoAzps) — (P(mp2 + my) (Azpi Azpg + Aypi Ayps + Azpi Azpz)) /(mpg)) +
Aypg ((Azpi Azpz + Ayp1 Ayps + Azpy Azps) (AzpeAzpg + AypaAyns +
AzpoAzps) — (P(mns + mu) (Azpi Azpo + Aypi Aypo + Azpi Azpo)) /(mag)) +
Ayt ((1(mnz + 1) (mag + mu)) /(mpamps) — (AzpaAzps +
AyneAyns + AzpaAzps)?)) (—Axpi Fil — Fii oy + Fi oy — Bl szm +
Ff sz —man ((Br1 — 21)° 4 a1 — 90° + (Gaa — 4)7))) /(mar) +
((Ayns ((Azpi Az + Aypi Aypg + Azpi Azpg) (Azpi Azpg + Ayp Ayps +
Azp1Azps) — (ZQ(mhl + my) (AzpaAzps + AypaAyps + AzpaAzpg)) /(mp1)) +
Aypt ((Azpi Azps + Ayp1 Ayps + Az Azps) (AzpeAzpg + AynaAyns +
AzpoAzps) — (P(mns +my) (Azpi Azpg + Aypi Ayno + Azpi Azp2)) /(msg)) +
Aypa (11 (mar +mi) (mps +my)) /(mapimas) — (Azp Azyg +
Aypi Ayps + Azp Azps)?)) (—AzpaF | — Filb oyna + F oyt — Filb 32n0 +
Ff sz —mna ((Bn2 — 2% 4+ (W2 — 0% + (az — 2)?))) /(ma2) +
((Ayn2 ((Azp1 Azpg + Ay Ayps + Azp1 Azpo) (Azpi Azpg + Ayp Ayps +
Azp1 Azpz) — (P(mp1 + 1) (AzpeAzps + AypoAyns + AzpaAzps)) /(ma)) +
Ayp1 ((Azpi Azpg + Ayp1 Aypg + Azpy Azpo) (AzpeAzpg + AypaAyns +
AzpaAzpz) — (l2(mh2 + my) (Azp1 Azpg + Aypi Ayps + Azp1Azpg)) /(mnp2)) +
Ayps (1" (mpy 4+ mi) (mp2 +m0)) /(maimpg) — (Azp Axps +
Ayni Aynz + Azp1 Azp2)?)) (—AxnsFig | — Fif oyns + Fil§ oy — Fifh 32ns +
Fyft sz — mus ((2ng — @0) + (s — 90 + (Gns — 20)%))) /(mng)) /(denmy)
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G12 = — (((Azpz ((Azp1 Azpo + Ay Ayps + Azp1 Azpo) (AzpoAzps + AypoAyps +
AzpoAzps) — (P(mn2 + my) (Azpi Azpg + Aypi Ayps + Azpi Azpz)) /(mpg)) +
Azpa ((Azp Azpz + Ayp1 Aypg + Azpi Azpz) (AzpaAzps + AypaAyps +
AzpoAzps) — (P(mns + mu) (Azpi Azpo + Aypi Aypo + Azpi Azpo)) /(mag)) +
Azpy (14 (mng + my) (mpg +m0)) /(maamps) — (AzpaAzpg +
AyneAyns + AzpaAzps)?)) (— Az Fiy — Fii oy + Fil oy — Bl szm +
Ff sz —man ((Br1 — 21)° 4 a1 — 90° + (Gaa — £)7))) /(mar) +
((Azps ((Azp1 Azpg + Ayp1 Ayps + Azp Azpo) (Azp1 Azps + Aypi Ayps +
Azp1Azpg) — (ZQ(mhl + my) (AzpaAzps + AypaAyps + AzpaAzpg)) /(mp1)) +
Azp1 ((Azp Azpz + Ayp1 Ayps + Azp1 Azpz) (AzpaAzns + AypoAyps +
AzpoAzps) — (P(mns + my) (Azpi Azpg + Aypi Ayno + Azpi Azpo)) /(msg)) +
Azpo (11 (mp1 + my) (mpg +m0)) /(maimps) — (Azp Azps +
Aypi Ayps + Azp Azps)?)) (—AzpaF | — Filb oyna + Ff oy — Filb 32n0 +
Ff sz —mna ((Bn2 — 2% 4+ W2 — 9% + (a2 — 2)?))) /(ma2) +
((Azp2 ((Azp1Azpa + Aypi Ayne + Azp1 Azpe) (Azpi Azpg + Aypi Ayps +
Azp1Azpz) — (P(mp1 + 1) (AzpeAzps + AypoAyns + AzpaAzps)) /(ma)) +
Azp1 ((Azp Azpg + Ayp1 Ayps + Azpy Azpg) (Azpa Azps + AypaAyps +
AzpaAzpsz) — (ZQ(mhg + my) (Azp1 Azpg + Aypi Ayps + Azp1Azpg)) /(mnp2)) +
Azps ((14(mp1 + my) (mpz +m0)) /(maimps) — (Azp Azps +
Ayn1 Aynz + Azp1 Azp2)?)) (—AxnsFig ) — Fifh oyns + Fils oy — Fifh s2ns +
Fif gz — s ((En3 — 20 + (s — 90)° + (s — 20)?))) /(mn3)) / (denmi) — G

6.2 Inverse Dynamic Equations

The solution of the inverse dynamic equations is calculated using Singular Value Decom-
position. Therefore, the dynamic equations are rewritten into

= a+ M TAYAM 'AY)*(b — Aa) — §
= Cx—-d
The equation itself is described in the thesis main document, see [Ber13, page 103|. The
matrix C and the vector d are given by the following equations
Azpy = zp1 — 1
Aynt =ym —yi
Azpy = zp1 — 2
Azpg = Tp2 — 2y

AYr2 = Yn2 — Ui
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Azpy = zp2 — 2
Azxpz = xp3 — 25
Ayns = Yn3 — Yi

Azps = zp3 — 21

den = (((mhg + ml) (Ax%ﬁ + Ay?ﬁ + Azig) (((mh1 + ml)(mhg + ml) (Ax,zll +
Aypy + Azl%l) (Ax%Q + Ayiy + Az}%z)) /(mpimpe) — (Azp Axpg +
Ayp Aynz + Az Azp2)?)) /(mas) — (AzpoAzps + AypaAyps +
AzpaAzps) (((mhl +my) (Al’%l + Ay, + Azgl) (AxpoAxps +
AynaAyns + AzpaAzp3)) [(mp1) — (Azp1 Azpg + Ayp Aype +
Azp1 Azpa) (Azp1 Azpg + Ay Ayns + Azp1Azpz)) + (Azpi Azpg +
Ayp1 Ayps + Az Azpz) ((Azp Azpg + Aypi Ayps + Azp Azpo) (AzpaAzps +
AynaAyns + AzpaAzps) — ((mp2 +my) (Azjy + Aypy +
Azpy) (AzpiAzps + Ay Ayns + Azp1Azys)) /(mn2))) /(m})

Iy = \/A:U,Qﬂ + Ay}%1 + Az,zﬂ

lho = \/Anlf,z12 + Ayl, + Az,

In3 = \/Axis + Ayjls + Azjly
1= (1)/(3) (n1 + ln2 + ln3)

C(1,1) = (denmpimpampzmi + Aziy (mpamps ((AzpeAzns + AypeAyks +
Azthzh3)2 — l4) — l4ml(mh2 + mps) + A (—m%))) /(den m%lmhzmhgm%)

C(1,2) = (Azpi(ynr — wi) (magmas ((AzpoAzpg + AypeAyps +
AzpaAzps)? — l4) — my(mpg 4+ mps) + 14 (—m%))) /(den milmmmhgm%)

C(1,3) = (Azp1(zn1 — 1) (mnamng (Azp2Azpz + AypaAyps +
AzpaAzps)? — l4) — I*my(mpg + mas) + 14 (—mlz))) /(den milmhgmhgml?)

C(1,4) = (AzpAzpg (Pry(Azp Azpg + Aypi Aynz + Azp1 Azpg) — mipg ((Axpy Azpg +
Ayn1 Aynz + Az Azpz) (AzpaAzpg + AynaAyns +
AzpaAzp3) — P(Azp1 Azpa + Aypi Aype + Azp1Azys)))) / (denmpimpompzmy)

C(1,5) = — (Azpi(yn2 — wi) (mas ((Azp1Azpz + Ayp Ayps +
Azp1 Azps) (AzpoAzps + AypeAyps + AzpaAzpg) — P (Azp Axpg +
Ayp1 Aypa + Az Azpa)) — Py (Azp Azps +
Ayp1Aypa + Az Azpa))) /(den mpimpampzmy)
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C(1,6) = — (Azpi(zn2 — 21) (mns ((Azp1 Azpg + Ayp1 Ayps +
Azp1 Azp3) (AzpoAzps + AypaAyns + AzpaAzpz) — P (Azp Azps +
Ayni Aypa + Az Azpz)) — Py (Azp Axps +
Ayn1Ayps + Azp1 Azpa))) / (den mpympompzmy)

C(l, 7) = (Al‘hlAl'hg (ZQmZ(Aa?hlehg + AyhlAyhg -+ AzhlAzhg) — Mp2 ((AxmAQU}Q +
Ayn1 Aynz + Azp1 Azpo) (AxpoAzpz + AypaAypz +
AzpaAzpz) — P(Azp Azps + Aypi Ayps + Azp1Azy3)))) / (denmpimpompzmy)

C(1,8) = — (Azn(yns — i) (maz ((Azp1Azpy + Aypi Ayns +
AzhlAzhg)(Aa:thxhg + Aythyhg + AZhQAZhg) — 12(A3:h1A:L‘h3 +
AynAyns + AzhlAzhg)) — PPmy(Azp Azps +
Ayn1 Ayns + Az Azpz))) / (denmpympgmpzmy)

C(1,9) = — (Azp1(zns — 21) (mn2 (Azp1Azpg + Ayp Ayps +
Azp1 Azpo) (AzpoAzns + AynaAyns + AzpaAzps) — P (Ampy Azps +
Ayp1 Ayps + Azp1 Azps)) — Py (Azp Azps +
Ayn1Ayns + Azp1Azpz))) [/ (den mpympgmpszmy)

C(2,1) = (Azp1 Aypr (magmps ((AzpeAzng + AypaAyns +
AzpaAzps)? — l4) — *my(mpg + mas) + 14 (—mlz))) /(den milthmhgle)

C(2,2) = (denmpimpampzmi + Ayp1 (Yn1 — w1) (maamnps (AzpeAzns + AypaAyps +
AzpaAzp3)? — l4) — l4ml(mh2 +mp3) + 14 (—mlz))) /(den milmmmhgm%)

C(2,3) = (Ayni(zn1 — 21) (mnamns ((AzpoAzps + AypaAyps +
AzpaAzps)? — l4) — *my(mpg + mas) + 14 (—mlz))) /(den milthmhgle)

C(2,4) = (Azp2Ayp (Pru(Azp Azp + Ayp Ayno + Az Azpo) — mps ((Azpi Azys +
Ayn1 Aynz + Az Azpz) (AzpaAzpz + AynaAyns +
AzpaAzp3) — P(Azp1 Azpa + Aypi Aype + Azp1Azy2)))) / (denmpimpompzmy)

C(2,5) = — (Ayn1(yn2 — i) (ma3 ((Azp1Azps + Ayp Ayps +
Azp1 Azps) (AzpoAzps + AypeAyps + AzpaAzpg) — P(Azp Axp +
Ayni Aynz + Az Dzpz)) — Py (Azp Axps +
Ayp1Ayna + Az Azpa))) /(den mpimpampzmy)

C(2,6) = — (Ayn1(zn2 — 21) (M3 ((Azp1Azps + Ayp1 Ayps +
Az Azps) (AzpoAzps + AypeAyps + AzpaAzps) — P(Azp Azps +
Ayni Ayps + Azp1 Azpz)) — Py (Azp Azps +
Ayp1 Ayps + Azp1 Azpo))) / (den mpympompzmy)
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C(2,7) = (AzpsAyn (Pru(Azpy Azps + Ayp Ayns + Az Azpz) — mpo ((Azpy Azps +
Ayn1Aynz + Azp1Azpo) (AxpaAzpz + Aypa Ayps +
AzpaAzp3) — P(Azp Azps + Aypi Ayps + Azp1Azy3)))) / (denmpimpompzmy)

C(2,8) = — (Ayn1(yns — wi) (mn2 ((Azp1Azpg + Aypi Aypa +
Azp1 Azpo) (Azp2Azns + AynaAyns + AzpaAzpz) — P (Amp Azps +
Ayp1 Ayps + Azp1 Azps)) — Py (Azp Azps +
Ayn1Ayns + Azn1Azpz))) [ (den mpimpgmpzmy)

C(2,9) = — (Ayn1(zns — 21) (M2 ((Azp Azpg + Aypi Ayps +
Azp1 Azpo) (AzpoAzns + AynaAyns + AzpaAzps) — P (Azp Azps +
Ayn1 Ayps + Az Azpz)) — Py (Azp Axps +
Ayn1 Ayps + Az Azps))) / (den mpympampzmy)

C(3,1) = (Azp1 Azpr (mpamag ((AzpeAzps + AypeAyps +

AzpaAzps)? — l4) — Yy (mpg 4+ mps) + 14 (—m?))) /(den milthmhgm%)

C(3,2) = (Azni(yn1 — yi) (mazmaz ((AzpeAzns + AypaAyps +
AzpaAzps)? — l4) — my(mpg + mas) + 14 (—mlg))) /(den milmhgmhgm%)

C(3,3) = (denmpimpampzmi + Azpi (21 — 21) (mp2mas ((AzpeAzps + AypaAyps +
AzpaAzps)? — l4) — Yy (mpg 4+ mps) + 14 (—m%))) /(den milthmhgm%)

C(3,4) = (AzpeAzp (Pry(Azp Azpg + Aypi Aype + Azp1 Azpa) — mps ((Azpi Azps +
Ayn1 Ayng + Azp1 Azpz) (AzpoAzps + Aypa Ayps +
AZh2AZh3) — l2(Axh1Aa:h2 + AyhlAth + AZ}LIAZ}LQ)))) /(den mhlmhzmhg,mlz)

C(3,5) = — (Azpi(yn2 — y1) (ma3 ((AzpiAzpz + Aypi Ayps +
Azp1 Azp3) (AzpaAzns + AynaAyns + AzpaAzpz) — P (Azp Azps +
Ayni Ayps + Az Dzpz)) — Py (Azp Azps +
Ayn1Ayps + Az Azpo))) / (den mpympompzmy)

C(3,6) = — (Azp1(zn2 — 21) (mag ((Azp1 Azpg + Ayp Aypg +
AzhlAzhg)(Aa:thxhg + Aythyhg + AZhQAzhg) — 12(A1’h1A:L'h2 +
Ayp1Ayna + Azp1 Azpa)) — Piy(Azp Azpe +
Ayn1 Aynz + Azp1Azp2))) / (denmpympgmpzmy)

C(3,7) = (AzpzAzp (Pry(Azp Azps + Aypi Ayps + Azp1 Azps) — mpo ((Azpi Azps +
Ayn1Ayna + Azp1 Dzp2) (Arpa Arps + Ayna Ayns +
AzpaAzp3) — P(Azp Azps + Aypi Ayps + Azp1A2z3)))) / (denmpimpompgmy)
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C(3,8) = — (Azn1(yns — 1) (ma2 ((Azp1Azpg + Ayp Ayps +
Azp1 Azp2) (AzpoAzps + AynaAyns + AzpaAzpz) — P (Azp Azps +
Ayn1 Ayps + Az Dzpz)) — Py (Azp Axps +
Ayn1 Ayps + Az Azys))) / (den mpympompzmy)

C(3,9) = — (Azp1(zn3 — 21) (M2 (Azpi Azpg + Aypi Aypo +
AzhlAzhg)(Awthmhg + Aythyhg + AZhQAZhg) — lz(Axhlehg +
Ayp1Ayns + Azp1 Azpz)) — Py (Azp Azps +
Ayn1Ayns + Azp1Azpz))) / (den mpympgmpzmy)

0(4, 1) = (Amhlehg (ZZml(AxhlAIhg + AyhlAym + AZMAZhg) — mp3 ((Axh1A$h3 +
Ayn1 Aypz + Azp1 Azps) (AzpoAzpz + AypaAypz +
AzpaAzp3) — P(Azp Azpa + Aypi Aype + Azp1Azys)))) / (denmpimpompzmy)

C(4,2) = — (Azpa(yn — 1) (mas ((Azp1Azpz + Ayp Ayps +
Azp1 Azps) (Azp2Azns + AynaAyns + AzpaAzpz) — P (Amp Azpo +
Ayp1Ayna + Dz Azp)) — Pmy(Azp Azpe +
Ayn1 Ayps + Azp1 Azpa))) / (den mpympampzmy)

C(4,3) = — (Azpa(zn1 — 21) (mns ((Azp1 Azpg + Ayp1 Ayps +
Azp1 Azp3) (AzpoAzps + AynaAyns + AzpaAzps) — P (Azp Azps +
Ayni Aypz + Az Dzpz)) — Py (Azp Axps +
Ayn1Ayps + Azp1Azpa))) / (den mpympampzmy)

C(4,4) = (ml2 (den MBI MRS — Aar%214) + Axompimps ((AmhlAmhg + Ayp Ayps +
Az Azps)? — l4) - A:U}QZZZA‘ml(mhl + mhg)) /(den mhlm%ﬂmhgm%)

C(4,5) = (Azna(ynz — yi) (muimaz ((AzpAzps + Aypi Ayps +
A2h1A2h3)2 — l4) — l4ml(mh1 + mp3) + A (—m%))) /(den mhlm%thgm%)

C(4,6) = (Azna(zn2 — 21) (muimps (Azp Azpg + Ayp Ayps +
Azp Azps)? — l4) — l4ml(mh1 +mp3) + 14 (—m?))) /(den mhlm%thgm%)

C(4,7) = (AzpoAapg (Pry(AzpoAzps + AynoAyns + AzpaAzpz) — may ((Axpy Azps +
Ayp Aypa + Azp1 Azpa) (Azp Azpg + Aypi Ayps +
AzhlAzhg) — l2(Axh2Aa:h3 + AthAyhg + AZhQAZhg)))) /(den mhlmhgmh3ml2)

C(4,8) = — (Azna(yns — w1) (M1 ((Azp1Azpg + Aypi Aypo +
Az Azpo) (Azpi Azps + Aypi Ayps + Azpi Azpg) — P(AzpoAaps +
AynaAyns + AzpaAzps)) — Py (AzpoAaps +
AynaAyns + AzpaAzp3))) / (denmpympgmpzmy)
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C(4,9) = — (Azpa(zns — 21) (mp1 ((Azp1 Azpg + Ayp1 Ayps +
Azp1 Azpo) (Azp1 Azps + Aypi Ayns + Azpi Azpz) — P(AzpaAzps +
AynaAyns + AzpaAzpz)) — Pry(AzpoAaps +
AynoAyps + AzpolAzps))) /(den mpympompzmy)

C(5,1) = (Azp1 Ayno (Pru(Azpy Azpg + Ayp Ayno + Az Azpz) — mips ((Azp Azys +
Ayn1Ayng + Azp1Azps) (AxpaAzps + Ayp2 Ayns +
AzpoAzps) — P(Azp Azpa + Aypi Aype + Azp1Azpa)))) / (den mpympampzmy)

C(5,2) = — (Ayna(yn1 — v1) (mns ((AzpiAzpz + Ayp Ayps +
AzhlAzhg)(Aa:thxhg + Aythyhg + AZhQAZhg) — 12(A3:h1A:L‘h2 +
Ayp1Ayna + Azp1 Azpa)) — Py (Azp Azpe +
Ayni Aynz + Az Azp2))) / (denmpympgmpzmy)

C(5,3) = — (Ayna(zn1 — 21) (Mg ((Azp1Azpg + Ayp1Ayps +
Azp1 Azps) (AzpoAzns + AynaAyns + AzpaAzpz) — P (Amp Azpo +
Ayp1Ayna + Az Azp)) — Pmy(Azp Azpe +
Ayn1 Ayps + Az Azpa))) / (den mpympampzmy)

C(5,4) = (Azp2Ayna (marmps ((Azpi Azpg + Ayp Ayps +
Az Azps)? — l4) — my(may + maps) + 14 (—mlz))) /(den mhlm%ﬂmhgml?)

C(5,5) = (denmpimpampsmi + Aypa (Yo — wi) (maimps ((Azp1Azps + Aypi Ayps +
Az Azps)? — l4) — l4ml(mh1 + mp3) + 14 (—mlz))) /(den mhlm%ﬂmhgm%)

C(5,6) = (Ayna(znz — 21) (muimag ((Azp Azps + Aypi Ayps +
Az Azps)? — l4) — my(may + mas) + 14 (—mlz))) /(den mhlm%ﬂmhgm?)

C(5,7) = (AzpzAyps (Pmu(AzpoAzys + AypaAyns + AzpoAzys) — mpr ((AzpiAzps +
Ayn1Ayne + Azp1Azp) (Axp Azpz + Ayp1 Ayps +
Azp1 Azpz) — P(AzpoAzps + AypaAyps + AzpaAzy3)))) / (denmpimpompgmy)

C(5,8) = — (Ayna(yns — wi) (M1 ((Azp1Azp + Ayp Aypa +
Azp1 Azpo) (Azpi Azps + Aypi Aypg + Azpi Azpg) — P(AzpoAaps +
AynaAyns + AznaAzpz)) — Pmy(AzpoAaps +
AynoAyps + AzpaAzys))) / (den mpympompzmy)

C(5,9) = — (Ayna(zns — 21) (ma1 ((Azp Azpo + Aypi Ayps +
Azp1 Azp2) (Azp Azps + Aypi Aypg + Azpi Azpg) — P(AzpoAaps +
AynaAyns + AzpaAzps)) — Priy(AzpoAaps +
AynaAyns + AzpaAzp3))) / (den mpympgmpzmy)
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0(6, 1) = (AxhlAZhg (ZQmZ(ALUhlAI'hQ + AyhlAth + AzhlAzhg) — Mhp3 ((Aﬂfhlehzg +
Ayn1Ayns + Azp1 Azps) (AzpoAzps + AypaAyps +
AzpaAzp3) — P(Azp Azpa + Aypi Aype + Azp1Azys)))) / (denmpimpompzmy)

C(6,2) = — (Azp2(yn1 — ui) (maz ((Azp1Azns + Aypi Ayps +
Azp1 Azps) (AzpaAzns + AynaAyns + AzpaAzps) — P (Amp Azpo +
Ayp1Ayna + Az Azpg)) — Pmy(Azp Azpe +
Ayp1Aypa + Az Azp2))) /(denmpimpampzmi )

C(6,3) = — (Azpa(zn1 — 21) (Mg ((Azp Azpz + Ayp1 Ayps +
Azp1 Azps) (AzpoAzps + AypaAyps + AzpaAzpg) — P(Azp Axpg +
Ayni Aypz + Az Azpz)) — Py (Azp Axps +
Ayp1Ayna + Az Azpa))) /(den mpimpampzmy)

C(6,4) = (AzpaAzpo (mpimag ((Azp Azpg + Ayt Ayps +

Az Azps)? — l4) — my(mpy 4 mps) + 14 (—m?))) /(den mhlm%thgm%)

C(6,5) = (Azna(ynz — yi) (muimaz ((Azp1Azps + Aypi Ayps +
Az Azps)? — l4) — my(may + mas) + 14 (—m%))) /(den mhlm%thgm%)

C(6,6) = (denmpimpampzmi + Azpa(zp2 — 21) (mp1maz ((Azp1 Azpg + Aypi Ayps +
AzpAzps)? — 1) — Uy (mps + mps) + 1 (=m7))) /(den mpimiampzmy)

C(6,7) = (AzpzAzpa (Pry(AzpeAzns + AypaAyps + AzpaAzps) — mpy ((AzpiAzps +
Ayn1Ayns + Azp1 Azpo) (Azp Azps + Ayp1 Ayps +
Az Azps) — P (AzpaAxps + AypaAyps + Azthzhg)))) /(den mhlmhgmh3ml2)

C(6,8) = — (Azpa(yns — wi) (M1 ((Azp1Azpg + Aypi Ayps +
Azp1 Azp2) (Azp1 Azps + Aypi Ayns + Azpi Azpz) — P (AzpaAzps +
AynaAyns + AzpaAzps)) — Py (AzpoAaps +
AynaAyns + AzpaAzp3))) /(den mpympgmpzmy)

C(6,9) = — (Azpa(zn3 — 1) (mu1 ((AzpiAzpg + Aypi Aypg +
AzhlAzhg)(Aa:hlAa:hg + AyhlAyhg + AzhlAzhg) — 12(A$h2AII}h3 +
AynaAyns + AzpaAzps3)) — Py (AzpaAzys +
AynaAyns + AznaAzpz))) / (den mpympgmpzmy)

C(7,1) = (Azp1 Azps (Pry(Azpi Azps + Aypi Ayps + Azpi Azyg) — mps ((Azp1Azps +
Ayn1Ayne + Azp1Azp) (ArpaArpz + AypaAyps +
AzpaAzp3) — P(Azp Azps + Aypi Ayps + Azp1A2z3)))) / (denmpimpompgmy)
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6 Dynamic Equations of the Translational Multi-Lift Model

C(7,2) = — (Azps(ynr — i) (maz ((Azp1Azpy + Aypi Ayps +
Azp1 Azp2) (AzpoAzps + AynaAyns + AzpaAzpz) — P (Azp Azps +
Ayn1 Ayps + Az Azpz)) — Py (Azp Axps +
Ayn1Ayps + Az Azps))) / (den mpympompzmy)

C(7,3) = — (Azps(zn1 — 21) (mng ((Azpi Azpg + Ayp Ayps +
AzhlAzhg)(Awthmhg + Aythyhg + AZhQAZhg) — lz(Axhlehg +
Ayn1Ayns + Azp1 Azpz)) — Py (Azp Azps +
Ayn1 Ayns + Azp1Azpz))) / (den mpympgmpzmy)

0(7, 4) = (Awthajhg (ZZml(AxthIhg + Aythyhg -+ Azthzhg) — mp1 ((Axh1A$h2 +
Ayn1 Aynz + Azp1 Azpo) (Azp Azpz + Ayp1 Ayps +
Azp1 Azpz) — P(AzpaAzps + AypaAyps + AzpaAzy3)))) / (denmpimpompzmy)

C(7,5) = — (Azps(ynz — ui) (ma1 ((Azp1Azng + Aypi Aypa +
Azp1 Azpo) (Azp1 Azps + Aypi Ayns + Azp1 Azpz) — P(AzpaAzps +
AynoAyps + AzpoAzps)) — Pmy(AzpaAzys +
AynaAyns + AznaAzp3))) /[ (den mpympgmpsmy)

C(7,6) = — (Azps(zn2 — 21) (mp1 ((Azp1 Azpg + Ayp1 Ayps +
Azp1 Azpo) (Azp1 Azps + Aypi Ayns + Azp1 Azpz) — P (AzpaAzps +
AynaAyns + AzpaAzpz)) — Piy(AzpoAaps +
AynoAyps + AzpaAzps))) / (den mpympampzmy)

c(7,7) = (ml2 (den Mp1 MK M3 — Am%3l4) + Az ampimps ((AmhlAmhg + Ayn1Aypo +
Az Azpo)? — l4) - Ax%3l4ml(mh1 + mhg)) /(den mhlmhgm%ﬁm%)

C(7,8) = (Azps(yns — yi) (muimaz ((AzpAzp + Aypi Ayps +
A2h1A2h2)2 — l4) — l4ml(mh1 + mp2) + A (—m%))) /(den mhlmhgm%?)m%)

C(7,9) = (Azps(zn3 — 21) (muimpg (Azpi Azpg + Ayp Aypg +
Az Azpo)? — l4) — l4ml(mh1 + mp2) + 14 (—m?))) /(den mhlthm%?)m%)

C(8,1) = (Azp1 Ayns (Pmu(Azpi Azps + Ayni Ayns + Azp1 Azpg) — mpa ((Azpy Azps +
Aypi Ayna + Azp1 Azpg) (AzpaAxps + AypaAyps +
AZhQAZhg) — ZQ(Axhlehg + AyhlAyhg + AzhlAzhg)))) /(den mhlmhgmh3ml2)

C(8,2) = — (Ayns(yn1 — wi) (mn2 ((Azp1Azpa + Ayp1 Ayns +
Az Azpo) (AzpaAzps + AypaAyps + AzpaAzps) — P (Azp Azps +
Ayn1 Ayps + Azp1Azpz)) — Py (Azp Azps +
Ayn1Ayns + Azp1Azpz))) / (den mpympgmpzmy)

99



6 Dynamic Equations of the Translational Multi-Lift Model

C(8,3) = — (Ayns(zn1 — 21) (M2 ((Azp1 Azpo + Aypi Ayps +
Azp1 Azp2) (AzpaAzps + AypaAyns + AzpaAzpz) — P (Azp Azps +
Ayn1 Ayps + Az Azpz)) — Py (Azp Axps +
Ayn1Ayps + Az Azys))) / (den mpympampzmy)

0(8, 4) = (Axthyhg (lle(A(Ethmhg + AthAyhg + AthAZhg) — mp ((Amhlehg +
Ayn1 Aynz + Azp1 Azpo) (Axp Azpz + Ayp1 Aypz +
Azp1 Azpz) — P(AzpoAzps + AypaAyps + AzpaAzy3)))) / (denmpimpompzmy)

C(8,5) = — (Ayns(yn2 — v1) (mn1 ((AzpiAzng + Ayp Aypo +
AzhlAzhg)(Aa:hlehg + AyhlAyhg + AzhlAzhg) — 12(A3:h2A:L‘h3 +
AynoAyns + Azthzhg)) — PPmy(AzpaAzys +
AynaAyns + AznaAzp3))) / (denmpympgmpzmy)

C(8,6) = — (Ayns(zn2 — 1) (mn1 ((Azp1Azpe + Ayp1Aypo +
Azp1 Azpo) (Azp1 Azps + Aypi Ayns + Azpi Azpz) — P(AzpaAzps +
AynaAyps + AzpoAzps)) — Pmy(AzpaAzys +
AynaAyns + AzpaAzp3))) [/ (den mpympgmpszmy)

C(8,7) = (Azp3Ayns (marmnz ((Azpi Azps + Ayp Aype +
Azp Azpo)? — l4) — my(mag + mag) + 14 (—mlz))) /(den mhlthm%ﬁm%)

C(8,8) = (denmpimpamusmi + Ayps(yns — yi) (marmnz ((Azp Azp + Aypi Aype +
Az Azpo)? — l4) — l4ml(mh1 + mp2) + 14 (—mlz))) /(den mhlthm%?)m%)

C(8,9) = (Ayns(zns — z1) (muimnz ((Azp Azpg + Aypi Ayps +
Az Azpo)? — l4) — my(mag + mag) + 14 (—mlz))) /(den mhlthm%ﬁm?)

C(9,1) = (Azp1Azps (Pry(Azp Azps + Aypi Ayps + Azp1 Azps) — mpo ((AzpiAzps +
Ayn1 Aynz + Azp1 Azpo) (AzpoAzpz + AypaAyns +
AzpaAzp3) — P(Azp Azps + Aypi Ayps + Azp1Azy3)))) / (denmpimpompzmy)

C(9,2) = — (Azns(yn1 — 1) (ma2 ((Azp1Azpa + Ayp Ayp +
Azp1 Azpo) (AzpoAzps + AypaAyps + AzpaAzpg) — P (Azp Aapg +
Ayni Ayps + Az Azpz)) — Py (Azp Aapg +
Ayn1 Ayps + Azp1Azps))) / (den mpympampzmy)

C(9,3) = — (Azps(zn1 — 1) (mu2 (AzpiAzpg + Aypi Aypg +
Az Azpo) (AzpoAzps + AypaAyps + AzpaAzps) — P (Azp Axps +
Ayn1 Ayps + Az Azpz)) — Py (Azp Azps +
Ayn1Ayns + Azp1Azpz))) / (den mpympgmpzmy)
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6 Dynamic Equations of the Translational Multi-Lift Model

0(9, 4) = (AxthZhg (l2ml(Axh2Axh3 + Aythyhg + Azthzhg) — My ((Aﬂfhlehz +
Ayn1Ayna + Azp1 Azpo) (Azp Azps + Aypi Ayps +
Azp1 Azpz) — P(AzpoAzps + AypaAyps + AzpaAzy3)))) / (denmpimpompzmy)

C(9,5) = — (Azps(ynz — ui) (ma1 ((Azp1Aznz + Aypi Aypa +
Azp1 Azpo) (Azp Azps + Aypi Ayns + Azpi Azpz) — P(AzpoAzps +
AynoAyps + AzpoAzps)) — Pry(AzpaAzys +
AynaAyns + AznaAzp3))) / (den mpimpgmpzmy)

C(9,6) = — (Azps(zn2 — 21) (mn1 ((Azp Azpg + Ayp1 Ayps +
Azp1 Azpo) (Azpi Azps + Aypi Aypg + Azpi Azpg) — P(AzpoAaps +
AynaAyns + AznaAzpz)) — Piy(AzpoAaps +
AynoAyps + AzpaAzps))) / (den mpympampzmy)

C(9,7) = (AzpzAzpz (muimpe ((Azp Azpg + Ayt Ayps +
Az Azpo)? — l4) — my(mpy 4 mpg) + 14 (—m?))) /(den mhlthm%ﬁm%)

C(9,8) = (Azns(yns — yi) (muimaz ((Azp1Azpg + Aypi Aypa +
Az Azpo)? — l4) — my(mag + mag) + 14 (—m%))) /(den mhlmh?m%'g)m%)

C(9,9) = (denmpimpompsmi + Azpg(zn3 — 21) (mprmae ((Azp Azpg + Ayp Aypa +
AzpAzpa)? — l4) — my(mpy 4 mpg) + 14 (—m%))) /(den mhlthm%ﬁm%)

C(10,1) = (Azpy (Azpy (P (Aziy(—mp2) — Azjgmps + P (mps + mps)) +
muamaz ((Azpg — 1) (Azpg + 1) (Azpg — 1)(Azpg + 1) — (AynaAyps +
Azthzhg)Q) + l4ml2) + A$%2Al‘h3mh2mh3(Ayh1Ayh3 +
Azp1 Azps) + Azpamng (mag (Azhs(Ayp Ayps + Azp Azpg) +
(Ayn1Ayns + Azp1 Azps) (AynaAyps + AzpaAzpz) — 1P (Aypi Aype +
Azp1Azpa)) — Py (Ayni Aype + Azpi Azp)) + Azpgmps (mae ((AynAyns +
Azp1 Azp2) (AynaAyns + AzpaAzpz) — P (Aypi Ayps +
Azp1Azp3)) — Py (Ayp Ayns + Azpi Azps)))) / (denmpympampsmi)

C(10,2) = ((yhl — ) (Az:hl (l2ml (A:U}le(—mhg) - A:L‘%:;,mhg, + 12 (mpo +
mp3)) + mpamas ((Azpg — 1)(Axpg + 1)(Azps — 1)(Azps +
1) — (Ayn2Ayns + Azpalzp3)?) + 1'm?) + AxiyAzpzmuaemps(Ayn Ayps +
Azp1 Azps) + Azpamng (mag (Azhs(Ayp Ayns + Azp Azpg) +
(Ayn1Ayns + Azp1 Azps) (AynaAyps + AznaAzpz) — 1 (Aypi Ayps +
Az Azp2)) — Piy(Aypi Ayne + Azp1 Azpa)) + Azpgmps (maz ((Ayn Aype +
Azp1 Azp2) (AynaAyns + AzpaAzpz) — P (Aypi Ayps +
Azp1Azpg)) — Pry(Aypi Ayps + Azp1Azp3)))) /(denmpimpampzmy)
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C(10,3)

(10, 4)

C(10,5

~—

C(10,6)

6 Dynamic Equations of the Translational Multi-Lift Model

= ((Zm —2z1) (Aa:hl (l2ml (AI‘}%Q(—mhg) — szgmhg + l2(mh2 +

mn3)) + muamps (Azna — 1) (Azpg + 1)(Azpz — 1) (Azpg +

1) — (AynaAyns + AzpaDzp3)®) + 1'mi) + Axiy Azpzmpompg(Aypi Ayps +
Azp1 Azpg) + Azpamng (mas (Azhg(Ayp Ayps + Az Azpg) +

(Ayn1 Ayns + Azp1 Azps) (AypeAyns + AzpaAzps) — P(Ayp Aypo +
Azp1Azpa)) — Py (Aypi Aype + Azpi Azp)) + Azpzmps (M2 ((Ayn Ayps +
Azp1 Azpo) (AynaAyns + AzpaAzpz) — P (Aypi Ayps +

Azp1Azps)) — Pmy(Aypi Ayps + Azp1Azp3)))) /(denmpimpampzmy)

= (Azpa (Axiympr (Azps (Azjgmps — 12 (mps +my)) + Azpgmps(AypaAyns +
AzpaAzp3)) + Azpimpy (mps (Azjs(Ayn Aynz + Azp1 Azpa) +

(Ayn1Ayns + Azp1 Azpz) (AynoAyps + AzpaAzpg) — (Ayp Ayps +

Azp1 Azpg)) — Pmy(Ayn Ayn + Azp1 Azna)) + Py (Azpa (1P (mp +

mps) — Azigmps) — Azpsmps(AypeAyns + AzpaAzps)) +

mpimns ((Ayn Ayns + Azpi Azpg) (Azps(Ayp1 Ayps +

Azp1Azpg) — Axpo(Ayni Ayps + Azp1Azps)) — Amh3l2(Axh2A:ch3 +

AynoAyps + AzpaAzps) + Awh2l4) + Axh2l4ml2)) /(den mhlmhgmhgm?)

= ((yn2 — i) (Ax} mp1 (Azpe (Azjgmps — 1P (mpg +my)) +
Azpsmag(AyneAyns + AznaAzpg)) + Azpimpt (mps (Azjs(Ayn Ayne +

Az Azng) + (Ayn Ayns + Azni Azns) (Ayna Ayns + AzngAzpz) — 12 (Ayny Ayno +
Azp1Azpo)) — Py (Aypi Aype + Azpi Azp)) + Py (Azps (P (mp +

mn3) — Azjsmps) — Azpgmps(AynaAyns + AzpeAzps)) +

mpimns ((Ayn Ayns + Azp1 Azpg) (Azps(Ayni Ayps +

Az Azpg) — Azpo(Ayn Ayns + Azpi Azpz)) — Axpsl?(AzpaAzys +

AynaAyps + AzpaAzps) + Amhgl4) + Axh2l4ml2)) /(den mhlmhgmhgm?)

= ((2h2 —2z) (Am%lmhl (Awhg (A:cigmhg — lz(mh;; + ml)) +
Azpgmps(AynaAyns + AzpaAzpz)) + Axpimpy (mips (Azgs(Ayp Aype +

Azp1 Azp2) + (Ayn1 Ayps + Az Azps) (Ayna Ayns + AzpaAzpz) — 1 (Aypi Ayps +
Azp1Azp2)) — Py (Ayn Ayna + Azp1 Azya)) + Py (Azps (P (mp +

mn3) — Azjzmps) — Azpgmps(AynaAyns + AzpeAzps)) +

mpimns ((Ayn Ayns + Azp1 Azpg) (Azps(Aypi Ayps +

Az Azpa) — Azpo(Aypi Ayns + Azp1Azpz)) — Azpsl®(AzpeAzys +

AynaAyns + AzpoAzps) + A:):h214) + Awh2l4ml2)) /(den mhlmhgmhgm?)
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C(10,7)

C(10,8)

C(10,9)

C(11,1)

6 Dynamic Equations of the Translational Multi-Lift Model

= (Azps (Azpympr (AziaAzpzmpg + Azpompe(AyneAyps +

AzpoAzps) — Azpsl®(mp +my)) + Azpimar (mag (Aziy(Ayp Ayps +

Azp1 Azpz) + (Ayn Ayna + Azn1 Azna) (Ayna Ayns + AznaAzpg) — 1 (Ayni Ayns +
AzhlAzhg)) — l2ml(Ayh1Ayh3 + AzhlAzhg)) + l2ml (A:Uhg (l2(mh1 +

Mh2) — Azjompz) — Azpompa(AypeAyns + AzpalAzps)) +

mp1mp2 (—(Ayn1 Ayng + Azp1 Azp) (Azps(Ayn Ayng +

Azp1 Azpg) — Azpo(Ayn1 Ayns + Azp1 Azps)) — Azpol®(AzpoAzps +

AynoAyps + AzpaAzps) + Azpsl?) + Azpslmi)) /(den mpimpampsmy)

= ((yns — v1) (Ax} mn1 (AziyAzpzmpe + Azpompe (AyneAyps +

AzpoQAzps) — Azpsl®(mp +my)) + Azpimar (mae (Azho(Ayp Ayns +

Azp1 Azpz) + (Ayn Aynz + Azp1 Azpg) (Ayna Ayns + AznaAzpg) — P (Ayp1 Ayps +
AzhlAzhg)) — l2ml(Ayh1Ayh3 + AzhlAzhg)) + l2ml (Axhg (lz(mhl +

Mmp2) — Axigmpz) — Azpompa(AypeAyns + AzpaAzps)) +

mp1mp2 (—(Ayn1Aypg + Azp1 Azpo) (Azps(Ayni Ayng +

Azp1Azpg) — Axpo(Ayni Ayps + Azp1Azps)) — Amh2l2(Axh2A:ch3 +

AynoAyps + AzpaAzps) + Awh3l4) + Axh3l4ml2)) /(den mhlmhgmhgm?)

= ((zn3 — 21) (Azjymp (AziAxpgmps + Azpemps(AynaAyps +

AzpoAzps) — Azpsl®(mps +my)) + Azpimar (mae (Azjo(Ayp Ayps +

Az Azps) + (Ayp Ayna + Azpi Azpo) (Ayne Ayns + AzpaAzps) — 1 (Ayni Ayps +
Azp1Azps)) — Py (Aypi Ayps + Azpi Azpg)) + Py (Azpg (P (mp +

mp2) — Axigmpa) — Azpompa(AypeAyns + AzpaAzps)) +

mpimpg (—(Ayp1 Aypa + Azp1 Azpo) (Azps(Ayni Ayna +

Az Azpa) — Azpo(Ayn Ayns + Azp1 Azpz)) — Axpol(AzpaAzyz +

AynoAyns + AzpaAzps) + Aarhgl4) + Axh3l4ml2)) /(den mhlmhgmhgm?)

= (Azpy (AziyAzpzmpompg(Axp Ayps — AzpzAypr) +

Azpomps (Azpimg (A:cii;Ath + Ayno(Ayps — D) (Ayps + 1) +
AynsAzpazps) — Azpy Aypal®my + Azpgmps(—2Ayp AzpoAzps +

AynoAzp1 Azps + AypsAzp1 Azpa)) — Py (Aypsmps (Azpy Azpg + Azp Azps) +
Ayt (Ayiampe + Ayigmps — P (mp2 +ma3)) + AypaAzp Azpamps) +
mpamps (=12 (Azp AzpsAyns + Ayn (Ayiy + Ayps) + AynoAzp Azpo +
AynsAzp1 Azps) + (AynoAyns + AzneAzps) (Azp AzpzAyps +

Ayn1 Ayn2Aynz — Ayp1AzpaAzpz + AypaAzp1 Azps +

AypsDzp Azpo) + Aypal®) + Aypal*'mi)) / (den mpimpamypzmy)
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C(11,2)

C(11,3)

C(11,4)

6 Dynamic Equations of the Translational Multi-Lift Model

= ((yn1 — w) (AxoAzpzmpamps(Azp Ayps — AxpzAyp) +

Azpamps (Azpimps (AzjsAyne + Ayna(Ayps — D)(Ayps + 1) +
AynsAzpaAzpz) — Az Aypal®my + Azpzmps(—2Ayp1 AzpeAzps +

AynaAzp Azps + AypsAzp1 Azpa)) — Py (Ayngmns (Azp Azps + Azp Azps) +
Ayni (Ayjgmae + Ayigmps — P(mpg +ma3)) + AypaAzp1 Azpomps) +
muamps (=12 (Azp1 AzpgAyps + Ayn (Ayiy + Ayjs) + AypaAzp Azps +
AypsAzp1Azps) + (AynaAyns + AzpaAzpg) (Azp AzpzAypg +

Ayn1 Ayn2Aynz — Ayn1 AzpoAzpz + AypaAzp1 Azpz +

AypsAzp1 Azpo) + Ayh1l4) + Ayh1l4ml2)) /(den mhlmhgmh;;m?)

= ((zn1 — 21) (Ao Azpgmpomps (Azp Ayps — AzpsAypr) +

Azpampg (Azpimps (AzhsAyne + Ayna(Ayps — D)(Ayns + 1) +
AynsAzpaAzpz) — Az Aypal®my + Azpzmps(—2Ayp1 AzpeAzps +

AynoAzp1 Azps + AypsAzp1 Azpo)) — Pmy (Aypsmps (Azp Azpg + Az Azps) +
Ayni (Ayrymas + Ayrgmps — P (mpg +mas)) + AypaAzp Azpomps) +
mpamps (=12 (Azp AzpsAyns + Ayn (Ayig + Ayps) + AynoAzp Azpo +
AynsAzp1 Azps) + (AynoAyns + AzneAzps) (Azp AzpzAyps +

Ayp1 Ayn2Ayns — Ayp1 AzpoAzpz + AypaAzp1 Azpz +

AynsAzp1 Azp2) + Ayml?) + Aypil*mi)) /(den mpimpompzmi)

= (Azps (Azj; Azpzmpimas(AzpoAypg — AzpzAyps) +

Azpimpr (Azpomps (Azjs Ayt + Ayni (Ayps — 1) (Ayps +

1) + AynsAzp1 Azpz) — AzpoAypilPmy +

Azpzmpz(Ayn1 AzpaAzpz — 2Ayp2 Azp1 Azpz +

AynsAzp1Azp2)) — Py (Aypsmas(AzpaAzps + AzpaAzps) +

Ay Aypamp + Aypi Azp1 Azpampt — Aypa (P (mp1 + mpz) — Ayjsmas)) +
muimps (=1 (Ayns(AzpeAzps + AypaAyns + AzpaAzps) + Ayjy Aypo +

Ayp1 Azp1Azpa) + (Ayni Ayns + Azp1 Azpg) (Azpo AzpzAypy +
Ayn1 Ayn2 Aynz + Ayn1 AzpoAzpz — AypaAzp1 Azpz +
AypsAzp Azps) + Ayh2l4) + Ayh2l4ml2)) /(den mhlmhgmhgm?)
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6 Dynamic Equations of the Translational Multi-Lift Model

C(11,5) = ((yn2 — wi) (Az7, Azpgmpimps(AzpoAyps — AzpzAype) +
Azpimp (Azpomps (AzjsAyn + Aypi (Ayps — D)(Ayps +
1) + AynsAzp1 Azpz) — AzpoAypilPmy +
Azpzmpz(Ayn1 AznaAzpz — 28y Azp Azpz +
AynsAzp1Azpo)) — Py (Aynsmps (AzpeAzps + AzpaAzps) +
Ay Aypomnp + Ayp Azpi Azpampt — Aypa (P (mp1 + mps) — Ayjpsmas)) +
mpimas (=12 (Ayns(AzneAzns + AynoAyns + AznaAzpg) + Ayjy Ayps +

Ayp1 Azp1 Azpa) + (Ayni Ayns + Azp1 Azpg) (Azpo AzpzAypy +
Ayn1 Ayn2Ayns + Ayn1 AzpoAzpz — AypaAzp1 Azpz +
AypsAzp1 Azpo) + Ayh2l4) + Ayh2l4m12)) /(den mhlmhgmhgm?)

C(11,6) = ((Zhg —2z) (A:r%lehgmhlmhg(AthAyhg — Azp3Aypa) +
Azpimp (Azpomps (AzhsAyn + Aypi (Ayps — D)(Ayps +
1) + AynsAzp1 Azpz) — AzpoAypilPmy +
Azpzmpz(Ayn1 AznaAzpz — 28yp2 Azp1 Azpz +
AythZhlAZhg)) — l2ml (Ayhgmhg(AthASUhg + Azthzhg) +
Ay Aypompt + Aypi Az Azpompt — Aypa (2 (mp1 + mag) — Ayjgmas)) +
muimps (=2 (Ayns(AzpoAzns + AypaAyns + AzpaAzps) + Ay Aypa +

Ayp1Azp1 Azpa) + (Ayn1Ayns + Azni Azps) (Azpo Azpz Aypy +
Ayn1 Ayn2Aynz + Ayn1 AzpaAzpz — AypaAzp1 Azpz +
AynsAzy1 Azpg) + Aypal?) + Aypol*mi)) /(denmpimpampzmi)

C(11,7) = (Awps (Aziy Azpompimpz(AzpsAype — AzpaAyps) +
Azpimar (M2 (AzhyAzpsAyny + Ao (Ayn AzpeAzys +
AynoAzp Azpz — 28yp3Azp1 Azpo) + Axpz(Ayni (Ayne — 1) (Aype +1) +
AynoAzp1Azp2)) — AzpsAypiPmy) — Py (Aypempe(AzpoAzys +
AzpaAzp3) + Ay Aynsmps + Aypi Az Azpgmps — Ayps (1% (mp +
Mp2) — Aypomaz)) +mapimps (=12 (Ayno(AzpeAzps + AypoAyns + AzpaAzpsz) +
Ayn1 (AYn1 Ayns + Azp1Azp3)) + (Ayn1 Aynz + Azp1 Azpe) (Azpe Axpz Ayp +
Ayn1 AynaAyns + Ay AznaAzpg + Ayna Az Azpg — AynsAzp Azpa) +

Ayh314) + Ayhgl4m12)) /(den mhlmhgmhgm?)
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C(11,8) = ((yns — wi) (Az}, Azpampimpa(AzpsAype — AzpaAyss) +
Azpimay (mp2 (Azjy Az Aypy + Azpo(Ayn AzpeAzps +
AynoAzp Azpz — 28yp3Azp1 Azpo) + Axpz(Ayni (Ayne — 1) (Aype +1) +
AynoAzp1Azp2)) — AzpsAyp1Pmy) — Py (Aypempe(AzpoAzps +
AzpaAzp3) + Ay Aynsmps + Aypi Az Azpgmps — Ayps (1% (mp +
mp2) — Ayiomnz)) +muimpe (—P(Ayn2(AzpoAzps + AypaAyns + AzpaAzys) +
Ayn1 (Ayn1 Ayns + AzpiAzpz)) + (Ayn Aynz + Az Azpg) (Azpo Azpz Ay +
Ayn1 AynaAynz + Ay AznaAzpg + Ayna Az Azpg — AynsAzp Azpa) +

Ayh314) + Ayhgl4m12)) /(den mhlmhgmhgm?)

C(11,9) = ((2n3 — 1) (Az}; Azpompimps(Azp3Ayns — AzpoAyps) +
Axpimp (mh2 (Aw%ﬂAxthyhl + Azpo(Ayn1 AzpaAzps +
AynaAzp1 Azpz — 28yp3Azp1 Azpa) + Azpz(Ayn1 (Ayn2 — 1)(Ayne +1) +
AynoAzp1 Azpa)) — AzpsAypiPmy) — Py (Aypempe(AzpoAzys +
AzpaAzp3) + Ay Aypsmig + Ayp Azpy Azpgmpy — Ayps (12 (mp1 +
Mh2) — Aypomaz)) +mpimps (=12 (Ayna(Azpe Azps + AypoAyps + AzpaAzpsz) +
Ayp1 (Ayn1 Ayns + Azp1Azpz)) + (Ayn1 Aynz + Azpi Azp2) (Azpa Axpz Aypy +
Ayn1 Ayn2Aynz + Ayn1AznaAzpz + AynaAzp1 Azpz — AynsAzp1 Azpo) +

Ayh314) + Ayh3l4ml2)) /(den mhlmhgmhgm?)

C(12,1) = (Aachl (Ax%zA.’Ijhgthmhg(AJ)hlAZhg — AxpsAzpy) +
Azpamps (Azp AzjsAzpomps + Azpy (Ayn2AynsAzngmps +
Azps (Azpgmpg — P (mps +m0))) + Azpgmps(Ayp AynaAzps +
Ay AypsAznz — 28y AypsAzp1)) + AynaAzpampg (Azp AzpsAypzmps +
Ayni (Aypsmag + Azjgmps — P (mps +my))) +
(Azfﬂmhg — P(mpg + ml)) (mhg(Axhlethzhg +
Ayn1 AypsAzps + Azp1 (Azps — 1) (Azpg +1)) — Azpil®my) +

Ay Aynsmpomps(Ayp Azps — AypsAzp))) /(den mpympampzmy)

C(12,2) = — ((yh1 - ) (Am%QA{Bhgmhgmhg(AxthZhl — Azxp1Azps) +
Axpompo (AazhlAthZle — mp3 (AazhlAaz%ﬁAzhg +
Axp1 (Ayn2AynzAzpz + Azpa(Azpz — 1) (Azpz +1)) +
Azps(Ayn AynaAzng + Ayn1 AynsAzna — 28yne AypsAzp1))) +
AynaAzpamips (AypPmy — mps (Azp AzpgAyns + Aypr (Ayig +
Az,zlg - ZQ))) + (Az?ﬂmm — P(mpg + ml)) (Azh1l2ml — mp3(Azp AxpgAzps +
Ayn AynzAzpz + Azpi (Dzng — 1) (Azpz +1))) +

Ay Aynsmpamps(AypsAzn — Ay Azpz))) / (denmpympgmpzmy)
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C(12,3) = — ((Zhl —21) (A.I‘ZQALUhgmhgmhg(A$h3AZh1 — Azp1Azps) +
Axpomyo (AwhlAzhglzml — my3 (AwhleigAzhg +
A:L‘hl(AthAythZhg + AZhQ(AZhg — l)(AZhg + l)) +
Azp3(Ayn1 AynaAzns + Ayp1 AypsAzpg — 28ypaAypsAzpy))) +
AynaAzpomps (Aypl®my — mps (Azp AzpzAyps + Aypr (Ayjs +
Az,% - lz))) + (Az?ﬁmhg — 12 (mps + ml)) (Azhllzml — mp3(Azp AxpzAzps +
Ayn1 AynsAzps + Azpi (Azpg — 1)(Azps 4 1)) +

Ao Aypsmpamps(AypsAzpy — AypiAzps))) / (den mpympampzmy)

C(12,4) = (Axhg (Ax%lehgmhlmhg(Awthzhg — AzpsAzpo) +
Axpimp (Al’hgmhg (Azhl (Al’%ﬁ + AZ}QZ3 — 12) +
Ayn1 AypsAzpz) — AzpaAzpiPmy +
Axpzmps3(Ayn1 Ayn2Aznz — 2Ayn1 AynsAzpa +
AynaAypsAzp1)) — Pmy (AzpaAzpzAzpgmps + Aypi AypaAzpimpy +
Aythythzhgmhg + Azpo (Az%lmhl -+ Azﬁgmhg — l2(mh1 -+ mhg))) +
mpimps (=2 (AzpeAzpsAzps + Ayp AypoAzn + AypaAypsAzps +
Azpo (Az,zﬂ + AZ}%g)) + (Ayp1Ayns + Azp1 Azps) (AzpaAxpgAzpy +
Ayp1 Ayp2Azpg — Ayp1 AynsAzpz + AypaAypzAzp +
Azp1 AzpaAzps) + Azh2l4) + Azh2l4ml2)) /(den mhlmhgmhgm?)

C(12,5) = ((yh2 —y) (A:c%lAa:hgmhlmhg(Axthzhg — AzpsAzpo) +
Axpimp (Al’hgmhg (Azhl (Aa:%3 + Az,%;; — l2) +
Ayn1 AypsAzpz) — AzpoAzpPmy +
Axpzmps(Ayn1 Ayn2Aznz — 28y AynsAzpg +
AynoAypsAzp1)) — Pmy (AzpaAzpz Azpgmps + Aypi AypaAzpimpy +
Aythythzhgmhg + Azpo (Az,zﬂmhl -+ AZ,QZ?)mhg — l2(mh1 -+ mhg))) +
mpimps (=2 (AzpeAzpsAzps + Aypi AypoAzn + AypaAypsAzps +
Azpo (Azzl + AZ}%?))) + (Ayp1Ayns + Azp1 Azps) (AzpaAxpgAzpy +
Ayp1 Ayp2Azpg — Ayp1 AynsAzpz + AypoAypzAzpy +
Azp1 AzpoAzps) + Azh2l4) + Azh2l4ml2)) /(den mhlmhgmhgm?)
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C(12,6) = ((zhg —2z1) (Aa:ilehgmhlmhg(Axthzhg — AzpsAzpo) +
Axpimp (A$h2mh3 (Azhl (Aac,zlg, + Az}%g — l2) +
Ayn1 AypsAzpz) — AzpoAzyyPmy +
Azpzmpz(Ayn1 AynaAzng — 2Ayp1 Ayn3Azpa +
AynaAynsAzpt)) — Py (AzpoAzpsAzpsmps + Ayp AypaAzpima +
Aythythzhgmhg + Azpo (Azilmhl -+ Azig)mhg — l2(mh1 + mhg))) +
mpimag (=12 (AzpeAznsAzps + Ayp1 AynaAzpt + AypaAypsAzns +
Azpy (Aziy + Azjig)) + (Ayn1 Ayns + Az Azps) (AzpeAzpgAzyy +
Ayp1 Ayp2Azpg — Ayp1 AynsAzpz + AypaAypzAzpy +
Azp1 AzpoAzps) + Azh2l4) + Azh2l4ml2)) /(den mhlmhgmhgm?)

c(12,7) = (Axhg (Al’}%lA.’Ethhlth(AxthZhg — AzpaAzps) +
Azpimpt (mpg (AzpaAzpsAzpt + Azpo(—2Ayk1 AypaAzys +
Ayn AynzAzpe + AynaAynsAzp1) + Axpz(Ayn1 AynaAzao +
Azhl(Ath — l)(AZhQ + l))) - Axh3A2h1l2ml) - l2ml (Azhgmhg(Axth:chg +
AynaAyns) + Aypi AypsAzpimpy + Azpg (Azpymp +
Azjympe — P(mp1 +mp2))) + mpimps (=12 (AzpeAzpzAzps +
Ayn AynsAzp + AynaAypsAzps + Azpz (Azjy + Azjy)) +
(Ayn1 Ay + Azp1 Azpa) (AzpoAzpgAzpy — Ay AypaAzpz +
Ayn1 AynsAzpe + AynaAynzAzpr + Azp1 AzpaAzpg) +
Azh3l4) + Azh3l4ml2)) /(den mhlmhgmmm?)

0(12,8) = — ((yh3 — yl) (Ax%lethhlmhg(Axthzhg — AxthZhg) +
Azpimpt (AzpzAzpilmy — mps (Ax7yAzp3Azyy + Azpa(—2Ayn1 AypaAzys +
Ayn1 AynzAzpe + Ayne AynsAzp1) + Axpz(Ayn1 AyneAzag +
Azpi (Azpg — D) (Azpa +1)))) + Py (Azpempz(AzpaAzps +
AynaAyns) + Aypi AypsAzpimp + Azps (Azpymp +
AZ}ZLthQ — l2(mh1 + mhg))) — MAup1Mp2 (—l2 (Axth:EthZhQ +
Ayn AynsAzp + AypaAypsAzps + Azpz (Azjy + Azjy)) +
(Ayn1Aynz + Azp1 Azpo) (Azpe ArpzAzny — Aypi AypoAzps +
Ayn1 AynsAzpe + AypaAynzAzpr + Azp1 AzpaAzps) +
Azh3l4) — Azh3l4ml2)) /(den mhlmhgmhgm?)
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0(12, 9) = — ((Zhg — Zl) (szlehgmhlmhg(AthAzhg — A.rthZhg) +

~—

~—

~—

Azpimpt (AzpzAzpil?my — mps (Ax7,Azp3Azyy + Azpa(—2AYn1 AypaAzps +
Ayn1 AynzAzpe + AynaAynsAzp1) + Axpz(Ayn1 AyneAzag +

Azpi (Azpa — D) (Azpa +1)))) + Py (Azpempe(AzpaAzps +

AynaAyns) + Aypi AypsAzpimpy + Azps (Azp mp +

Azjympe — P(mp1 +mp2))) — mpimps (=12 (AzpeAzpzAzps +

Ayn AynsAzpt + AynaAypsAzps + Azpz (Azjy + Azjy)) +

(AYn1Ayn2 + Azp1 Azpe) (AzpeAzpzAzpy — Ayp1 AynaDzpz +

Ayn1 AynsAzpe + AynaAynzAzpr + Azp1 AzpaAzps) +

Azh3l4) - Azh3l4ml2)) /(den mhlmhgmhg)m?)

=1 — (Azp1 (= ((Ers — 20)* + Wns — 0% + Gns — 20)%) (AzpAzpe +

Ayp1 Ayps + Az Azp) (AzpoAzps + AypoAypg + AzpoAzps) — (12 (mp2 +

m) (Azp1 Azps + Ayp Ayps + Azp1 Azps)) /(mp2)) — ((En2 — 31)* + (G2 — 91)* +
(h2 — 4)%) ((Azp1Azps + Ayp Ayns + Azpi Azys) (AzpeAzpg + AypoAyps +
AzpaAzpg) — (ZQ(mhg + my)(Azp Azpe + Aypi Aype + AzhlAth)) /(mhg)) +
((En1 — )% + @Wn1 — 90)* + Gra — 2)%) (= ([ (mng +my) (mps +

my)) [(mpamps) — (AzpaAzps + AypaAyns + AzpalAzps)?)))) /(denmpimy)

=iin1 — (Aynt (= ((@r3 — 2% + Whs — 90)° + (s — £)°) ((AzpAzpe +

Ayn1 Ayna + Azp1 Azpo) (AzpaAzys + AypaAyns + AzpaAzps) — (1% (mpo +

my) (Azp1 Azps + Ayp Ayps + Azp1 Azps)) /(mp2)) — ((En2 — 31)% + (Y2 — 91)° +
(h2 — 40)%) ((Azp1Azps + Ayp Ayps + Azpi Azps) (AzpeAzps + AypoAyps +
AzpaAzpg) — (ZQ(mhg +my)(Azp Azpe + Aypi Aype + AZhlAZhg)) /(mhg)) +
((En1 — )% + Wn1 — 90)* + Gra — 2)%) (= ([ (mng +my) (mps +

my)) [(mpamps) — (AzpaAzps + AypoAyns + AzpalAzps)?)))) /(denmpimy)

= — (Azp1 (= ((@n3 — &0)* + (s — 90) + (Gas — 2)°) ((Azp Azps +

Ayn Ayna + Azpi Azpo) (AzpaAzys + AypaAyns + AzpaAzps) — (1% (mpo +
my) (Azpi Azpg + Aypi Ayps + Azpi Azpg)) /(mn2)) — ((En2 — 31)° +

(n2 — 0)* + GGz — 2)%) ((Azp1 Azpg + Ayp Ayps + Azpi Azps) (AzpeAzys +
AynaAyns + AzpaAzpz) — (12 (mps + my) (Axpi Azpg +

Ayni Aynz + Azp1Azp2)) /(mnz)) + ((En1 — 1)* + (a1 — 91)° +

(r1 — 2)%) (= ((1*(mn2 + mu) (maz + 1)) /(mpamns) — (Azpe Az +
AynaAyns + AznaAzp3)?)))) /(denmumi) + G + Zny
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d(4) = @2 — (Azpa (= ((Ers — 21)° + (ns — 01)° + (as — 2)%) (AzpAzpg +
Ayn1Ayna + Azpi Azpa) (Azp1 Azpg + Ayp1 Ayps + Az Azps) — (1% (mp +
my) (AzpaAzps + AypaAyps + AzpaAzps)) /(mp1)) + ((Ep1 — 31)° +
(Wn1 — 9% + GGa1 — 20)2) (= ((Azpi Azpg + Ayp Aypg +
Az Azp3) (AzpeAzps + AypaAyns + AzpaAzpz) — (12 (mps +
my) (Azp1 Azpo + Ayp1 Ayn + Azp1 Azna)) /(mng))) — (2 — 21)* +
(n2 — 0)* + (a2 — 20)%) (1" (mpr + my) (mps +
my)) [(mpimas) — (Azp1 Azps + Ayp Ayps + Azp1Azps)?))) / (denmpamy)

s
—
ot
N2

= finz — (Ayn2 (— (@3 — #1)* + (Wns — 90)° + (Gas — 4)°) (AzpAxps +
Ayn1 Ayps + Az Azpa) (Azp Azps + Aypi Aypg + Azpi Azps) — (P (mpr +
) (Azp2Azps + AypoAyns + AzpaAzps)) /(ma1)) + ((En1 — 21)* +

(n — 9% + (a1 — 2)°) (= ((Azp1Azpg + Aypi Ayps +

Azp1 Azp3) (AzpoAzps + AypaAyns + AzpaAzyg) — (1P (mag +

my) (Azp1 Azps + Aypi Aype + Az Azpa)) [(mns))) — ((Zre — 40) +

(n2 — 0)* + Gz — 20)%) ((1*(ma1 + my) (ms +

my)) [(mpimps) — (Azp1Azps + Aypi Ayps + Azp1Azps)?))) /(denmpamy)

d(6) = — (Aznz (— ((Fns — 2% + Wns — 90)* + (Zns — 21)?) ((Azp1Azps +
Ayn1 Ayna + Azp1 Azpo) (Azpi Azpg + Ayp1 Ayps + Az Azps) — (1% (mp +
my) (AzpaAzys + AypaAyps + AzpaAzps)) /(mp1)) + ((Ep1 — 31)° +
(n1 — 91)* + (Gn1 — 4)°) (= ((AzniAzps + Aypi Ayps +
Azp1 Azps) (AzpaAzps + AypaAyns + AzpaAzpz) — (P (mag + my) (Azp Azpg +
Ayn1Ayna + Az Azpa)) /(ms))) — ((En2 — 1)° + (n2 — 01)° +
(Zn2 — 2)%) ((1*(mp1 + mu) (mag +m0)) /(mpamns) — (Azp Azps +
Ayni Ayps + Az Azpz)?))) /(den mpami) + G + Zno

d(7) = &n3 — (Awns (= ((En2 — 20)% + (n2 — 90)* + (Gnz — 2)%) (AzpAzpg +
Ayn1 Ayps + Azt Azpa) (Azp Azps + Aypi Aypg + Azpi Azps) — (P (mpr +
my) (AzpoAzps + AypeAyns + AzpaAzpg)) /(mp1)) + ((En1 — @) +
(Wn1 — 9% + G — 2)%) (— ((Azpi Azps + Ayp Aype +
Azp1 Azpo) (AzpoAzps + AypaAyns + AzpaAzpz) — (12 (mpz +
my) (Azp1 Azps + Aypi Ayps + Az Azps)) [(mp2))) — ((Zrs — 40) +
(ns — 0)* + GGz — 20)%) (1" (mpr + my) (mpo +
my)) [(mpimp2) — (AzpAzps + AypiAyps + Azp1Azpo)?))) /(denmpzgmy)
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d(8) = iin3 — (Ayns (— ((En2 — 1)* + (a2 — 90)* + GGz — 2)%) ((AzpAzys +
Ayn1Ayna + Azp1 Azpa) (Azpi Azpg + Aypi Ayps + Azp Azps) — (1% (mp +
my) (AzpaAzys + AypaAyps + AzpaAzps)) /(mp1)) + ((Ep1 — 31)° +
(Wn1 — 9% + GGa1 — 20)2) (= ((Azp1 Azpg + Ayp Aype +
Az Azp2) (AzpeAzps + AypaAyns + AzpaAzpz) — (12 (mpa +
my) (Azp1 Azps + Ayp1 Ayns + Azp1 Azns)) /(mn2))) — ((Ens — 21)* +
(9ms — 90)° + (Gns — £)%) (1 (mn1 + ma) (mnz +
my)) [(mpimp2) — (Azp1Azps + Aypi Ayps + Azp1Azpo)?))) /(denmpzmy)

d(9) = — (Azns (= ((En2 — 202 + (n2 — 9)* + (Gn2 — 20)%) (Azp Azpo +
Ayn1 Ayps + Az Azpa) (Azp Azps + Aypi Aypg + Azpi Azps) — (P (mpr +
) (AzpaAzps + AypoAyns + AzpaAzps)) /(ma1)) + ((En1 — 21)* +
(Gn1 — 9% + G — 2)2) (— ((Azp Azps + Ayp Aype +
Azp1 Azp2) (AzpaAzps + AypaAyns + AzpaAzpz) — (P (mpg + my) (Azp Azps +
Ayp1 Ayns + DzniAzpz)) /(mp2))) — ((Ens — 21)° + (Gns — 0)* +
(2ns — 2)?) ((1*(ma1 +m0) (M2 + 1)) /(mpimpg) — (Azp Azpe +
Ayp1Ayps + Az Azpo)?))) /(denmpzmi) + G + Zp3

d(10) = & — (((&ns — @) + Wns — 90)* + Grs — 2)°) (Azpe ((Azp Azps +
Ayn1Ayna + Azp1 Azpo) (Azpi Azpg + Aypi Ayps + Az Azps) — (1% (mp +
my) (AzpaAzps + AypaAyns + AzpaAzpg)) /(ma1)) + Azpy ((Azp Azpg +
Ayn1 Ayps + Az Azpa) (AzpoAzps + AypoAyps + AzpaAzps) — (1P (mp2 +
) (Azp1 Azps + Ayp1 Ayns + Azpi Azps)) /(mng)) + Azpg (1 (man +
my) (mp2 +my)) /(maimps) — (Azpi Azpe + Ay Aype + Azp1Azpe)?)) +
((En2 — @0)* + W2 — 90) + (G2 — 2)°) (Azps ((Azp1Azps + Aypi Aypo +
Azp1 Azpo) (Azp1 Azps + Aypi Ayps + Az Azys) — (P (mar + my) (AzpoAzps +
AynaAyps + AzpaAzpz)) [(ma1)) + Azpr ((Azp Azpz + Aypi Ayps +
Azp1 Azp3) (AzpaAzps + AypaAyns + AzpaAzyz) — (1P (mg +
) (Azp1 Azps + Aypi Ayps + Azpi Azya)) /(mns)) + Azpo (1 (mp +
my)(mps +my)) /(mpimes) — (Azp Azps + Ayp Ayps + Azp1 Azps)?)) +
((En1 — 21)” + (a1 — 90° + (a1 — 4)°) (Azns ((Azpi Azpg + Ayp Aype +
Az Azp2) (AzpeAzps + AypoAyps + AzpaAzps) — (1P (mn2 +my) (Azp Azpg +
Ayp1Ayps + Az Azps)) /(ma2)) + Azpa ((Azp Azpg + Aypi Ayps +
Az Azps) (AzpoAzps + AypaAyns + AzpoAzys) — (12 (mpg + my) (Azp Azps +
Ayp1Aypa + Az Azpa)) /(mng)) + Azpr (1 (mpa + my) (mps +
my)) /(maamns) — (AzpeAzpg + AypoAyns + AzpaAzps)?))) /(denmi)
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6 Dynamic Equations of the Translational Multi-Lift Model

=4t — (((&n3 — 2% + (Ins — 90)* + (Grs — 20)%) (Aynz (AzpAzpg +
Ayn1Ayna + Azpi Azpa) (Azpi Azpg + Ayp1 Ayps + Az Azpg) — (1% (mp +
my)(AzpaAzns + AypaAyps + AzpaAzps)) /(ma1)) + Ayt ((AzpiAzpg +
Ayn1 Ayps + Az Azpo) (AzpoAzps + AypoAyng + AzpoAzps) — (1P (mpo +

my) (Azp1 Azps + Ayp1 Ayns + Azp1 Azns)) /(mn2)) + Ayps (1 (mpr +

my) (mp2 +my)) /(mpimnps) — (Azp1 Azpe + Ay Aype + Azp1Azpe)?)) +
((Zh2 — 20)% + W2 — 90)* + Gnz — 2)?) (Ayns (Azp1Azpe + Ayp Ayps +

Az Azpo) (Azp1 Azps + Ayp1 Ayps + Az Azys) — (P (mar + my) (AzpoAzps +
Ayn2Ayns + AzpaAzps)) /(mn1)) + Bynt (Azp Aznz + Ay Ayns +

Azp1 Azps) (AzpoAzns + AypaAyns + AzpaAzps) — (1P (mag +

M) (Azp1 Azps + Aypi Ayps + Az Azpa)) /(mns)) + Aypa (1 (mar +

my) (mps +my)) /(maimns) — (Azpi Azpg + Aypi Ayps + Azp1Azpz)?)) +
((En1 — 21)° + (a1 — 90° + (a1 — 2)°) (Ayns (AzpiAzpg + Aypi Ayps +

Az Azp2) (AzpeAzps + AypoAyps + AzpaAzps) — (1 (mnz +my) (Azp Azpg +
Ayp1Ayps + Az Azps)) /(ma2)) + Aypo ((Azp Azpg + Ayp1 Ayps +

Azp1 Azps) (Azp2Azps + AypaAyps + AzpaAzpz) — (P(mag +my) (Azp Azpo +
Ayni Aynz + Az Azpa)) /(mn3)) + Aypr (11 (mng + my) (maz +

my)) /(maamns) — (AzpeAzpg + AypaAyps + AzpaAzps)?))) /(denmi)

= — (((@ns — 21)* + (Whs — 90)* + (a3 — £1)%) (Azpo ((Azp1Azpg +

Ayn1 Aynz + Azpy Azpo) (Axpy Axyg + Ayp Ayps + Azpy Azpg) — (1% (mp +
my)(AzpaAzps + AypaAyps + AzpaAzpz)) [(ma1)) + Azpy ((Azp Azpg +

Ayn Ayna + Azp1 Azpo) (AzpaAzys + AypaAyns + AzpaAzps) — (1% (mpo +

) (Azp1 Azpg + Aypi Ayps + Az Azyg)) /(mp2)) + Azps ((11(mp +

my) (mp2 +my)) /(mpimps) — (Azp1 Azpe + Aypi Aype + Azp1 Azpe)?)) +
((En2 — 20)% + (W2 — 90)° + (Zr2 — 2)%) (Azps ((AzpiAzpa + Ayt Aypo +

Az Azpo) (Azp1 Azps + Aypi Ayps + Az Azyg) — (2 (mpn + my) (AzpoAzps +
AynaAyns + AzpaAzps)) /(mn1)) + Azny ((Azp Azas + Ayn Ayns +

Az Azp3) (AzpaAzps + AypaAyps + AzpaAzpz) — (12 (mps +

my) (Azp1 Azpe + Ayp1 Aypa + Az Azpa)) /(mas)) + Azpe (1 (mp +
my)(mps +my)) /(mpimes) — (Azp Azpg + Ayp Ayps + Azp1 Azps)?)) +
((@n1 — 20+ a1 — 90)* + Gar — 2)) (Azns ((Azp Azpe + Ayp Aypo +
Azp1 Azpo) (AxpeAzxps + AypaAyps + AzpaAzps) — (l2(mh2 +my) (Azp Azxps +
Ayp1 Ayps + Az Azpz)) /(ma2)) + Azna ((Azp Azpz + Aypi Ayps +

Azp1 Azp3) (AzpoAzps + AypaAyps + AzpaAzpz) — (P(mpg + my) (Azp Azpo +
Ayn1 Ayps + Azp1 Azpa)) [(mng)) + Azpy (1 (mng + my) (mpg +

my)) /(maamns) — (AzpaAzps + AypaAyps + AzpaAzys)?))) /(denmi) + G+ %
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7 Dynamic Equations of the Flexible
Rope Model

This chapter presents the dynamic equations of the flexible rope model. The model has
been designed using the Kane method and the equations have been generated using the
tool Autolev. The equations for three particular configurations n € {1, 2, 5}, composed
of one, two and five mass points, are provided.

7.1 Composed of One Mass Point

The equation of this configuration is only provided for the validation of the modeling
approach. At least five mass points are required for the model, to reflect the motion of
LTD, rope and load correctly, see Sec. 7.3.

For n =1 the following equation is derived:

a1 = —(—cos(a1) Fy + Gsin (1) my + k1liaq) /(limq)
Where «a; is the pendulum angle, with ¢&; = a3 ddt and &; = «q d2dt2. The constants
l1, m1 denote pendulum length and pendulum mass respectively. The coefficient k;
describes the friction in the pendulum joint and the force F; can be used to stimulate

the pendulum. It is easy to see, that for k; = 0 and F; = 0 the equation become
equivalent to the dynamic equation of an idealized pendulum.

7.2 Composed of Two Mass Points

Similar to Sec. 7.1, the equations of this configuration are only provided for the validation
of the modeling approach. At least five mass point are required for the model, to reflect
the motion of LTD, rope and load correctly, see Sec. 7.3.
For n = 2 the following equations are derived:

o = (kglldl cos? (a2) + (Sin (a2) llmgo'z% —cos (a1 + ag) Fo + Gsin (a1 +

ag) mg) cos (QQ) -+ sin (ag) lomsy (dl + dg) 2 + cos (al) (Fl +

Fy) — Gsin (aq) (m1 4+ ma) — (k1 + ko) lidn) /(L (—me cos? (ag) + my + ms))
g = — (2 ((((ml + mg) l% + 2cos (a2) lamaly + l%mg) (—cos (a1 + ag) Fy +

G sin (a1 + ag) mo + 1161 (cos (a2) ko + sin (ag) mady) + kals (an +

0'52))) /(ma2) — (cos (a2) 11 + 12) (/ﬁdll% —cos (1) (F1 + F3) 11 + G'sin (aq) (mq +

mg) l1 + cos (Ozg) kglg (2(541 + dg) l1 + ]{ZQ (dll% + l% (dl + dg)) — l2 (COS (al + az) F2 +

ma (sin (ag) l1&e (2¢1 + do) — Gsin (g + 042)))))) /(l%lg (2mq — cos (2ag) ma + mz))
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7 Dynamic Equations of the Flexible Rope Model

Where «; is the angle of the ¢’th pendulum, with &; = «; ddt and &; = «; d%dt2. The
constants [;, m; denote length and mass of the pendulum respectively. The coefficient k;
describes the friction in the i’th pendulum joint and the force F; can be used to stimulate
the i’th pendulum. For k12 = 0 and Fj2 = 0 the equations become equivalent to the
dynamic equations of an idealized double pendulum:

&1 = (ma (G cos (a2) sin (a1 + a2) + sin () (cos (a2) 1165 + Is (d1 +
)) Gsin (o) (m1 +m2)) /(I (—ma cos? (ag) + my + ms))

dr2)
(G sin (aq) la (2my — cos (2ai2) mo + ma) — 2sin (az) (l% (mq +

m2) 041 + l2m2 (Ozl + OéQ) + G cos (Oél) (COS (012) lomag + 11 (m1 + mz)) +
CcOos (ag) l1lomo (2(3[% + 2a00 + Oé%))) /(2l1l2 (—mg cos? (Oég) +mq + mg))

7.3 Composed of Five Mass Points

The configuration presented in this section is composed of five consecutive pendulums.
With a growing number of consecutive pendulums the generated equations quickly be-
come larger. Therefore, n = 5 has been chosen as tradeoff between model complexity
and size of the generated equations. The author considers this to be the smallest fea-
sible configuration for the approximation of LTD, flexible rope and load. The topmost
and lowermost mass points model the motion of LTD and load respectively. The three
intermediate mass points model the motion of the flexible rope.

The variable «; represents the angle of the i’th pendulum, with ¢&; = «a; ddt and &; =
«; d2dt2. The constants [;, m; denote length and mass of the pendulum respectively. The
coefficient k; describes the friction in the i’th pendulum joint and the force F; can be
used to stimulate the ¢’th pendulum. The variables z,,. represent intermediate results,
which are created automatically during the generation of the equations.

The following equations have been generated for the model:

26 = cos(ay)
z7 = sin(ay)
216 = zg + z?
291 =1 * 216
zg = cos(a] + )
z9 = sin(ay + ag)
zZ17 = zg + ZS
290 =l * 217
z10 = cos(a1 + ag + as)

z11 = sin(og + a2 + a3)
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7 Dynamic Equations of the Flexible Rope Model

218 = z%o + z%l
293 = I3 * 218
z12 = cos(a] + ag + a3 + ay)

z13 = sin(ag + ag + a3 + ay)

219 = z%z + z%3

294 = lg * 219

z14 = cos(a1 + ag + ag + aq + a3)
z15 = sin(a1 + ag + g + ag + as)
zZ20 = Z%4 + Zir)

zo5 = l5 * 220

279 = G *my

zZ57 — k‘l * Zo1 k dl

zZ73 = G * mao

Zr4 = G * ms

Zr5 = G * my

Zre — G ms

Z58 — kQ * Zo1 k dl

260 — kg * 291 * dl

Z263 — k4 * Zo1 k dl

Z67 — k‘5 * Zo1 * dl

259 = ko * 222 %
261 = k3 * 222 *
264 = kg * 220 * (Q1 + Qo
268 = ks * 299 * (&1 + Go

265 = ka * 223 * (1 + G2 + Gi3)

Q-

269 = ks * 23 * (&1 + d2 + &3)

Q-

(6
(6
(
(6
262 = kg * 203 * (1 + &g + A3)
(4
(6
266 = ka * 224 * (&1 + &2 + &3 + du)
(4

270 = ki * 224 *
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z271
277
Z80
286
295
283
289
298
292
2101
2104

2107

231

230

232

<33

278

229

234

<35

7 Dynamic Equations of the Flexible Rope Model

= k5 % 295 *(d1+d2+d3+d4+d5)

= 24
= 2
= 2§
= 2
= 23
= 23

:ZS

* 28 + 27 * 29

* 210 + 27 * 211
* 212 + 27 * 213
* 214 + 27 * 215
* 210 + 29 * 211
* 212 + 29 * 213

* 214 + 29 * 215

= 210 * 212 + 211 * 213

= 210 * 214 + 211 * 215

= 212 * 214 + 213 * 215

=F5 %26 %291 + Fo %28 %299 + F3 %25 %291 + F3% 28 % 299 + F3 % 210 % 293 +
Fyxzg 291 + Fa %28 x 209 + Fu* 210 * 293 + Fa %219 * 294 + F5 % 26 % 291 +

F5 % 25 % 200 + F5 % 210 * 223 + F5 % 212 % 204 + F5 % 214 * 205 +
21 * (Fux26 — 270 ¥ 27 — 257 ) — 273 * 27 * 221 — 273 * 29 * 202 — 274 * 27 * 221 — 274 * 29

* 292 — 274 X211 k223 — R75 k27 k291 — 275 k29 k2o — Zys k211 * 223 — 275 k213

* Zo4 — 276 R 27 k291 — R76 k29 k2o — Zre k211 k223 — Z76 * Z13 * 224 — 276 * 215

* 295 — 221 k258 — 221 k20 — R21 k263 — R21 k267 — R22 * 259 — 222 * 261
— 222 *Zeg — 223 * 22 — 223 * 25 — 223 ¥ 269 — 224 *Ze6 — 224 k270 — 225
k277 k259 — 221 k27T K Ze1 — 221 K277 K Ze4 — 221 ¥ 277 k28 — 221 * 280

* 280 * 265 — 221 * 280 * 269 — 221 * 286 * 266 — 221 * 286 * 270 — 221 * 295

* 277 k28 T 222 K ZTT K20 — 222 * 27T k23 — 222 * 277 * 2GT — 222 * 283
* 283 * Ze5 — 222 * 283 * Zg9 — 222 * 289 * g6 — 222 * 289 * 270 — 222 * 298
* 280 * 260 — 223 * 280 * 263 — 223 * 280 * 267 — 223 * 283 * L1 — 223 * 283
* 283 * 268 — 223 * 292 * 266 — 223 * 292 * 270 — 223 * 2101 * 271 — 224 * 286
* 286 k2T T 224 k289 *Ze4 — 224 * 289 * 268 — 224 * 292 * Zg5 — 224 * Z92
* 2104 * 271 — 225 * 295 k Zg7 — 225 * 298 * 268 — 225 * 2101 * 269 — 225 * 2104 * 270

:Zg

* (dl + dg)

* (dl —+ dg)

= 2% 29 %231 — 2% 28 % 230

:lg*(dl—i-dg) * 2392

= Zzv % 2§ — Zg * 29

= 299 * (41 + &2)

= 217 * (dl =+ dg)

= 229 * 234
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— 222 * 264
*Z71 — 221
* 262 — 221
* 271 — 222
* 262 — 222
* 271 — 223
* 264 — 223
*263 — 224
* 269 — 224



7 Dynamic Equations of the Flexible Rope Model

279 = 2g k29 — 27 * 28

296 = 221 * Q1

297 = 216 * Q1

228 = 226 * 2271

238 = 210 * (G + G + G3)

237 = 211 * (G + G2 + G3)

239 = 2% 211 * 238 — 2% 210 * 237
240 = I3 % (G + G2 + A3) * 239

Z81 = Z7 * 210 — %6 * 211

236 = 293 * (dl + o + dg)

Z41 = 218 * (6q + Ao + 3)

242 = 236 * 241

284 = Z9 * Z10 — 28 * 211

282 = 26 * 211 — 27 * 210

285 = 28 * Z11 — 29 * 210

245 = 212 * (G + G + &3 + Gu)
244 = 213 * (G + G + 63 + Giy)
246 = 2% 213 k245 — 2% 219 * 244
za7 = lg* (Gq + o + G + Gu) * 246
287 = X7 *Z12 — X6 * 213

243 = 294 * (G + G + &3 + )
248 = 219 * (Gq + G + &3 + )
249 = 243 * 248

290 = 29 * 212 — 28 * 213

Z93 = Z11 * 212 — 210 * 213

288 = %6 * 213 — &7 * 212

291 = Z8 * 213 — 29 * 212

294 = Z10 * 213 — 211 * 212

259 = 214 *(d1+d2+d3+d4+d5)
251 = 215 *(d1+d2+d3+d4+d5)

253 = 2% 215 *k 250 — 2% 214 * 251
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254
296
250
255
256
299
2102
2105
297
2100
2103
2106

2117

2132

2113

7 Dynamic Equations of the Flexible Rope Model

215*(d1+d2+d3+d4+d5)*2’53

=27 *Z14 — 26 * 215

= 295 *(d1+d2+d3+d4+d5)

= 290 * (41 + G2 + Gg + du + As)

= Z50 * 255

=29 * 214 — 28 * 215

= Z11 * 214 — %10 * %15

= 213 ¥ 214 — %12 * 215

=26 k215 — 27 *Z14

= Z8 *Z15 — 29 *Z14

=210 * 215 — %11 * 214

= Z12 ¥ 215 — 13 * 214

=g * (222 * 233 + 221 * 277 * 233 + 221 * 278 * 235 + 222 * 279 * 2oy ) +
Mg * (222 * 233 + 223 * 240 + 221 * 277 * 233 + 221 * 278 * 235 + 221 * 280 * 240 +

221
223
221
221
222
223
224
<21
221
222
223
223
224
225

* 281 * 249 + Zog * 279 * 228 + 222 * 283 * 240 + 222 * 284 * 242 + 223 * 282 * Zog +
* 283 * 233 + 223 * 285 * 235 ) + My * (222 * 233 + 223 * 240 + 224 * 247 +

* 277 k233 + 221 * 278 * 235 + 221 *k 280 * 240 1+ 221 * 281 * 242 + 221 * 286 * 247 +
* 287 * 249 + 222 * 279 * 228 + 222 * 283 *k 240 + 222 * 284 * 242 + Z22 * 289 * 247 +
* 290 * 249 + 223 * 282 * 228 + 223 * 283 * 233 + 223 * 285 * 235 1 223 * 292 * 247 +
* 293 * 249 + 224 * 288 * 228 + 224 * 289 * 233 + 224 * 291 * 235 + 224 * Zo92 * Z40 +
* 294 * 242 ) + 15 % (222 * 233 + 223 * 240 + 224 * 247 + 225 * 254 + 221 * 277 * 233 +
* 278 * 235 + 221 * 280 * 240 T 221 * 281 * 242 + 221 * 28 * Z47 + 221 * 287 * 249 +
* 295 * 254 + 221 * 296 * 256 + 222 * 279 * 228 + 222 * 283 * 240 + 222 * 284 * Z42 +
* 289 * 247 + 222 * 290 * 249 + 222 * 298 * 254 + 222 * 299 * Z56 + 223 * Zg2 * 228 +
* 283 * 233 + 223 * 285 * 235 + 223 * 292 * 247 + 223 * 293 * 249 + 223 * 2101 * Z54 +
* 2102 * 256 1 224 * 288 * 228 1 224 * 289 * 233 1 224 * 291 * 235 + 224 * 292 * 240 +
* 294 * 242 + 224 * 2104 * 254 T 224 * 2105 * 256 1 225 * 297 * 228 + 225 * 298 * 233 +
* 2100 * 235 + 225 * 2101 * 240 + 225 * 2103 * 242 + 225 * 2104 * 247 + 225 * 2106 * 249 )

= Z107 — A117

2 2
=mg * 222 * (222 + 221 * 277 ) + M3 * (255 + 253 + 221 * 222 * 277 +

221
221

2 2 2
% 293 * 280 + 2 * Zog * 293 *283)+m4*(z22+223+224+221 * 299 * 277 +
% 293 * 280 |+ 221 * 294 * 286 + 2 % 299 * 293 * 283 + 2 * 299 * 294 * Zgg +

2 2 2 2
2% 293 * 294 * 292 ) + M5 * (259 + 253 + 254 + 255 + 221 * 222 * 277 + 221 * 223 * 280 +

221

* 294 * 286 + 221 * 225 * 295 + 2% 202 * 223 * 283 + 2% 299 * 294 * Zgg +

2% 299 % 295 * 298 + 2%k Z93 % 294 * Zgo + 2k Zo3 * Zog * 2101 + 2 * Zog * 295 *z104)
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7 Dynamic Equations of the Flexible Rope Model

2 2
2112 =M * 251 + Mo * (251 + 255 + 2% 291 * 200 * 277 ) + My * (23] + 235 +
2334—2*2’21 % 299 % 277 + 2 % 291 * 293 * 280 + 2 * 299 * 293 *283)+

2137

2108

2122

2133

2142

2114

My * (231 + 239 + 233 + 254 + 2 % 221 * 200 * 277 + 2% 291 * 293 * 280 +

2*2:21 * 294 * 286 +2*222 * 293 * 283 +2*222 * 294 * 289 +2*223 * 294 *292)+
m5>k(231+z§2+z§3+z§4+zg5+2*zgl % 299 % 277 + 2 % 291 * 293 * 280 +
2*221 * 294 * 286 +2*221 * 295 * 295 +2*222 * 293 * 283 +2*2’22 * 294 * 289 +
2% 299 * 295 * 298 + 2 % 293 *k 294 * 292 + 2% 293 * Zog * 2101 + 2k 224 * 225 * 2104 )

2113 /2112

F3 %28 % 299 + F3 % 210 * 293 + Fy % 28 * 299 + Fy % 210 * 293 +

Fy % 219 % 294 + F5 % 28 % 299 + F5 % 210 * 293 + F5 % 219 % 204 + F5 % 214 * 295 +
222 *(FQ*ZS — X273 *kZ9 —Z59 — 277 *258)—2’74 k29 k299 — X274 *¥Z11 *Z23 — 275 k29 * 292

TR75 k211 k223 — 275 k213 k24 — 276 k29 k222 — 276 *¥Z11 k223 — 276 ¥Z13 %224 — 276
¥ 215 * 225 T 222 ¥ 261 T 222 ¥ 264 — 222 ¥ 2y — 223 ¥ 262 — 223 * 265 — 223 * 269 — 224
¥ 266 — 224 K} 270 — 225 k271 — 222 K277 K260 — 222 k277 * 263 — 222 ¥ 277 k267 — 222
* 283 * 22 — 222 * 283 *Zg5 — 222 * 283 * g9 — 222 * Z8Y * Zg6 — 222 * 289 * 270 — 222
* 298 * 271 — 223 ¥Z80 * 260 — 223 *280 * 263 — 223 *2Z80 * 267 — 223 *283 *¥ 21 — 223 *283
* 264 — 223 * 283 * 268 — 223 *¥ 292 * Zg6 — 223 * 292 * 270 — 223 * 2101 * 271 — 224 * 286
* 263 — 224 *¥Z86 FRET T X24 K Z8Y *kZe4 — 224 *Z8Y *ZEY — 224 * 292 * Zg5 — 224 * 292 * 269
T 224 k2104 ¥ 271 — 25 k295 *Ze7 — 225 k298 * 268 — 225 *¥ 2101 * 269 — 225 * 2104 * 270

Mg * 222 * (233 + 279 * 228 ) + M3 * (222 * 233 + 223 * 240 + 222 * 279 * 228 +

209 * 283 * 240 + 222 * 284 * Za2 + 223 * 282 * Zog + 223 * 283 * 233 + 223 * 285 * 235 ) +
my * (292 * 233 + 223 * 240 + 224 * 27 + Zog * 279 * Zog + 222 * 283 * Z40 +

222 * 284 * 242 1 222 * 289 * 247 + Z22 * 290 * 249 + 223 * 282 * 228 + 223 * 283 * 233 +
%23 * 285 * 235 + 223 * 292 * 247 + 223 * 293 * 249 + 224 * 28y * 228 1 224 * Zg9 * 233 +
Zo4 * 291 * 235 + Zo4 * 292 * 240 + 224 * 294 * Z42 ) + My * (202 * 233 + 223 * 240 +
224 * 247 + Z25 * Z54 + 222 * 279 * Zog + 222 * 283 * 240 + 222 * 234 * 242 +

Z2 * 289 * 247 + 222 * 290 * 249 + 222 * 298 * 254 + 222 * 299 * Z56 + 223 * Zg2 * Z28 +
Z23 * Z83 * 233 1 223 * 285 * 235 1 223 * Ro2 * 247 + 223 * 293 * 249 + 223 * 2101 * 254 +
223 * 2102 * 256 + 224 * 288 * 228 + 224 * 289 * 233 + 224 * 291 * 235 1+ 224 * 292 * 240 +
224 * 294 * 242 + 224 * 2104 * 254 + 224 * 2105 * 256 1 225 * 297 * 228 + 225 * 298 * 233 +
25 * 2100 * 235 + 225 * 2101 * 240 + 225 * 2103 * 242 + 225 * 2104 * 247 + Z25 * 2106 * 249 )

2108 — <122

2137 * 2132 — 2133

2 2
Mg * 223 * (223 + 221 * 280 + 222 * 283 ) + Mg * (233 + 254 + 221 * 223 * 280 +

2
291 % 224 * 286 + 222 * 293 * 283 + 222 * 224 * 289 + 2% 223 * 2o * 292 ) + M5 * (255 +
2 2
2oy + 295 + 221 * 223 * 280 + 221 * 224 * 286 + 221 * 225 * 295 + 222 * 223 * 283 +
299 * 294 %289 222 * 25 * 298 +2% 23 k224 *¥ 292 +2% 293 * 225 k2101 + 2% 224 * 225 ¥ 2104 )
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7 Dynamic Equations of the Flexible Rope Model

2 2
Z119 = Mg * 223 * (223 + 222 * 283 ) + M4 * (253 + 234 + 222 * 293 * 283 + 222 * 224 * 289 +
2 2
2 % 293 * Zoy4 *z92)+m5*(z§3+224+225+z22 * 293 * 283 + 299 * Zo4 * 289 +

2139

2143

2109

<126

2134
2148

2144

2118

2138
2161

2165

2115

2124

222

% 295 * 298 + 2 % 293 * 294 * Zgg + 2 % 293 * 295 * 2101 + 2 * Zo4 * 295 *2104)

= 2114 * 2137 — 2119

= 2114 /2112

= Fy* 210 * 293 + Fy * 212 * 294 + F5 % 210 * 223 + F5 * 212 * 204 + F5 * 214 * 205 +

223

*(F3*210 — 274 ¥ Z11 — 262 — 280 * 260 — 283 *261)—275 * 211 * 223 — 275 * 213

* 294 — 276 k211 k223 — 276 k213 k224 — 276 ¥ Z15 k225 — 223 * 2e5 — 223 * 269 — 224
* 266 — 224 * 270 — Z25 ¥ 271 — 223 * 280 * 263 — 223 * 280 * Z67 — 223 * 283 * g4 — 223
* 283 * 268 — 223 * 292 * 266 — 223 * 292 * 270 — 223 *¥ 2101 * 271 — 224 ¥ 286 * 263 — 224
X286 * 267 — 224 k289 * 24 — 224 * 289 * 268 — 224 * 292 * Ze5 — 224 * 292 * Zg9 — 224
* 2104 ¥ 271 — 225 * 295 * ZT — 225 * 298 * 268 — 225 * 2101 * 269 — £25 * 2104 * 270

=3 * 223 * (240 + 282 * 228 + 283 * 233 + 285 * 235 ) + My * (223 * 240 +

224
223
224
<23
223
224
<25

* 247 + 223 * 282 * 228 + 223 * 283 * 233 1 223 * 285 * 235 1 223 * 292 * 247 +

* 293 * 249 + 224 * 288 * 228 + 224 * 289 * 233 + 224 * 291 * 235 + 224 * 292 * 240 +
* 2g4 * Z42 ) + M5 * (223 * 240 + 224 * 247 + Zo5 * 254 + 223 *k 22 * 228 +

* 283 * 233 1 223 * 285 * 235 1 223 * 292 * 247 + 223 * 293 * 249 + 223 * 2101 * 254 +
* 2102 * 256 1 224 * 288 * 228 1 224 * 289 * 233 + 224 * 291 * 235 + 224 * 292 * 240 +
* 294 * 242 + 224 * 2104 * 254 + 224 * 2105 * 256 1 225 * 297 * 228 + 225 * 298 * 233 +
* 2100 * 235 + 225 * 2101 * 240 + 225 * 2103 * 242 + 225 * 2104 * 247 + 225 * 2106 * 249 )

= 2109 — ?126

= %143 * 2132 — %134

= %113 * 2143 — %119

= Mg * 250 + Mg * (239 + 235 + 2% 209 * 203 * 283 ) + My * (259 + 255 +
234—1—2*2'22 % 293 * 283 + 2 % 299 * Zoq * 289 + 2 % 293 * 2oy *292)+
m5*(z§2+z§3+z§4+z§5+2*222 % 293 * 283 + 2% 299 * Zo4 * 289 +

2% 299 * 295 * 298 + 2%k 293 * 294 * Z9o + 2 * Zo3g * 295 * 2101 + 2 * 294 * 295 *2104)

= Z113 * 2137 — %118

= 2144 /7138

= %148 — %161 * %142

2
=My * 24 * (204 + 221 * 286 + 222 * 289 + 223 * 292 ) + M * (234 +
Z%g, + 221 * 294 * 286 + 221 * 225 * 295 + 222 * 224 * 289 +

222

* 295 * 298 + 223 * 224 * 292 + 223 * 295 * 2101 + 2 * Zo4 * 225 * 2104 )

2 2
= g * 294 * (224 + 223 * 292 ) + My * (25, + 255 +

223

204 * 292 + 223 * Zop * 2101 + 2 % 224 * 225 * 2104 )

2146 = 2115 * 2143 — 2124
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2 2
2120 = T4 * 224 * (224 + 222 * 289 + 223 * 292 ) + Mp * (25, + 255 + 222 * 294 * 289 +
299 % Zo5 * Zgg + 223 * Zo4 * Zgg + 223 * Zos * 2101 + 2 % 294 * 295 * 2104 )

2140

2163

2149

2110

2129

2135
2154
2150
2166
2170
2151

2167

2123

2145
2162
2176
2179
2116
<128
%153
2121
2141

2169

2115 * 2137 — 2120
2146 — 2140 * 2161
2115 /2112

F5 % 219 % 204 + F5 % 214 * 295 +

224 *(F4*Zl2 —R75 *¥Z13 T 266 — 286 * 263 — 289 *Z64 — 292 * 265 ) — 276 X213 *224 — 276

* 215 k25 T 224 K270 — Z25 K271 T X224 * 286 k26T — 224 *¥ 289 *k Zeg — 224 * 292 * 269
— 224 *}Z2104 ¥ 271 — 225 *} 295 kg7 — X225 k298 k28 — 225 k2101 ¥ 269 — 225 * 2104 * 270

My * 224 * (247 + 288 * 228 + 289 * 233 + 291 * 235 + Zo2 * 240 +

294 * 242 ) + M5 * (224 * 247 + 225 * 254 + 224 * 288 * 228 + 224 * 289 * 233 +
224 * 291 * 235 + 224 * 292 * 240 + Z24 * Zoq4 * 242 + 224 * Z104 * 254 +

Z24 * 2105 * 256 T 225 * 297 * 228 + 225 * 298 * 233 + 225 * 2100 * 235 +

Zos % 2101 * 240 + Z25 * 2103 * 242 + 225 * 2104 * 247 + Z25 * 2106 * 249 )

2110 — 2129

= 2149 * 2132 — 2135

2113 * 2149 — 2120
2150 / 2138

2154 — 2166 * 2142
2114 * 2149 — 2124
2151 — 2139 * 2166

2 2 2 2 2
M3 * 255 + My * (255 + 254 + 2 % 293 * 204 * 292 ) + My * (253 + 254 +

2354-2*2’23 % 294 * 299 + 2 % 293 * 295 * 2101 + 2 * 294 * 295 *2104)

2114 * 2143 — 2123

2145 — 2139 * Z161

2167 / 2162

2170 — #176 * 2165

ms * 295 * (225 + 221 * 295 + 222 * 298 + 223 * 2101 + 224 * 2104 )
ms * Zos * (225 + 224 * 2104 )

2116 * 2149 — 2128

ms * 295 * (225 + 222 * 298 + 223 * 2101 + 224 * 2104 )

2116 * 2137 — 2121

2153 — 2141 * 2166
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2125
2147
2164
2178
%155
2111

2131

2136
2160
2156
2171
2175
2157
2172
2180
2183
2158
2173
2181
2127
2152
2168
2177
2184
2186
2130
2159
2174
2182
2185
2187
2188
2189
2190
2191

(a%]

1a%)

a3 =

vy
fa%;

7 Dynamic Equations of the Flexible Rope Model

= mg * 225 * (225 + 223 * 2101 + 224 * 2104 )

= 2116 * 2143 — 2125

= 2147 — 2141 * Z161

= 2169 — %164 * 2176

= 2116 /2112

= 295 * (F5 % 214 — 276 * 215 — 271 — 295 * 267 — 298 * 268 — 2101 * 269 — 2104 * 270 )
= Mg * 225 * (254 + 297 * 228 + 208 * 233 + 2100 * 235 +
2101 * 240 + 2103 * 242 + 2104 * 247 + 2106 * 249 )
= Z111 — 131

= Z155 * 2132 — %136

= 2113 * Z155 — %121

= 2156 / 2138

= 2160 — 2171 * 2142

= 2114 * Z155 — 2125

= 2157 — 2139 * Z171

= 2172 /2162

= %175 — X180 * 2165

= Z115 * 2155 — 2128

= Z158 — 2140 * 2171

= Z173 — %163 * 2180
:m4>kz%4+m5*(z%4+z§5+2*224 % 295 * 2104 )
= 2115 * 2149 — 2127

= 2152 — 2140 * 2166

= 2168 — %163 * 2176

= 2181 /2177

= 2183 — 2184 * 2179

= ms * 235

= 2116 * Z155 — 2130

= Z159 — 2141 * 2171

= 2174 — 2164 * 2180

= 2182 — 2178 * 2184

= 2186 / 2185

= (2179 — 2178 * 2187 )/ 2177

= (2165 — 2163 * 2188 — 2164 * 2187 )/ %162

= (2142 — 2139 * 2189 — 2140 * 2188 — 2141 * 2187 )/ %138
= (Z132 — 2113 * 2190 — %114 * 2189 — %115 * 2188 — X116 * 2187 )/2112
= z2191

= 2190

2189

= 2188

= Z187
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