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The following are derivations of the entire equations of motion used in FAST for a 2-bladed turbine configuration. The various portions of the 1
equations of motion are organized according to their source. The equations of motion of a 3-bladed turbine are very similar.

By a direct result of Newton’s laws of motion, Kane’s equations of motion for a simple holonomic system with 22 DOFs can be stated as follows 2
(Kane and Levinson, 1985):

F+F =0 (r=12..,22)3

where, for a set of w rigid bodies characterized by reference frame N, and center of mass point X, : 4

14 6
the generalized active forces are: 5 /7= z EyX . FY + Pt MY (r =12, ..,22)
i=1
. . . = E N; E X; E E rrN; 7
and the generalized inertia forces are: F’ z pi ( )+ o (— H"™ ) (r = ],2,...,22)

i=1

where it is assumed that for each rigid body N,, the active forces are applied at the center of mass point X,. The time derivative of the angular 8

momentum of rigid body N, about its center of mass X, in the inertial frame can be found as follows:

o 4 , 9
(HN,)+EwN,XEHN,

EHY = or
IN E N,+ w 'xI_N"-Ea)N’

For the wind turbine modeled in FAST, the mass of the platform, tower, yaw bearing, nacelle, structure that furls with the rotor, hub, blades, 10
generator, and tail contribute to the total generalized inertia forces as follows:

| B+
X T N

+F| +F| +F (r=12..,22) 1
H Bl B2

Generalized active forces are the result of forces applied directly on the wind turbine system, forces that ensure constraint relationships between the 12
various rigid bodies, and internal forces within flexible members. Forces applied directly on the wind turbine system include aerodynamic forces
acting on the blades, tower, and tail fin; hydrostatic, hydrodynamic, mooring and/or foundation elasticity and damping forces, including added mass
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effects, acting on the platform; gravitational forces acting on the platform, tower, yaw bearing, nacelle, structure that furls with the rotor, hub, blades,

tip brakes, and tail; generator torque; HSS brake; and gearbox friction forces. Forces that enforce constraint relationships between the various rigid

bodies include springs and dampers for yaw, rotor-furl, teeter, and tail-furl (the simple workless constraint forces, for example frictionless pins or

rigid connections, do not contribute to the generalized active forces). Internal forces within flexible members include elasticity and damping in the
tower, blades, and drivetrain. Thus,

F; - E AeroT T "1 4eroB1 u F;” AeroB2 T F; AeroA T F; HydroX - F; GravX T F;’ GravT T F:” GravN - F;’ GravR E’ GravH + F; GravB1 + F; GravB2 + F; GravA
| SpringYaw + F; DampYaw + F‘r SpringRF u F" DampRF °F F:’ SpringTeet = F; DampTeet + E’ SpringTF u F" DampTF + F‘r Gen + F" Brake + "|GBFric (V o ]’ 2" : ’22)
+ E’ ElasticT + F:’ DampT + E’ ElasticB1 * F; DampB 1 + F:’ ElasticB2 T F; DampB 2 + E’ ElasticDrive T " |DampDrive

Kane’s equations of motion can be written in matrix form as follows: 3

[Clq.0)lg}+1{/(g.9.t)}= {0} or,  [clg.0d}={r(g.q.0)} *
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Tower: 1
The distributed properties of the tower bring about generalized inertia forces and generalized active forces associated with tower elasticity, tower
damping, tower aerodynamics, and tower weight. Note that I eliminated the tower mass tuners, since it is redundant to have both mass and stiffness
tuners when trying to tune tower frequencies (to tune the frequencies for individual modes, all that is needed is to tune the mass or the stiffness for
the individual modes, but not both). Note also that I eliminated the tower stiffness tuner’s effects on the gravitational destiffening loads. It is also
beneficial to eliminate the tower mass tuners because the tower mass density is needed to compute the tower base loads and thus these tuners affect
the tower base loads directly—this makes the form of the tower base load equations considerably more complex and considerably less intuitive.
Since the tower elastic stiffness does not directly influence the tower base loads in a fundamental way, the retention of the tower stiffness tuners is
much more favorable than the retention of the tower mass tuners (recall that only one set of tuners needs to be retained in order to permit the user to
match natural frequencies). The elimination of the tower stiffness tuner’s effects on the gravitational destiffening was done for the same reason (i.e.,
the gravity loads directly affect the tower base loads, and thus, tower stiffness tuners make the form of the tower base load equations considerable
more complex and considerably less intuitive). The fact that the gravitational destiffening of the tower is small compared to the overall stiffness of
the tower is another reason this elimination of stiffness tuning effects should not be of significant concern.

TwrFlexL 3
=— I w' (h)Ev] (h)-“a" (h)dh—YawBrMass v - *a® (r=1,2,...,22) where u' (h)= AdjTwMa-TMassDen(h)

0

£l =T w S0 g [ S (5 0)a | an-vawesasstsz (5 vpa Jo S ()| (=120

0 i=4 i=1 i=4

Thus,

TwrFlexL
[C(q,t)]‘T (Row,Col) = J u' (h) EV o (B) Evéy (h)dh + YawBrMass vy, - “v2 (Row,Col =1,2,...,10)
0
TwrFlexL

(/@00 (Row)=— | ,ur(h)Ev,Tm(h)-{i%['fvi’(h)}qi}dh—YawBrMassEvgow'{ii('gvtf))ql] (Row=1.2,....10)

0 i=4 i=4 dt

_kyTFA

rrar — k'TFA Gy, for r=TFAI
o'’ k'TSS Arss; — k'TSS 4rss, for r=TSS1
rletasier = oq (r =i 22) So, e Bl 'TFA T =155 'TFA Gy, for r=TFA2
r —k ', ’TSS drss: — k" 'TSS 4rss, Jor r=1TSS2
0 otherwise
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where k' and k’;SS are the generalized stiffnesses of the tower in the fore-aft and side-to-side directions respectively when gravitational 1
destiffening effects are not included as follows:
TwrFlexL d2¢TFA( )d ¢TFA( ) 3 2
k'™ = [FAStTunr (i) FAStTunr ( j) j EI"™ (h) c’ihz e dh (i, j=12) (which is symmetric)
0
where EI"™ (h) = AdjFASt - TwFAStif (h)
and
TwrFlexL d2¢.TSS( )d ¢TSS( ) 4

k' = \/SSStTunr(i)SSStTunr(j) I EI™ (h) dh (i,j=12) (whichissymmetric)

0

where EI™ (h) = AdjSSSt- TwSSStif (h)

an’ an’

The coefficient in front of the integral in these generalized stiffnesses represents the individual modal stiffness tuning, which allows the user to vary 5
the stiffness of the tower between the individual modes to permit better matching of tower frequencies. To be precise, the tuner coefficient only

really makes sense when working with a generalized stiffness of a single mode (i.e., k'), k'3, k'I>°, or k'1°), in which case the coefficient for
mode i is simply FAStTunr(i) or SSStTunr(i). However, since the cross-correlation elements of the generalized stiffness matrix will, in general,

not vanish, the coefficient in the form above permits the tuning to apply to these terms in a consistent fashion.

Similarly, when using the Rayleigh damping technique where the damping is assumed proportional to the stiffness, then
6

TFA (TFA TFA ;TFA
il 3 i

rTFA —ra drra ,TFA G, Jor r=TFAI
1 T 2
TSSk 1TSS TSSk 1TSS
2L 4 12 9 _
B 1TSS Arss; — /TSS d7ss2 fOl" r=TS8S1
T] Tf
TFAkrTFA TFAk;TFA
r DampT 4/1 . 4,2 . .
1TFA qTFAI /TFA qT/‘AZ fOl" V= TFA2
1 T 2
;TSSk 1TSS ;TSSk 1TSS
,rss —1ss Yrssi s, Jor r=TS8S52
7Z'f Tf
0 otherwise
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\TFA ,7ss 2
f,TFA _ 1 k ii and frTSS _ 1 k ii
A= \TFA P = /7SS
2\ m', 2\ m',

_3

TwrFlexL 4
= [ (g (W (W n (=1.2)
0
and 5
TwrFlexL 6

= W (1) (B (i.j=1.2)

0
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where 7= [RFrlIner m | " . rfa rfa| } rfarfa
’(RFrlCMxn - RFrantxn)Z [1 —cos’ (RFrlSkew) cos’ (RFrlTilt)]

+ (RFrlCMzn — RFrantzn)z cos’ (RFrlTilt)

+ (RFrlCMyn - RFrantyn)z [1 —sin’ (RFrlSkew) cos’ (RFrlTilt)]

(RFrlCMxn — RFrantxn) (RFrlCMzn — RFrantzn) cos (RFrlSkew) cos (RFrlTilt) sin (RFrlTilt)
+(RFrICMxn — RFrlPntxn)( RFrICMyn — RFrlPntyn) cos (RFriSkew)sin( RFriSkew)cos’ (RFriTilt )
+ (RFrlCMzn — RFrantzn) (RFrlCMyn - RFrantyn) sin (RFrlSkew) cos (RFrlTilt) sin (RFrlTilt)

rfarfa

v

I® =| RFrliner — RFriMass

=7

xIR Ea)R (r 12,..., ]2)
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Blade 1:1
o e e ey R R W SR Uy
BldFlexL 3
=— I ,uB’ (r) Evf’ (r) EqSt (r)dr —m?Bmp Evfl (BldFlexL)- EgqS! (BldFlexL) (r =1,2p0005 22)
0
where u®' (r)= AdjBIMs" - BMassDen™ (r) and  m""" =TipMass (1)
Or,

" 1BI
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Thus, 1
- BldFlexL
[C(a.1)], (Row,Col)= [ p"(r)vah, (r)- “vésy (r)dr+m®™ "yl (BidFlexL)- v, (BldFlexL) (Row,Col=1,2....,14;16,17,18;22)
0
BldFlexL 14 d 18 d d
[l (R == | () i () 3 (0 (00)a o 5 (4 00)a o ()
0 i at s dt dt
14 d 18 d
{Z (E s’(BldFlexL)) } {Z—(Evisl(BldFlexL))q'i} (Row:],Z ..... ]4;]6,17,18;22)
mB]TtpE SI (BZdFleXL) 14dt i=16 t

d .
L E( “Von (BldFlexL)) gy,

_k'BIFqBIFI k,B]FquFZ Jor r=BIFI 3
aVyBl _k!BIE

- - (r=12,...,22) So, F = Aoie: Jor T =B
7| ElasticB1 oq. 7| ElasticB1 — k'BIIF Dorrr — k'BJF 4pp>» Jor r=BIF2
0 otherwise

where k'7'" and k'//" are the generalized stiffnesses of blade 1 in the local flap and local edge directions respectively when centrifugal-stiffening 4
effects are not included as follows:

BldFlexL d2¢§IF( )d ¢BJF( ) 5
k2 :\/FlStTuan’ (i) FIStTunr® ( j) j EI* (r) ;ﬁz = dr (i,j=12)  where EI*'" (r)= AdjFISt" - FipStfi™™ (r)
0
and 6
BldFlexL d2GPIE (r) 2 8
k= E]BIE(r){T} dr where EI®* (r)= AdEdSt" - EdgStf™ (r) '
0

Similarly, when using the Rayleigh damping technique where the damping is assumed proportional to the stiffness, then 9
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\BIF \BIE 3
frBlF _ ] k ii and frBlE _ ] k ii
P75 \BIF iP5 \BIE
T \m'; TNmy

BldFlexL. 5

= [ () ()8 () (i.=1.2)
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BldFlexL
E_SI

El . == j w(r) g Bvl (r)-z,dr—m®"" g *v3 (BldFlexL)-z, (r=34....,14,16,17,18, Teet)

7
0

Thus,
[C(q’ t)] GravB1 =0

{~/(a.9.0)}

BldFlexL

Row)=— ,uB] r gEvSI r)-z dr—mBm”gEvSI BldFlexL)-z Row=3,4,...,14,16,17,18;22
GravBl Row 2 Row 2

0

_2

where F3! (r) and M (r) are aerodynamic forces and pitching moments applied to point S1 on blade 1 respectively expressed per unit span. 3

Note that M2 (r) can include effects of both direct acrodynamic pitching moments (i.e., Cm) and aerodynamic pitching moments caused by an

aerodynamic offset (i.e., moments due to aerodynamic lift and drag forces acting at a distance away from the center of mass of the blade element
along the aerodynamic chord).
Thus,

[C(q’ t)]AeroBI =0 4
BldFlexL
(@@l (Row)= | [Ev5h () F Sty (r) + Zlt, () MLy ()]
0

+ "V (BldFlexL)- Fp o, ( BldFlexL)

(Row=1,2,...,14;16,17,18;22)
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Drivetrain: 1
The inertia of the drivetrain brings about generalized inertia forces and the load in the generator, high-speed shaft brake, gearbox (friction forces 2
resulting from nonzero GBoxEff ) and the flexibility of the low speed shaft bring about generalized active forces. Note that all of these equations

assume that the rotor is spinning about the positive ¢ axis (they assume that the rotor can’t be forced to rotate in the opposite direction). This model
works for any gearbox arrangement (including no gearbox, single stage, or multi-stage) as long as the generator rotates about the shaft axis (it may
not be skewed relative to the shaft, even though it may rotate in the opposite direction of the low-speed shaft due to the gearbox stages). If there is no
gearbox, simply set GBRatio = GBoxEff = GenDir =1 (GB Reverse = False).

The mechanical torque within the generator is applied to the high speed shaft and equally and oppositely to the structure that furls with the rotor as 3
follows:

oo = (F0f = "0f)-MS,, (r=12,...,22)"

Gen

Thus, 5
= {EwgeAz : Mgen fOI" V= GeAZ 6
Gen

0 otherwise

where M¢, =—-GenDir-T°" (GBRatio-§g,,..t)c,

”

Note that a positive 79" represents a load (positive power extracted) whereas a negative 7 represents a motoring-up situation (negative power 8
extracted, or power input). Thus,

B {(GenDir -GBRatio - c, )-[—GenDir -T°" (GBRatio- quAz,t)cJ for r= Gedz

”

Gen - 5
0 otherwise

Or since GenDir® = 1,10
B {—GBRatio -T9" (GBRatio- quAz:t) for r=GeAz
Gen

0 otherwise

”
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If the translational inertia of the drivetrain is assumed to be incorporated into that of the structure that furls with the rotor, then the high-speed shaft 1
generator inertia generalized force is as follows:
F*

r

=wa-(—76-EaG EpC < JC. Ewc) (r=12,...,22) where I_G=Gen]nerc1c12

or, 3

_ 13 13 4
szwf-{—lc-{[Zwazjij [ d }} GxI¢-F G} (r=12,...22)
i=4 — at

However, since ¢, ~%(Ewgm)occ1 ( o xc,) " (¢, xe,)=0 (the first ¢, coming from T9), this simplifies as follows:

”

_ 13 12 6
E*G=wa-{—l‘;-{ > ol |+ Zdi(wa)q,} I o } (r=12...22)
i=4 | = at |
Or,
7 7
_E_R 76 I3 E G- L d E R\ - IG E_G =45 12
f T°. Z g, |+ zdt( o; )qi 1) for r =4,5,...,
i=4 L i=7 _
12
—GenDir - Genlner - GBRatio £ a)Rq i -¢, — Genlner - GBRatio’ - ij
i 1 Gedz
F — i=7 dt for r =GeAz
—GenDir-GBRatioc,-( xI°.F G
0 otherwise

However since c, ( o x cI) =*0’ (¢, xc,)=0 (the first ¢, coming from I9), this simplifies again as follows: 8

{(ZEqulj {th(E f)qi}}—Eer (E G xTC. EwG) for r=4,5,..,12

i=7

9

12 12 d
. . E R-.- E R - 0o 2 o -
F, . —GenDzr-Genlner-GBRatzo{(z ; q[]+{zg( ; )qi}-c,—Gen[ner-GBRatto "oy, Jor r=GeAz

i=4 i=7
0

otherwise
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The terms associated with DOFs 4,5,...,12 represent the fact that the rate of change of angular momentum of the generator can be considered as an 1
additional torque on the structure that furls with the rotor (i.e., in addition to the torques on the structure transmitted directly from the low-speed
shaft).

Thus, 2
[C(q,t):” _ Ew,fow T°- Ewgo, for (Row,Col = 4,5,...,]3)
g 10 otherwise
— 12 —
_Ewgow ‘{TG '[Z%(wa)ql}+ EwCxIC. Ea)G} for (R0w= 4,5,...,12)
i=7
. = 12 d )

{—f(q,q,t)}‘G =1—"ag,, I° [Z‘E(E“%R)‘L} for (R0w= ]3)

0 otherwise

ov, . ]
| ElasticDrive = _% (}" = ]’2 """ 22) Where VDrive = EDTTOFSPV . qngr

So,
—-DTTorDmp-q,,,. ~ for r=Drlr

0 otherwise

”

—DTTorSpr - = DrT)
_ Orpr oy Jor r=DrIv i likewise F| =
ElasticDrive 0 o th erw l se DampDrive






35 Jason M. Jonkman
FASTKinetics.doc
1/13/2025
Similar to the generator and HSS brake, the mechanical friction torque applied to the high speed shaft is applied equally and oppositely to the 1
structure that furls with the rotor. Thus,

E_G G . . 2
_{ O, " M Gprric Jor r=Gedz where G (q,q,q,t)C,
GBFric

TGBFric

”

o otherwise GBFrie " GBRatio - GenDir

where, from a free-body diagram of the high and low-speed shafts, it is easily seen that the friction torque applied on the LSS upon the gearbox 3
entrance, 79" (4,¢.q,t), is always positive in value and equal to:

B ( o ) Genlner - GBRatio’ - . + GenDir - Genlner - GBRatio“a* - ¢, 1 4
q.9.9.1)= . _
+GBRatio-T°" (GBRatio-q,,,. ,t)+ GBRatio-T"" (t) GBoxEff SV (155111)
Thus, 5
B S (qqqt) for r=GeAz
HOBre 10 otherwise
or,
Genlner - GBRatio’ - i,,. + GenDir - Genlner - GBRatio*a* - ¢, )i 1| s Ged
- : - or r=GeAz
rleFrc = + GBRatio-T*" (GBRatio-§g,,..t )+ GBRatio- T (1) GBoxEff SOV S975)
0 otherwise
or, 6
12 12 d
Genlner - GBRatio’ - §,,. + GenDir - Genlner - GBRatio z Folg. |+ Z—( Fof )q'l. c; i
— i—4 iz dt : SR (LS for r=GeAz
Frlearsc = +GBRatio-T°" (GBRatio-§,,. ,t)+ GBRatio-T"" (t) GBoxEjf o
Gedz’
0 otherwise
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It is noted that the gearbox friction generalized active force effects both the mass matrix and the forcing function. Its effect on the mass matrix can
be thought of as an apparent mass in the system (i.e., an active friction force which is a function of the generator acceleration). The gearbox friction
causes the mass matrix to become unsymmetric. Note that the equation for DOF GeAz is an implicit equation (since the gearbox friction is a
function of DOF GeAz), which has no closed-form solution. To avoid the complications resulting from this implicit characterization, the value of the
LSShftTq from the previous time step is used in the SIGN() function in place of the value of the LSShftTq in the current time step. This may be

done since it may be assumed that LSShfiTq will not change much between time steps if the time step is considered small enough. Note that gearbox

friction is the only term in the equations of motion that cause the mass matrix to be unsymmetrical. The mass matrix will only be unsymmetric if
GBoxEff is not 100%—if GBoxEff is 100%, then the mass matrix is completely symmetric.
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L
i e Ey! -(—mB Ea’)+ Fo! -(—EHA)+ Ey? ~(—mF EaJ) (r = ],2,...,22) where m® = BoomMass and  m® =TFinMass >
Thus,
F’ o Ey! -(—mB Ea’)+ Lo -(—TA Fat—FotxT"- EwA)+ Ey? -(—mF Ea’) (r=12...,22)
where T4= [TFrlIner—mB |rWI - -tfa tfaﬂtfa tfa or

’(BoomCMxn - TFrantxn)2 [1 —cos’ (TFrlSkew) cos’ (TFrlTilt)]

+ (BoomCMzn —TFriPntzn )2 cos’ (TFrlTilt)
2 . .
+ (BoomCMyn — TFrantyn) [] —sin’ (TFrlSkew) cos’ (TFrlTllt)] tfa tfa
(BoomCMxn — TFrantxn) (BoomCMzn — TFrantzn) cos (TFrlSkew) cos (TFrlTilt) sin (TFrlTilt)
+(BoomCMxn — TFriPntxn)( BoomCMyn — TFrlPntyn) cos (TFriSkew)sin(TFriSkew)cos” (TFriTilt)
+ (BoomCMzn - TFrantzn)(BoomCMyn — TFrantyn)sin (TFrlSkew) cos (TFrlTilt)sin (TFrlTilt)

I =| TFrlIner — BoomMass <

=7

Or,

*

H

r

5

S .. .. < d . d .
L v/ 'L_mB {(Z EV:%)"‘ Viridm +|:ZE(EV;'I)%:| +E(Ev;Frl)qTFrl}\J
i=1

i=4
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Overall: 1
Combining the results from the previous sections it is seen that the various portions of the equations of motion are related to the various forces as 2
follows (NOTE: B=BI+B2):

[ X+ HydroX +T | X + HydroX +T | X + HydroX +T | X + HydroX +T | X + HydroX +T | X+ HydroX +T {7 . N+R 'T+N+R ! T+N+R T+N+R  N+R+H R+H+B . H+B H+B!A! Bl ! BI!Bl ! B2!B2 ! B2} H+B] 3
+N+R+H +N+R+H +N+R+H +N+R+H +N+R+H +N+R+H +H+B +H+B +H+B +H+B +B+A
+B+4 +B+4 +B+4 +B+4 +B+4 +B+4 +A4 +A4 +A +A4
X+ HydroX +T | X + HydroX +T X + HydroX +T | X + HydroX +T X +HydroX+T T\ N+*R T+N+R T+N+R T+N+R N+R+H R+H+B H+B H+B A Bl:Bl Bl:B2 B2:B2:  H+B
+N+R+H +N+R+H +N+R+H +N+R+H +N+R+H +H+B +H+B +H+B +H+B +B+A
+B+4 +B+4 +B+4 +B+4 +B+4 + A +A + A + A
X +HydroX +T | X + HydroX +T : X + HydroX +T : X + HydroX +T 7. N+R T+N+R T+N+R T+N+R N+R+H R+H+B H+B H+B A Bl :Bl Bl B2 B2:B2 H+B
+N+R+H +N+R+H +N+R+H +N+R+H +H+B +H+B +H+B +H+B +B+ 4
+B+4 +B+4 +B+4 +B+4 +4 +4 +A4 +4

X +HydroX +T | X + HydroX +T | X + HydroX+T T+ N+R  T+N+R T+N+R T+N+R N+R+H R+H+B H+B+G H+B A Bl Bl Bl B2 B2 B2 H+B
+N+R+H +N+R+H +N+R+H +H+B +H+B: +H+B. +H+B. +B+G | +G

+B+G+4 +B+G+4 +B+G+4 +G+4: +G+4. +G+4 +G+4. +4
X +HydroX +T | X + HydroX+T T+ N+R T+N+R T+N+R T+N+R N+R+H R+H+B H+B+G  H+B A Bl Bl Bl B2 B2 B2 H+B
+N+R+H +N+R+H +H+B: +H+B +H+B., +H+B +B+G +G
+B+G+4 +B+G+4 +G+4 . +G+4. +G+4 +G+4. +4

X+HydroX+T T+ N+R T+N+R T+N+R T+N+R N+R+H R+H+B H+B+G  H+B A Bl Bl Bl B2 B2 B2 H+B
+N+R+H +H+B:! +H+B +H+B., +H+B +B+G  +G
+B+G+4 +G+4 | +G+4, +G+4 | +G+4. +4

T+N+R T+N+R T+N+R T+N+R | N+R+H R+H+B H+B+G H+B A Bl Bl Bl B2 B2 B2 H+B
+H+B +H+B +H+B +H+B +B+G +G
+G+4 +G+4 +G+A4 +G+4 +A4

T+N+R T+N+R T+N+R  N+R+H R+H+B H+B+G H+B A Bl Bl:Bl{B2:B2 B2 H+B
+H+B +H+B +H+B +B+G +G

[C@Jﬂ: +G+4 +G+A4 | +G+4 +4

T+N+R iT+N+R | N+R+H | R+H+B i H+B+G H+BiA: Bl Bl Bl:B2:B2:B2: H+B
+H+B +H+B +B+G +G
+G+A4 +G+4 +4

T+N+R | N+R+H R+H+B H+B+G H+B: A :Bl:Bl Bl B2:B2:B2:H+B
+H+B +B+G +G

+G+4 +4
N+R+H  R+H+B H+B+G H+B:A4: Bl Bl Bl B2 B2 B2 . H+B
+B+G +G
+A4
R+H+B H+B+G H+B Bl Bl Bl B2 B2 B2 H+B
+G
H+B+G H+B Bl Bl Bl B2 B2:B2:H+B
+GBFric +GBFric +GBFric +GBFric | +GBFric | +GBFric | +GBFric | +GBFric | +GBFric +GBFric
H+B Bl Bl Bl B2 B2B2 H+B
A
BI i Bl i Bl BI
Bl Bl BI
BI BI
B2:B2 B2 B2
B2 B2 : B2
B2 B2

SYM (except for GBFric) H+B
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X + HydroX +T + AeroT + N + R+ H + B+ AeroB + A+ AeroA 1
X + HydroX +T + AeroT + N+ R+ H + B+ AeroB + A+ AeroA

X + GravX + HydroX + T + GravT + AeroT + N + GravN + R + GravR + H + GravH + B + GravB + AeroB + A+ GravA+ AeroA

X + GravX + HydroX +T + GravT + AeroT + N + GravN + R + GravR + H + GravH + B + GravB + AeroB + G + A+ GravA + AeroA
X + GravX + HydroX +T + GravT + AeroT + N + GravN + R + GravR + H + GravH + B + GravB + AeroB + G + A+ GravA + AeroA
X + GravX + HydroX + T + GravT + AeroT + N + GravN + R + GravR + H + GravH + B + GravB + AeroB + G + A+ GravA + AeroA
T + ElasticT + DampT + GravT + AeroT + N + GravN + R+ GravR + H + GravH + B + GravB + AeroB + G + A+ GravA + AeroA

T + ElasticT + DampT + GravT + AeroT + N + GravN + R + GravR + H + GravH + B + GravB + AeroB + G + A+ GravA+ AeroA

T + ElasticT + DampT + GravT + AeroT + N + GravN + R+ GravR + H + GravH + B+ GravB + AeroB + G + A+ GravA + AeroA

T + ElasticT + DampT + GravT + AeroT + N + GravN + R+ GravR + H + GravH + B + GravB + AeroB + G + A+ GravA + AeroA

) SpringYaw+ DampYaw+ N + GravN + R + GravR + H + GravH + B+ GravB + AeroB + G + A+ GravA + AeroA
{_f (q, 9 t)} - SpringRF + DampRF + R+ GravR + H + GravH + B + GravB + AeroB + G
H + GravH + B + GravB + AeroB + Gen + Brake + G + GBFric

H + GravH + B + GravB + AeroB + ElasticDrive + DampDrive

SpringTF + DampTF + A+ GravA + AeroA

B+ ElasticB1+ DampB1+ GravBI+ AeroB1

BI+ ElasticB1+ DampB1+ GravBI+ AeroB1

Bl + ElasticB1+ DampB1+ GravBl+ AeroBl

B2+ ElasticB2 + DampB2 + GravB2 + AeroB2

B2+ ElasticB2 + DampB2 + GravB2 + AeroB2

B2+ ElasticB2 + DampB2 + GravB2 + AeroB2

SpringTeet + DampTeet + H + GravH + B + GravB + AeroB




