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Supplementary Material

Appendix 1 - The structure and values of the elements in vectors and matrices that form the system

of motion equations.

The vector of generalized coordinates {q} of size 34 is formed from sub-vectors [q] of size 6,

[q]: of size 18, [q]. of size 3, [q]m of size 4, and [q]. of size 3 (eqn. 1):

(o' ={la}y 4}, {a)n (@)m (d)u] (1)
where T is the vector transposition operation.

The sub-vectors describe the individual components of the harvester and include generalized
coordinates that correspond to these components. The sub-vector [q], describes the harvester as a
whole. The sub-vector [q], describes the wheels of the harvester. The sub-vector [q]. describes the
manipulator. The sub-vector [q]:» describes the harvester head with the log fixed in it. Finally, the
sub-vector [q].s describes the anchor system of the harvester. These sub-vectors have the following
structure (eqn. 2, eqn. 3, eqn. 4):

lah=la, a, a5 a4, a5 4l 2)

lay/ = {

47 49 99 90 91 912 913 9u 95 96 917 Qs 919 G0 921 92 9oz Goa}
3)

(aln=las ax ar) (alm=las G 0 auls (de=1a5 a5 dsd) )

The vectors of generalized velocities {4} and generalized accelerations {4} are structurally
equivalent to the vector {q}. The generalized coordinates ¢, must be replaced by the corresponding

generalized velocities ¢, or generalized accelerations ¢ .
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The vector of generalized forces {Q} of size 34 is formed from sub-vectors [Q]; of size 6, [Q], of
size 18, [Q], of size 3, [Q]: of size 4, and [Q],, of size 3 (eqn. 5):
(Q"=|(Q}, (@], [Q}, [Qly [Ql4] (5)
These sub-vectors have the following structure (eqn. 6, eqn. 7, eqn. 8):
(Rh=lQ, @ Q@ Q, Q5 Q (6)
Qi =1
Q, Q Qy Qp Qp Qpp Qp Q Qp Qp Q Qp Qu Qy Qy Qp Qpn Qy
y (D
(QIn=1Qs Qx Qs [QW=[Qs Qu Qu Qul; (Qa=(Qn Qu Qul ®
Vector of projections of operational forces F., F), F. on the coordinate axes (eqn. 9):
(FJ'=[F,F,F,] )
The diagonal matrix [A] of coefficients for the generalized coordinates of size 34X34 is formed by

combining diagonal sub-matrices [A]s, [A], [Aln, [Alm, and [A]. (eqn. 10):

[A}, [0J_yy [0]g_y [0)_, [0]s;
[0]18—6 [A]l [0]18 3 [0]18—4 [0]18—3

[Al=][0) ¢ [0y [Al, [0k, [0)4], (10)
s (Al [0]54

a-1s 0]
0]3 3 [0]3—4 [A]as

[0]
[0)6 [0 |

where [0],.., is the zero matrix of size mXn.

Elements of the main diagonal of the diagonal sub-matrix [A], of size 6X6 (eqn. 11):

3c_ ¢ cc cc (B,—x, k=1
T rwt x| _rw o rw _
[A]h—dlag EPS T 3¢, Tie 3¢, Tio 1.5¢.,7,; CrwtiL Z_: , (11)
tx rwt r w r w =

where x;, z, are the coordinates of the mass center for the harvester itself, B is the distance to the

mass center of the anchor winch, L, is the distance to the anchor tree, ¢, is the stiffness coefficient

s2


https://doi.org/10.3832/ifor4983-019

Lagerev A, Lagerev I, Makulina A (2026). Improving the mechanized logging safety on steep
slopes through the analysis of dynamic behavior of harvester rope anchor systems
iForest — Biogeosciences and Forestry — doi: 10.3832/ifor4983-019

of the "anchor tree-anchor rope-anchor winch" system, cy is the stiffness coefficient of the
"suspension-wheelset-soil" system in the vertical direction (along the axis y).
Elements of the main diagonal of the diagonal sub-matrix [A], of size 18X 18 (eqn. 12):
[A]t:diag[—O.SctX; -0.5¢_; —0.5¢,; —0.5¢,; —0.5¢.; —0.5¢,; —0.5¢,; —0.5¢; —0.5¢c_; =
» —-0.5¢,;—0.5¢.; =0.5¢,; —=0.5¢, ; —=0.5¢_; —0.5¢,,; —0.5¢,; —0.5¢c ; —0.5Ctz], (12)

Elements of the main diagonal of the diagonal sub-matrix [A],, of size 3X3 (eqn. 13):

rwt ) ; Cty

(13)

tz

2X,. —X,,—X 2X, ., —X,,—X
[A]mIdiag[—(GCtx+c (17 %27 X3 (1 %2 t3]’

Xt1+xm Xt1+xm

where x4, x,, are coordinates of the manipulator base and the mass center of the wheel mounted on

the k-th axis.

Elements of the main diagonal of the diagonal sub-matrix [A]y, of size 4X4 (eqn. 14):

2X.  —X,,—X 2X.  —X,,—X
| . (1 2T N3 ) e1” %2 %3
[A]hh_dlag (6cm+crwt+cquml)’ 2Ctgy X +Xx Cmy’ Ctz X +Xx sz’ lG ’
tl hh tl hh
(14)

where ., Cmy, Cn: are stiffness coefficients of the manipulator along the axes x, y, z, xu is the
coordinate x of the mass center of the harvester head, /; is the log suspension length.

Elements of the main diagonal of the diagonal sub-matrix [A], of size 3X3 (eqn. 15):

c.c 3c..c H, \2 H
(A, =diag| c,,+=c,; —t; 0.5 _u ( L) (3— L)

tX’ b
3 c.+c,, 2crwt+30tx Hat H

; (15)

at
where H is the height of the anchor rope attachment to the anchor tree.

A square matrix [B] of coefficients for generalized velocities of size 34x34 is formed by
combining diagonal sub-matrices [B]s, [B], [B]w and rectangular sub-matrices [Bl., [Bluw, [Blans

[Blasi, [Blias (eqn. 16):
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[ [Bl, [Bl, [0l [0les [Bly, |
[0]18—6 [B]t [0]18—3 [0]18—4 [0]18—3
[B]=| [0];c [Bl, [0];; [0l [0]5
0], [Bli [0 [Bly [0l

| [0];6 [Bla [0]5 [0l [Bly |

Diagonal sub-matrix [B], of size 6X6 (eqn. 17):
[B], = diag[0; —6/,;0; 0; 0; 0],

Diagonal sub-matrix [B], of size 18X 18 (eqn. 18):

(16)

(17)

[B],=diag[-2pB,; —0.5B,; —=2B,; =2B,; —0.5B8,; =2B,; —2B,; —0.5B,; =2B,; 2

»> —2B,;=0.5B; =2B,; =2B,; =0.58; =2B,; =2B,; —0.5B,; =2p,].
Diagonal sub-matrix [B]u: of size 4X4 (eqn. 19):
[Bly,=diagl0; —(By+Bpy*Brs)s 05 =Byls],
where S, is the coefficient of viscous resistance of the harvester head damper.

Rectangular sub-matrix [B] of size 6X18 (eqn. 20):

'th 0 0 ﬁtx 0 0 ﬁfx 0
0 B,, 0 0 By, 0 0 B,,
[B], =—[ 0 0 0 0 0 0 0 0
M0 By (242 0 0 B,lz+z,) 0 0 B,lz+z,)
0 0 B, (x,,—x,) 0 0 B,(x,,—x,) 0 0
0 Btgy(xtl_xh) 0 Btgy(xtl Xp) 0 Btgy(xtl Xp)
ﬁtX 0 0 B[‘X 0 0 BtX 0
0 By 0 0 By 0 0 By
-> 0 0 Btz 0 0 BfZ 0 0
0 Bly(zt—zh) 0 0 Bly(zt—zh) 0 0 Bty(zt—zh)
0 0 ﬁ[z(xtl_xh) 0 0 Btz(xtz_xh) 0 0
0 Btgy(xtl Xp) 0 Btgy(xtz xp) 0 0 Btgy(xt3 Xp)

Rectangular sub-matrix [B],. of size 3X18 (eqn. 21):

s4

(18)

(19)
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B, 0 o0 pB, O O B, O O B, 0 0B, 0 0 B, 0 O
[B]mf__ 0 Btgy 0 0 Btgy 0 0 Btgy 0 0 Btgy 0 0 Btgy 0 0 Btgy 0
0 0 0 O 0 B, O o g, 0 o o o0 O B, 0O 0 B,
21
Rectangular sub-matrix [B]. of size 4X18 (eqn. 22):
B, 0 0 B 0 O B, O O B, 0 0 B, 0 0 B, 0 O
B] = o o0 o0 B O O B, O O B, O O B, 0 0 B, O
it o 00 0 0 O OB O OO O O B, O 0 B,
o oo o o o o o o o oo o0 o o o o0 o
(22)
Rectangular sub-matrix [B]., of size 3X18 (eqn. 23):
o 00 o 00 O OO O O0ODO0O O0O OO O 00
Bl ,=—|B, O O B, 0 O B, O 0 B, O O B, O O B, O O (23)
B, 0 0 B, 0 O B, O O B, 0 O B, 0 0 B, 0 O
Rectangular sub-matrices [B];s of size 6X3 and [B]., of size 3X3 (eqn. 24):
0 0 B,
0.0 0 6B, 0 Ba
[B],,= 00 01 [Bl,= — | 0 o B,/ (24)
0 0 O 0 0 B
0 0 O at
0 0 O

A rectangular matrix [C] consisting of coefficients for the projections of operational forces of size

34X3 is formed from the rectangular sub-matrices [C]s, [C]x, [Clum, and [Cl.s (eqn. 25):

[C],
[0];55
[C]=] [C],, |. (25)
[Cl,
| [Cl.s

Rectangular sub-matrix [C]; of size 6X3 (eqn. 26):
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Rectangular sub-matrix [C],, of size 3X3 (eqn. 27):

—C0sq,,;
0

sing,,,

0

Yin ™ Yn

—C0S q,;
O —

Xt Xpy

sinq,,,
XX,

(X *x,)c08q,,,—(2,,~2,)sing,,,

0

X1+ Xpp

Xt1+xm

0

Rectangular sub-matrices [C]u of size 4X3 and [C],, of size 3X3 (eqn. 28):

[C]

as

-1

— C0S q,,

— C0S q,,

0 sinq,,,
-1 0
0 —C0sq,,,
Zhn ™ Zp Yo=Y
0 (x,,*+x,)sing,,—(z,,—z,)cosq, ,
Xpn ¥ X 0 .
(26)
sin q,,
0
(27)
Xe1H Xpn cos g
X, *+X,, mll
— oS q,, 0 sin q,,
0 -1 0
cl, = ;
[l sin q,, 0 cos q,,|
lccos a, — I 0
— (sin ag+pg cos ay) 0
0 sin g, . (28)
0 sin q,,,

A diagonal matrix [E] of coefficients for generalized accelerations of size 34X34 is formed as

(eqn. 29):

[E]=

| [E],
[0]is [EI
[0]s ¢ [0]5.5

[0]s-1z [0]6

[0]46 [0]4s [0]56
| [0]5 6 [0]5,5 [0]53

s6

[0]s4

[0]6_ |
[0];5 5 [0];5_4 [0];5 5

[E], [0]s4 [0]5 (29)
[El,, [0]5
[0]5 4 [El, _
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Elements of the main diagonal of the diagonal sub-matrices [E], of size 6X6, [E], of size 18X 18,
[E]» of size 3X3, [E]w of size 4X4 u [E], of size 3X3 (eqn. 30, eqn. 31, eqn. 32, eqn. 33, eqn. 34):

h,sum+Mw; Mh,sum+Mw; M

[E]h:dlag[M +Mw; Jhmx; Jhmy" Jhmz];

h,sum

(30)
[E), =diag [M; M; M; M; M; Mg M; Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg X
; (31)
[E], = diag [M,+Mg; M, +Mg; M, +Mg|; (32)
[E),, = diag [Mg; Mg; Mg Jg,l; (33)
[E], = diag [M,; M, M,], (34)

where M, .., 1s the total mass of the simulated system, including the harvester, manipulator, anchor
system and log (excluding the anchor tree mass), Jimx, Jimy, Jum- are the total inertia moments of the
harvester and manipulator when turning relative to the axes x, y, z.

The vector of the right-hand sides of the motion equations of size 34 has the following form (eqn.

35):

(G)'=[g,9,...9; ... 93)=[Q,/e;, Q,le,, ... Qile, ;... Qyley, 5], (35)

where e;; is the i-th diagonal element of the matrix [E].
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Fig. S1 — Geometric model.
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Fig. S2 — Generalized coordinates of the dynamic mathematical model.
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Fig. S3 — The dynamics of the mass center movement of an anchor tree.
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Fig. S4 — The dynamics of the anchor winch drum’s movement.
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Fig. S5 — Dynamics of the mass center movement of the harvester head and the log along the x-axis.
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Fig. S6 — Histograms of the distribution of the ranges of relative share for the anchor’s rope tensile
force (a), the mass center movement of the harvester head and the log along the x-axis (b), the anchor

winch drum’s movement (c¢), and the mass center movement of an anchor tree (d).
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