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Abstract: Geometry modeling methods can conserve the geometry characters of a system, which
helps the dynamic equations more concisely and is good for long simulations. Reduced attitude,
Lie group and Lie algebra are three different expressions of geometry. Models for the dynamics of a
planer pendulum and a 3D pendulum were built with these three geometry expressions. According
to the variation method, the dynamics models as ordinary differential equations were transformed
into nonlinear equations which are solved by Newton iteration. The simulation results show that Lie
group and Lie algebra calculations can conserve the geometric structure, but have different long-time
behavior. The complete Lie group expression has the best long simulation behavior and has the
lowest sensitivity to the time step in both planer and 3D pendulum simulations, because it saves the
complete geometry of the system in the dynamics model.

Keywords: geometry mechanical; dynamics; lie group; Lie algebra; Newton iteration

1. Introduction

Computational geometric mechanics can keep the geometric characteristics of a system
and have higher stability than traditional methods. In addition, the geometry-based model
are more concise than trigonometric functions, which has incomparable advantages for
spatial rigid—flexible coupling multi-body systems. Geometric methods are also used in the
fields of informatics and information geometry [1], which a provides unified mathematical
basis for the integration of mechanics and other disciplines. Therefore, the exploration of
geometric representations, numerical calculations and physical significance will promote
the engineering applications of geometric mechanics.

Geometric mechanics exploration has two directions: symplectic geometry and Lie
group methods. The symplectic geometry method is used to solve differential algebraic
equations of dynamic systems which combine dynamic analysis and differential equation
solving. The discrete Lie group variational integrator is another geometry method which
can conserve the energy, momentum and geometric structure. It is a recursive equation
which can be used in the optimal control of a space dynamics system. In recent years,
Shi et al. [2] studied the indirect symplectic method for solving optimal control problems of
differential algebraic equations, which improved calculation efficiency, and Peng et al. [3]
established the discrete Singer formula for optimal control of compressed bodies based on
the Lagrange—D’Alembert principle and discrete variational principle, which reduced the
number of drives required for optimal control. Peng, H.J. et al. [4] studied a symplectic
optimal control method for robot trajectory control and obtained a symplectic discrete
format for differential algebraic equations based on the discrete variational principle.
Hu et al. [5] studied the relationship between symmetry rupture and energy dissipation in
dynamics based on multi-symplectic theory. Hu et al. [6] explored structure conservation
based on local structure conservation of the multi-symplectic method and established
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a dynamic model of the flexible damping plate-spring mass system. These show the
symplectic geometry method has developed towards the direction of multi-symplectic
theory, mainly based on the conservation of local symplectic structure.

Differently from symplectic method, Lie group method seeks global conservation of
geometry structure of system. Recent research achievements of Lie group are as follows:
Leitz et al. [7] studied the polysymplectic Galerkin Lie group of geometrically accurate
beams. Tariverdi et al. [8] explored flexible continuous manipulator modeling using a
Lie group variational integrator. Sjoberg et al. [9] studied the dynamic model of a crane
system based on Lie group theory. Mueller et al. [10] studied the application of spinor
and Lie group theory in a recursive algorithm for a topologically tree-based multi-body
system. Zdravko et al. [11] studied the forward dynamics of fixed-wing aircraft on the Lie
group and realized the attitude non-singular reconstruction on SO(3). Zdravko et al. [12]
studied the momentum and energy conservation Lie group integral method for rigid body
rotational dynamics. Liu et al. [13] studied the finite-time optimal control of dynamic
systems on Lie groups. Lee et al. [14-16] studied a Lie group variational integrator for full
rigid body systems. Demoures et al. [17] studied a Lie group variational integrator for
geometrically accurate beam dynamics.

In recent years, the moving frame method has provided a new idea for solving dynam-
ics equations based on Lie group theory. The main results are: Zenkov et al. [18] studied
Hamel form and variational integrators on a sphere. Shi et al. [19] studied the Hamel form
under classical field theory and used the variational integrator in sledge model [20]. He also
studied the minimum time optimal control based on a Hamel product molecule [21] and the
Hamel form of infinite dimensional mechanical system [22]. Wang et al. [23] established the
Hamel field variational product molecule of geometrically accurate beams. Wang et al. [24]
carried out path planning for a manipulator based on a geometric mechanics method.

The above analysis shows that the discrete Lie group variational integrator and the
Hamel method both change an ordinary differential equation into nonlinear equations for
a numerical solution. Lie algebra works in the vector space which is mapped from a Lie
group. The three methods solve the dynamics equations from different perspectives. The
Hamel and Lie algebra methods reduce the equations’ complexity. Based on the above
explorations, some problems need to be analyzed. Firstly, the numerical simulations in the
above explorations were performed with their own modeling methods, so the relation of
different geometry expressions should be analyzed. Secondly, the extension of complexity
of different geometry models and their numerical solutions should be analyzed. Thirdly,
the numerical accuracy and stability of different geometry models need to be compared.
The above analysis can help the engineer chose the best method to solve their own problem.
Thus, in this paper, the geometric models for planar and 3D pendulums are established
from three perspectives as reduced attitude, Lie group and Lie algebra, respectively. Based
on the three models, the dynamics equations were transformed into nonlinear equations,
and the Jacobi matrices of different equations were obtained. The numerical solutions were
carried out by Newton iteration. Three methods were compared and analyzed based on
the numerical results. This study provides a basis for the study of geometric dynamics of
multi-body systems.

The structure of this research is as follows. In the Sections 2 and 3, the concepts of a
Lie group, Lie algebra and Newton iteration are introduced based on basic mathematical
expressions. In the Section 4, three kinds of geometric dynamics model of planer pendulum
are built. In the Section 5, four types of geometry dynamics model of 3D pendulums are
built. In the Section 6, the simulation results of different geometric dynamics models are
presented. The conclusions are summarized in the Section 7. The concrete derivation of
each model is presented step by step, which should help the readers to understand the
methods easily.
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2. Lie Group and Lie Algebra

The Lie group and Lie algebra are abstract mathematical concepts and difficult to
understand. Thus, in this section, the concepts are explained based on concrete examples.
Consider a rotation problem in plane. The coordinate transformation is expressed as in
Figure 1. Suppose the initial coordinate is xOy, after a counterclockwise rotation with 6.
The new coordinate is x'Oy’. The rotation matrix between them is as shown in Equation (1).

cosf) —sind
R= [ sinf  cosf } @

Figure 1. The coordinate transformation in plane.

The physical significance of the first and second column of R is the projection of Ox’ and
Oy’ on Ox and Oy respectively. R can be written as the exponential type, as in Equation (2).

R =¢50 @)

. 0 -o0 0 -1
In Equation (2), S(0) = { 0 0 } = 9[ 1 0 ]
The derivation of R is Equation (3).

. —sinf —cosf | :
R_{ cosf® —sinf ]G_RS<9) ©)

The derivation of R can be written as Equation (4) according to Equation (2).
R= e5<9>s(é) @)

The results agree with the trigonometric functions type. Considering the system in
space, the attitude matrices corresponding to the rotation along x, y, and z axes are in
Equations (5)—(7), respectively.

[1 0 0 ]
R.(03) = | 0 cosf; —sinb; (5)
| 0 sinf; cos6;

cosfy 0 sinf ]
Ry(62) = 0o 1 0 (6)
| —sinf 0 cos6, |

[ cosf3; —sinf; 0 ]
R.(01) = | sinf3 «cosf; O ?)
0 0o 1]

Derive Equations (5)—(7). The results are in Equation (8).

Ry = waxS(el);Ry = wyRyS(ez);RZ = w;R;S(e3) (8)
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In Equation (8), e; = [1;0;0],e; = [0;1;0],e3 = [0;0;1].
00 O 0 01 0 -1 0
Se, =10 0 —1 1S, = 0 0 0 |Se;=|1 0 0
01 0 -1 0 0 0 0 O
Equations (5)—(7) can also be written exponentially, as in Equation (9).
Ry = 15 SRy = P25 R, = ¢35 )

The derivation of Equation (9) is similar to Equation (4). R can be seen as the Lie group
expression of planer rotation through the concept of kinematics, and 0 is the Lie algebra
which corresponds to the Lie group. If R represents the rotation in space, then the Lie
algebra which corresponds to Ry, Ry, R; is ey, fez, fes.

According to the above analysis, R is a function about 6, no matter the triangle function
or exponent type. The above theory can be used as the basis for modeling the dynamics of a
single body or a series of single bodies combined together which rotate in space. In practical
engineering, some rigid body has three degrees of rotational freedom, such as a ship, plane,
spacecraft or UAV. They have triangle function expression based on the classical multibody
theory. For example, with the Cardan expression, the rotation of a rigid body in space is as
the series of X-Y-Z, as in Figure 2, and the rotation matrix can be written as (10).

R = R<RyR; (10)

e Ve
Figure 2. The Cardan rotation.

Differentiate R; then, substitute Equation (8) into Equation (10). The derivation of R
can be written as Equation (11).

R = RyRyR; + R:RyR; + RiRyR. = wR<SxRyR; + wyR<RyS,R; + wyRyRyR.S; (11)

Equation (11) can be rewritten as Equation (12) according to RTS(a)R = S (RTa).

R = ReRyR: (RyR:)"S (0xe1 ) RyR: + ReRyR:R:"S (6,2 ) R: + RiRyR:S 6:e3

— RS (RZT RI6.e; + RI6ye; + ézeg) (12)

From the above equation, the rotation of a rigid body in space can be written as the
nonlinear combination of the rotations on different axes Cardan order. Using the physics
definition of R in plane, the physics definition of each row of R in space can be explained
as the projection of X'Y'Z' on X, Y, Z. Using w to represent the absolute angular velocity of
a rotation body in space, the differential of R can be written as in Equation (13).

R = RS(w) (13)
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In Equation (13), w = [ wx wy w: ]T. S(w) is the skew matrix of w, as in
Equation (14).
0 —w; Wy
S(w)=| w; 0 —wy (14)
—wy Wy 0

According to Equations (12) and (13), the angular velocity can be written as the combi-
nation of the rotation matrix and angular velocities across each axis, as in Equation (15).

w = RIRJ0e1 + R76,e; + 0.3 (15)

The above derivations are the expressions of the rotation matrix and their differentials
of rigid body rotations in plane and in space. As part of dynamics solving, the above
equations usually need to transform to the triangle type, which may make the expressions
more complex due to the triangle transformation, especially for the rotation in space or
multibody systems.

IR|| = 1,RRT = RT =R™! (16)

In order to avoid these problems, the overall natures of Lie group and Lie algebra
need to be analyzed. From the overall point of view, R satisfies the characteristics in
Equation (16), no matter the plane or space.

Expect the above characteristics, each row of R also satisfies similar characteristics, as
the moduli are one in each row.

R[] = [|Rz[| = [|Rs]| = 1 (17)

If each row of R is one element, Equation (13) can be divided into three parts, as in
Equation (18).
elR = eIRS(w); el R = el RS(w); eIR = eTRS(w) (18)

Suppose I'; = R”e3. Then, the derivation of T is
I = S(I)w;T, = §(I)w; T3 = S(I3)w (19)

For planer rotation, the solution of any part of Equation (19) can obtain the complete
rotation matrix according to inverse derivation. For rotation in space, Equation (19) needs
to be completely solved to obtain the rotation matrix. The above method avoids complex
triangle transformations. The exponential type of rotation matrix is

R=¢51 (20)

7 is the Lie algebra type. The exponential matrix can be obtained according to the
Rodriguez parameter or Cayley transformation, as in Equations (21) and (22), respectively.
The Cayley transformation avoids triangle expression completely.

R=1I+ Sil‘l”i]” S(I]) + 1-— COSZ||’1|| 52(17) (21)
] Il
_I+S8(y) 1 T T
- = 1+”Tﬂ(<1—11 n)1+25(y) + 2" (22)

The discussion of the exchangeability of the rotation matrix is as follows. Supposing
that R, = %5 (e ), Ry, = eS(ej ), when i =j, R;, Ry, is called isomorphism, which means it has
the same structure. If and only if i = j, R,, R;, satisfies the relation as in Equation (23), which
means that the rotation matrix has the same structure satisfying the exchange relation.

R.R; = RyR, = %S()+0S(e)) (23)
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Suppose that the rotation matrix in space is R = ¢5(f), The definitions of Ry, Ry, R; are
in Equation (9). According to Cardan relation, the exponential type of R is in Equation (24).

eS(f) — p015e; g025ey p035e, (24)

It is necessary to declare f # [ 6; 6, 63 ]T, which is important in the following
derivation.

3. Newton Iterative

Traditionally, the dynamics equation which is ODE type is solved by the Runge-Kutta
method. However, the error accumulation of this method may lead to the distortion of
long simulations. The Lie group method and the Hamel method can avoid this problem.
One reason is that modeling the dynamics of the geometry method can maintain the ge-
ometry characteristics of the system, and the other is that both of these methods solve the
nonlinear equation, which is the coal character of these two methods. The distinguish-
ing feature between the Lie group method and the Hamel method is that the Lie group
method transforms the structure preserving part to be a nonlinear equation, and the Hamel
method transforms the ODE to be a nonlinear equation directly. The nonlinear equation
is often solved by Newtonian iteration. Thus, the error of each step can be reduced to
be the lowest level and avoids error accumulation, which can guarantee the reliability of
long simulations.

Suppose that the nonlinear equation is as Equation (25).

fil x1, x2, ..., x4 )=0
fo( %1, x5 oo, X )= o

Using x = (x1,x2,...,%xn), F(x) = (fi(x), fa(x),..., fa (x))T, Equation (25) can be
written as a vector as in Equation (26).

F(x) =0 (26)

Suppose that Ax = x — x(K), x(¥) is the initial number of iterations. Substitute it into
Equation (26). Then the linear equation system is Equation (28).

F(x(k)) +F (x<k> ) Ax® = 27)
Expanding Equation (28), we get the expression of x.

x = [P ()] ‘1p(x<k>) (28)

In Equation (29), F (x(k)) is the Jacobi matrix of F (x(k)), which is written as
Equation (30).

9h  9h If
dx;  dxp "7 dxy
F(x®) =1 : ; (29)
( ) ofn  Ofn dfn
dx;  dxy T 9xy dx—yx(®

According to continuous iteration under the given initial value, the exact solution of
the system can be obtained which can satisfy the limiting condition. Then, the stop criterion
of iteration is

Hx(k+1) —x) H <e (30)
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For example, Equation (18) can be discrete with Lie group or Lie algebra. Using the
discrete model of a discrete Lie group variational integrator, the discrete rotation matrix
can be written as Equation (32).

_ Riy1 + Ry

R, 1 > (31)
According to T; = RTe;, the discrete pattern on vector domain is shown in
Equation (33).
Liky1 + Tig
Ty = l 2 l 32)

I'j+1 can be obtained by the given I';z. The calculation can also use the difference as
the unknown quantity, and the discrete schemes can be written as

AT i

r
2

= Lix +

ik+1 (33)
Based on the given values of I'y; and ATy, the accuracy value of AT, can be obtained
according to the iterations, along with the accuracy value of Iz 1.
Suppose that there is a transfer matrix between Ry, 1 and R. The discrete value of the
rotation matrix is
Ryi1 = RiFy (34)

Substitute Equation (35) into Equation (32) and get the expression of Equation (36).

R R 1
= B TR R (R4 1) (35)

Ryt 2 2

The above expression can also transform to be exponential in type:

S(k1) — pS(k) pS(B11ic) — oS (D) (36)

Equation (35) is the discrete form of a Lie group, so map the discrete relation to Lie
algebra space. The discrete transformation can directly make Lie algebra space as it is in
Equation (38). Thus, the goal of an iterative solution is Ay or #;,1 based on the known #;.
_ Sty (gt ) (37)

Rk+

Nj—

4. The Solution of the Dynamics of a Planer Pendulum

In this chapter, a planner pendulum is used to explain the above theory. The planer
pendulum is shown in Figure 3, which considers its geometry. The mass and the rotational
inertia of the pendulum are m and J, respectively. The length between the center of mass
and pivot is I. The dynamics model of the pendulum is written as Equation (39) with
rotation matrix R and angular velocity w.

(38)

Jw +mglelRe; =0
R = RS(w)
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Figure 3. Planar pendulum.

Equation (39) can also be written as triangle type:

(39)

Jw + mglsin® =0
f=w

Let [T = Jw. Then, Equation (39) can change to be of Hamilton type, as in
Equation (41).

T+ mgle]Re; =0
{H mgle; Rey (40)

R=rs(1})

In general, Equation (41) can be solved by the Runge-Kutta method. Here, the
difference method is used to solve it. The parameters are discrete:

_ Wk T Wk o Wkt — Wk p O Ok O O (1)

R R A T S e O B

Substitute Equation (42) into Equation (40). Then, the dynamics equation is

{ J(wk+1 — wg) + hmgl sin(M) =0 42)
2(Bk41 — 6k) — h(wpp1 +wi) =0

The Jacobi matrix of Equation (43) is

1 O 146k
] 5shmgl cos( 5 ) 43)
—h 2
Discretize w, 6 as Equation (45) to use Awy and A6y as parameters of a difference
operation.
. Aw, Awy A0 A0
Gy = T Wy Tt by =Gk =hb @)

Substitute it into Equation (40) to obtain the dynamics equation as Equation (46),
which uses Awy, Ay as parameters.

JAwy + hmgl sin(@k + %) —0

(45)
ZAGk — Zhwk — ]’lACUk =0

The Jacobi matrix of Equation (46) is

[ ]h %hmglcosz(é)kﬁ-Aze")] (46)
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Let T = RTe,. Then, the Lie group expresses the dynamics equation as Equation (48).
[cb + mglelT =0 (47)
I'=—-S(w)T

w is discrete in a similar regular form as in Equation (42). The discrete regular of I is

' L1 — T L1 + T
Ty = Ty =7 4
Substitute Equation (49) into Equation (48). The dynamics equation is

{ 2] (wiy1 — w) + hmglef Ty +Ti) = 0 (49)
4(Tiy1 — Tk) + hS(wWiy1 + wi) Ty +Tx) =0

Then, the Jacobi matrix is Equation (51), achieved by deriving w1, T'i11.

2] hmglel (50)
hS1(Tk1 +Tk) 4L+ hS(wyi1 + wg)

Using wy, I'y and Awy, AT as parameters, the discretion of w is Equation (44), and the
discretion of I' is Equation (52).

AT} AT}
= Ty =0 b

Iy

Substitute Equation (52) into Equation (48). The dynamics equation of system is
Equation (53).

2] Awy + hmglel (2T + ATy) = 0 (52)
4AT + h(2wy + Awy)S1 (2T + AT) =0
The Jacobi matrix of Equation (53) is a 3 x 3 matrix:
2] hmglel (53)
hSq (2Fk + Al"k) 41 + h(Zwk + Awk)81

If R is discrete by Equations (35) and (36), and w is discrete as in Equation (45), then
substitute them into Equation (39) to get the dynamics equation of Equation (55).

2] Awy + hmglel R Fyey + hmglel Rye; = 0
2Fie; — hFS(wy + 25 ey — 2¢p — hSEWk + Az“’kiel -0 (54)

2Fie; — hFS war% e, —2ep — hS wk+% ep =0
The latter two equations can change into the vector equation via multiplying them by

e; and ep. Let Fre; =TIy, Frep = I',. Equation (55) changes to be Equation (56).

4r, — h(Zwk + Awk)l"b — 481 — h(Zwk + A(Uk)82 =0 (55)

2] Awy + hmglel Ry T, + hmglel Ryey = 0
4T, + h(2wk + Awk)ra —4ep + h(Zwk + Awk)e1 =0

Awy, Ty, Ty are the variables of Equation (56). The Jacobi matrix is a 5 x 5 matrix, as
shown in Equation (57).

2] hmglel Ry o’
h(Ty —ep) 4el, —h 2wy + Awy)el, (56)
W, +e1) h(2wy+ Awy)el, 4el,
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In Equation (57), ejp = [1;1]. The above method changes R into vector I'. Although
the numerical result is correct, the complete character of R is broken, which may lead to
constraint loss of the system. In order to reflect the complete structure of R, let RTe; =
I, RTe; =T; then, Equation (39) can be written as Equation (58).

Jw + mglelT, =0
I, = —S(w)T, (57)
I, = —S(w)T,

The discrete regulars of I' and w are Equation (49) and Equation (42), respectively.
With these regulars, the discrete dynamics equation is Equation (59).

4(Tppy1 — Log) + h(wier1 + wi)S1(Tapq1 + Top) =0 (58)

{ 2] (wWys1 — w) + hmglef (Ty 1 4+ Tp) =0
4(Tppr1 —Tpp) + h(wigr + wi)S1(Tp 1 +Tpp) =0

It is necessary to notice that the significance of parameters in Equation (59) is different
from those in Equation (56). If the equation is discrete with Awy, AT, ¢, AT}, the result is
Equation (60).

2] Awy + 2hmglel Ty i + hmglel ATy, = 0
4AT, ;o + h(2wi + Awy)S1 (2T + Al ) =0 (59)
4ATy i + h(2wi 4+ Awy)S1 (2T + Al ) =0

If the parameters are w, +1 | D 1 r Equations (59) and (60) have the same Jacobi

b+
matrix as Equation (61).

2] 012 hmglelT
2h511"a’k+% 41 + Zha)kJr%Sl 0s42 (60)
2h511"b,k+% 0242 4I + 2hwk+%51

The above dynamics equations have Lie group expression. Next, the dynamics equa-
tion with Lie algebra is discussed. Firstly, the dynamics equation is changed to be the
exponential type:

{ ]w + mglezTeS(e)el =0 61)

0=w

The discrete dynamics equation is shown in Equations (63) and (64). The discrete
regulars are shown in Equations (42) and (45), respectively.

0 0,

{ J(@ii1 — wg) + hmgleS S5 eS(Fey =0 (62)
2(0k1 — Ok) — h(wi1 +wg) =0
26,
JAwy + hmgleIRieS(2 ey = 0 63)
2A9k = Zhwk + hAwk
The Jacobi matrixes corresponding to Equations (63) and (64) are in Equations (65) and (66).
[ i @eges(ﬁ%l)es(%)el ] (64)
—h 2

m Abg
J %%TRWS( 2 )e; (65)
—h 2
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The exponential part of Equations (63) and (64) can be factorized by the Cayley
transformation as Equation (67).

1

R= 1+792((1 — 0%)1+25(6) +20%1e] ) (66)

In the above analysis, the dynamics equations of a planer pendulum were built on
different points. The dynamics equation with Lie algebra expression is more concise, and
from the dimension point of view, the calculation based on Lie group theory needs more
dimensions than is common. Although the dynamics equation has higher dimensionality,
it can avoid the complex triangle transformation.

5. Dynamics Modeling of a 3D Pendulum

Based on the dynamics analysis of a planer pendulum, the dynamics modeling for

a 3D pendulum was derived with Lie group and Lie algebra theory. The model of a 3D

pendulum is shown in Figure 4. The 3D pendulum means that the pendulum has three

degrees of freedom which can rotate along the pivot O in space, and C is the center of mass.

pc is the position vector of the center of mass. The dynamics equation of 3D pendulum is
Equation (68).

Jewe + S(wc) - Jewe — megS(pc)REes = 0351

(67)
Rc — RcS(we) = 0343

X0
Q

Figure 4. 3D rigid pendulum.

Jc is the rotational inertia, wc is angular velocity along the inertia’s principle axis
and Rc is the attitude matrix. Using Awc, Fc as variables, the discrete regular is as
Equation (69), which is similar to Equations (35) and (36).

Aw . Aw,
Wl = @Wekt #/Rc,'kﬁ = ReiFep wepy 1 = =3 (68)
Repi1 = IRc k(e + D, Rep1 = FRck(For—1)
. T

Let Rces = *S(WC)REL’?,. Substitute Equation (69) into Equation (68), and the dynam-

ics equation of central difference type is Equation (70).

KiAwc e + hS(Awe )] cAwe . — K4FL K3+ Ky = 0 69
(K6F<T:,k + hS(Awc ) (ng n 1) )K3 TK5=0 (69)

Ky = 4]c —2hS(Jcwc ) + 2hS(we )] e, Ky = 4hS(we )] cwe x — 2hmegS(pc)Ks,
K3 = Re"e3, Ky = 2hmegS(pc), Ks = 2hS(wc x)Ks — 4K3, Kg = 41 4 2hS(wc )
Let Pgle3 = X. Substitute it into Equation (70) to obtain the simplifier
dynamics equation.

K]A(UC,k + hS(AwC,k)]CAwC,k — K4X+ K2 =0

KeX + hS(Awe )X + hS(Awe 1 )Ks + K5 = 0 70
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Then, the dynamics equation changes to be a nonlinear equation with variables
of Awcy and X. In order to obtain the Jacobi matrix, the variation of Equation (71) is
Equation (72).

K15chrk + hS((SAwC,k)]Cch,k + hS(AwC,k)]C§AwC,k - K45X =0 (71)
K0 X 4 hS(6Awc )X + hS(Awc )6X + hS(Awc x)K3z + K5 = 0
Next, we change Equation (72) to matrix type:
SAw
H[ 5XC’k } = 01 (72)
H is a Jacobi matrix of Equation (71), which is a 6 x 6 matrix.
g | Ko +hS(bwci)]c = hS(JcAwek) —Ky4 73)
—hS(X+ K3) Ke + hS(Awc )
The reduced dynamics equation is Equation (75).
Jewe + S(we) - Jewe — megS(pc)Te =0 (74)
I'c=—S(wc)Ic
Define the discrete regular as Equation (76).
Lepp1 = 3(Teppn + rc,k)/fc,k+% = 5 (Teke —Tep), 75)

Wepl = %(wc,kﬂ + wc,k)/wclkJr% %(Wc,kﬂ — wck)

Then, the dynamics equation with wc j,1 and I'c x4 as variables is Equation (77).

4 cwc 1 +hS(we pi1)Jcwe k1 + hS(we g )Jcwe k1 + hS(we ji1)cwe i
—2hmcgS(pc)Tcprs1 +Qa =0 (76)
4T ¢ jy1 +hS(we ji1)Te 1 + hS(we 1) Tex +hS(wep)Tepr1 +Qp =0

By combining the same item together, the nonlinear equation changes to
Equation (78).

Qcwcis1 — QpTep1 +hS(we i) cwe i1 +Qa =0 77)
QeTcis1 +hS(we 1) (Teper +Tck) +Qp =0

The expression levels of parameters Q 4, Qp, Qc, Qp, Q in Equation (78) are as follows.

Qu = hS(wci)Jcwe i — 4 cwex — 2hmcgS(pc)Ter, Qp = hS(wep)Tex — 4Tk
Qc =4Jc +hS(wci)]c —hS(Jewek), Qp = 2hmcgS(pc), Qp = 41+ hS(wc k)

Equation (79) is the variant of Equation (78) of matrix type.

dwe jy1 }
T / =0 78
[ 0T ki1 78)

T is the Jacobi matrix in Equation (80).

17— | Qc—1SUcwer1) +hS(wepi1)lc -Qp (79)
—hS(Tc1+Tck) Qr +hS(wc 1)
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Similarly, if using AT'¢ yAwc \ as parameters to discretize, the dynamics equation and
Jacobi matrix are Equations (81) and (82), respectively.

WiAwc x + hS(Awc ) JcAwex — W5ATcx + Wr = 0 (80)
—W6A(Uclk + WgArC,k + hS(AwC,k)Al"C,k +Wg=0

Wi — hS(JeAwc ) +hS(Awc )] c —Ws 81)
—Wg — hS(ATcx) hS(Awc k) + W3

The parameters are as follows.

W1 = 4c — 2hS(Jewc k) + 2hS(we k)], Wa = 4hS(we x)Jcwcex — 4hmcgS(pc)T e
W3 = 2hS(wc ) + 4L Wy = 4hS(wc k)T ek, Ws = 2hmcgS(pc), We = 2hS(Tc ),

The reduced dynamics only consider part of the Lie group, which cannot represent the
whole structure. Next, the calculation with a complete Lie group is derived. According to
Equation (20), the dynamics equation with a complete Lie group is obtained. The discrete
equation using Awc A3 AT AT ;. as parameters is Equation (83).

TlAwC,k + hS(AwC,k)]CAwC,k — T3Ar3,k + Tz =0

(T4 + hS(ch,k))Ar:;,k — TgAwC’k +T5=0 (82)
(Ts +hS(Awc k) )ALk — ToAwc + T = 0

(T4 + hS(AwC,k))Al"Lk — TlOAwC,k +T7,=0

The parameters are as follows.

4Jc +2hS(wek)c — 2hS(Jewe k) = T1,4hS(we i )Jcwe x — 4hmegS(pc)Ta = Ta
2hmcgS(pc) = T, 4 + 2hS(wc k) = Ta; 4hS(we i) T3k = Ts, 4hS(wc k) Tox = Te;
4hS(we )Tk = T7,2hS(T3 ) = Tg; 2hS(Tp ) = To,2hS(T1 k) = Tyg

The Jacobi matrix is in Equation (84).

T1 + hS(Awcy)]c —hS(JcAwek) 03x3 033 —T3

—hS(AT3x) — Ty 033 033 Z (83)
—hS(AT, ) — T 033 Z 0343
—hS(AT1 ;) — Tyo Z 033 0343

In Equation (84), Z = T4 + hS(Awc ;). The dynamics analysis of Lie algebra is derived
as follows. For the Lie group which corresponds to the 3D pendulum is not exchangeable,
discretizing the Lie group directly is not available. Here, the Cardan transformation is used
as the basis for the discrete use of Lie algebra. Combined with Equation (12), the dynamics
equation is Equation (85).

]ch + S(wc) . ]C(UC — ngS(pc) (RnyRZ)Teg, =90

we — 0e3 — GszTez —0x(RyR;) e1 =0
The discrete regular is defined in Equation (86).
_ Awcy - _ Awcyk _ Af g A _ A0y
Wkl = WCk + 2 rWekel T T'GZH% = T'Gy,k% =50 xk+i = T
26, 29, Ady i Ay k
R, = o0kt —5%)S(e3) — Rz,keTks(“);Ry,H% — (Oyxt—27)S(e3) — Ry’keTys(EZ); (85)
R, 4 = elbuct “3208(n) Z R0 3ES(en)

xk+3
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Substitute the former into Equation (86). The discrete dynamics equation of the system
is then Equation (87).

KAwC,k =+ hS(AwC,k)]CAwC,k + 4hA§}(wC,k)]CwC,k
ASX, y AHZ,
_4hmcgs(pc) (37%5(21)R;I;kenyks(eZ)R;kef ZkS(ES)RZ,k) e3 =0 (86)

Ay g Ay g A(-}'y/k
2w + hBwc — 200, ey — 206, e~ 2" SCURT e) — 2Aez,ke*75<fl>1z;ke*T5<22>R;ke3 =0

In Equation (87), K = 4]Jc + 2hS(wci)]c — 2hS(Jcwcy). The dimensions of
Equation (87) number 6, and Awc x A0, xAB, AB, ;. are their variables. The Jacobi matrix is

Equation (87).
{Un Up, Uz U14] (87)

hI Uy Uy Uy
Uy = K+ hS(Awcy)]c —hS(JcAwe )

A9, A0y i A9
Uy, = 2hmcgS (pc)e_TkS(el)S(q)Rzlke_TyS(QZ)RT,ke_TZkS(Q)RZkQ

20y ¢ Dby 26, xk(e3)
Ui3 = 2hmcgS(pc)e” 2 S@IRY e™ 2 S€)S(ex)RT e 7 Rles
on/k

Uy = 2hmcgS(pce 2

A0;
SeVRT o= #*SIRT o= 355 (e;)RT o5
~Mrkg(e) T _ 2k (o)) T
Uy =e 2 1 S(el)Rx,k A6y,kez + A0, e” 2 2 Ry/keg —2eq
Aby A0y i
u23 = eiTkS(el)Rzg,k (Aezlkezys(eZ)s(BZ)R;ke?, — 232)
vk

Aby i A
= S(eq T ,——5=S(ex T
27 S(e)RT e 2 SR e

Uyy = —2e

6. Simulation

Suppose that the mass of the pendulum is 2 kg, the rotational inertia is 0.48 kg-m?,
the length of the planer pendulum is 0.6 m, the initial angle is 0 rad, the initial angular
velocity is 1 rad /s and the simulation time is 50 s. According to Equations (43) and (46), the
simulation results are in Figures 5-8.

0.2 b " verd
N R i
s 0
c\:/ g ad g l'l\'!!v":”!!fh!l!““
202 ¢
0 10 20 30 40 50
t(sec)
1 T
=
Fo
3
-1 L 34 A I T AT Y
0 10 20 30 40 50
t(sec)

Figure 5. Comparison of 4th order Runge-Kutta and difference methods.
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Figure 6. The comparison of the first 5 s.

O(rad/s)

45 46 47 48 49 50
t(sec)

w(rad/s)

45 46 47 48 49 50
t(sec)

Figure 7. The comparison of the last 5 s.

w(rad/s)
(=)

Figure 8. Comparison of two difference calculations.

According to Figure 5, the dynamics parameters of the planer pendulum are damped
as the simulation time increases under the Runge-Kutta method. The simulation results
under the difference method conserve the long-term stability of the attitude and angular
velocity. The comparisons between the first and last 5 s for these two methods are shown in
Figures 6 and 7, respectively. At the beginning of the calculation, the two results coincide,
but in the last 5 s as in Figure 7, the differences between these two methods are obvious—not
only the amplitude, but also the time period. Figure 8 shows a comparison of simulations
under two difference methods, Equations (43) and (46), for the last 5 s. The simulation
results highly coincide.

Figure 9 shows the simulation results of two difference calculation under reduced
attitude. The simulation results also highly coincide. Figures 10 and 11 are the comparison
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results of the difference calculations with reduced attitude or triangle expression with
standard results, respectively. According to Figure 10, the three results highly coincide in
the first 5 s, but the results appear obviously distinguishable from the standard values.

0.2 & B, o 4 1
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1 & " @% " (g%
— o © © 6 © ©
%) ® © ® [}
n © o ®
ks e © [5) ®
(o] © ®
S 0p ® ° @ )
£ ® ® o ©
3 (% 0 ° g o © PR
° o o © > © 0 o

45 46 47 48 49 50
t(sec)

Figure 9. The difference calculation results under reduced attitude.

A(rad)

w(rad/s)

t(sec)

O(rad)

w(rad/s)
f=)

t(sec)
Figure 11. The results under reduced attitude and triangle function (2).
Figure 12 is a comparison of simulation results with different time steps and reduced

attitude expression. When the time step is 0.05 s, the results are obviously distinguishable,
but the results coincide when the time step is 0.01 s. This figure indicates that a long time

step will lead to time hysteresis in the simulation.
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t(sec)
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Figure 12. Simulation results with different time steps.

Figure 13 is a comparison between the simulation results according to Equation (56)
and the standard results. The figure indicates that the results of the recursive method and
the standard results highly coincide with a time step of 0.01 s.

02 \/\/\/\/
021

45 46 47 48 49 50

O(rad)

t(sec)
1
VAV \/
-1
45 50
t(sec)

Figure 13. A comparison of the recursive method with the standard method.

Figures 14 and 15 are the simulation results which consider the complete Lie group
structure. According to Figure 14, the two difference simulation results approximately
coincide when the same big time step is used, 0.05 s, but the simulation results show some
differentiation in the last 5 s. According to Figure 15, the simulation results which consider
the complete Lie group structure highly coincide with the standard results when the time
step is 0.01 s. Figures 16 and 17 are the comparisons of difference calculation results using
Lie algebra. These two figures indicate that the two difference calculation results coincide
when using same time step and also coincide with the standard value using the time step

of 0.01 s.

O(rad)

w(rad/s)
(=}

t(sec)

Figure 14. A comparison of two difference methods under the Lie group model with the time step
of 0.05s.
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Figure 15. A comparison of two difference methods under the Lie group model with the time step of
0.01s.

w(rad/s)
(=]

t(sec)

Figure 16. Two difference results of Lie algebra.

O(rad)
w(rad/s)

46 47 48 49 50 ) 45 46 47 48 49 50
t(sec) t(sec)

Figure 17. A comparison of the results using Lie algebra and standard results.

The dynamics calculations of a 3D pendulum are analyzed as follows. Supposing that
the mass is 10 kg, the rotation inertias of the principle axes are ], = 1 kg-m?; ], = 1 kg-m?,
. =1 kg-mz. The position vector of the center of mass is [0;0;0.7] m, and the initial value of
rotation matrix is Ry, which can derived by the Cardan method.

Supposing Cardan angles which correspond to attitude are 6, = 7,6, = 7,0, = §:
the correspond rotation matrixes are Ry, Ry, R;, respectively. Thus, the rotation matrix can
be derived by Ry = RyRyR;. The initial angular velocity is w = [0;0;0]rad/s.

The dynamics calculation results based on Equation (70) are shown in
Figures 18 and 19. The simulation time was 100 s. The time step was i1 = 0.05s. The
simulation results of angular velocity and attitudes from 95to 100 s show good long-
term stability under a large time step. Figures 20 and 21 are the simulation results of
Equation (78), which is expressed by the reduced attitudes. The simulation time step was
0.1's, and the simulation time was 100 s. According to the simulation results, the dynamics
equation which is expressed by reduced attitudes has good long-term stability under New-
ton iteration with the time step of 0.1 s. This means that the reduced attitude expression
has low sensitivity to the time step in the dynamics calculation. Figures 22-25 are the
simulation results based on equation (83), which is expressed by the complete Lie group
method. The simulation results indicate that the results of complete the Lie group method
also have good long simulation stability under the time step of 0.1 s. Compared with
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the reduced attitude expression, the complete Lie group method can obtain the results of

all attitudes.
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Figure 18. The simulation results of angular velocity.
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Figure 19. The simulation results of attitudes.
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Figure 20. The angular velocity results under reduced attitude.
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Figure 21. The attitude results under reduced attitude expression.
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Figure 22. The angular velocity results under the complete Lie group model.
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Figure 23. The results of the attitude of the x axis under the complete Lie group model.
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Figure 24. The results of the attitude of the y axis under the complete Lie group model.
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Figure 25. The results of the attitude of z axis under the complete Lie group model.

Figures 26 and 27 are simulation results of using Equation (87), which has the Lie
algebra type expression. The simulation results were obtained with the time steps of 0.01
and 0.005 s. According to the simulation results, the dynamics results were lost under the
Lie algebra, which is determined by Cardan rotation. It is very sensitivity to the time step.
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Figure 26. The angular velocity results under Lie algebra expression.
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Figure 27. The attitude results under Lie algebra expression.

7.C

onclusions

From the simulation results of a planer pendulum and a 3D pendulum, the conclusions

can be summarized as follows.

)

@)

®)

4)

©)

In the long simulation, the influence of error accumulation on the dynamics was not
only reflected in the amplitude, but also in the periodic law of the system.

The reduced attitude model of planer pendulum can conserve the long simulation
characteristic with a special time step. If the time step is not suitable, the error
accumulation may lead to the hysteresis of simulation. Thus, the error accumulation
speed is obviously influenced by the time step.

The complete Lie group dynamics model has similar simulation characteristics with
different time steps, which means that the error accumulation is not sensitive to the
time step. The simulation results using Lie algebra do not have this advantage.

In the simulation of a 3D pendulum, the reduced attitudes and complete Lie group
also had low sensitivity to the time step in the dynamics calculations. The simulation
results for the time steps of 0.1 and 0.01 s are not obviously distinguishable.

The dynamics results for the 3D pendulum lost their conservation under the Lie algebra
model, which is determined by Cardan rotation, which means that the custom expression
of rotation in space does not have the desired long simulation characteristics.

According to the above conclusions, the long simulation characteristic is influenced

by the expression of the model and the time step simultaneously. The complete Lie group
expression has the best long simulation characteristics and has the least sensitivity to the



Appl. Sci. 2022,12, 4910 23 of 24

time step for both planer and 3D pendulum simulations, because it conserves the complete
geometry characteristics of the system.
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