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Annotation

This thesis aims at the reduction of the computation time during the kinematic solu-
tion of multibody systems. Especially during vehicle simulations, including cornering
test, bump test or moose test, only some parameters of the suspension are optimized,
and the simulation is repeated many times. Suspensions are usually 1 DoF systems.
The expression of the position of a wheel support in terms of some parameter can
be obtained by solving constraints imposed by joints present in a multibody system.
Due to these constraints, kinematic is described by a system of nonlinear algebraic
equations. Its solution is usually ineffective and therefore time-consuming. The in-
terpolation requires much less computation time at the cost of losing accuracy. This
thesis proposes a strategy consisting of solving the kinematic problem at position
and velocity level for particular points and using these points to calculate all other
positions by interpolation. The introduced interpolation is continuous in acceler-
ation level. At the end of this work, computed results are compared with results
obtained by commercial software and code implemented in accordance with common
multibody theory.
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Chapter 1

Introduction

Kinematics is a branch of classical mechanics that describes the motion of points,
bodies and systems of bodies (multibody systems) without considering the forces that
cause them to move [I].

The multibody system is defined to be a collection of subsystems called bodies, com-
ponents or structures. The motion of the subsystems is kinematically constrained
because of different types of joints, and each subsystem or component may undergo
large translations and rotational displacements [2]. The kinematic analysis, which
aims at describing all the possible motions for the mechanism, has two parts [3]:

e Solving, i.e. to find all the sets of values corresponding to real solutions for a
given set of values of the input parameters. It has to be done many times for
a wide range of values of these parameters.

e [ollowing trajectories, by describing how each solution varies when the input
is changing continuously, with particular attention to pay to singular points,
where these trajectories are crossing.

1.1 Goals and structure of the thesis

This thesis is focused on the kinematic solving of the car suspension. The main aim
of this work is a research on this field, a solution of the suspension kinematics and its
interpolation. The final goal is a computer implementation of the proposed methods
and application on a real car model with recommendations for the next work.



Structure of this thesis strongly corresponds with its goals and can be described in
the following points:

state of the art - standard approaches how to solve kinematics of a car suspen-
sion,

kinematics solving,
interpolation of the kinematics,
computer implementation of the kinematics and the interpolation,

application on a real car suspension and recommendations for the next work.

1.2 State of the art

However, there are many hidden points of view of solving the kinematics, includ-
ing kinematics with imperfect joints, with rigid or deformable components, forward
kinematics and kinematic synthesis.

Raghavan and Roth reviewed three important exact computational methods [15].
They are respectively representative of three families of methods [3]:

Symbolic Methods compute explicit symbolic expressions of the output pa-
rameters in terms of the input and fixed parameters. This method is not prac-
ticable, even for a simple McPherson mechanism. Grobner basis or Triangular
set also belong to symbolic methods [3].

Symbolic-numeric methods have been mostly developed for solving a set
of polynomial equations. Typically a pre-processing of these equations is done,
computing a matrix from the coefficients of the polynomial equations. Using
this matrix, one can transform the solving problem into a linear eigenvalues
computation problem or a univariate polynomial solving problem. These meth-
ods provide a numerical result for each given set of input parameters even if
the intermediate matrix is by construction very large [4].

Certified Numerical Methods may be used even if the equations are not al-
gebraic, which is advantageous when using the Cartesian coordinate approach.
They are based on a numerical scheme with adaptive steps or a homotopy
algorithm [5].



Yves A. Papegay et al. in [3] presented two methods to solve exactly the kinematics of
the suspension a symbolic approach and an interval-based approach. Both methods
allow detecting singularities in the mechanism. However, the symbolic approach has
the advantage that it allows us to determine what parameters have to be changed to
avoid the singularity. It must be noted that both methods are exact in the sense that
the computed trajectories are guaranteed. This guarantee is a large improvement as
undetected jumps between branches may occur when using the usual method based
on an iterative use of Newton-Raphson scheme.

The main aim of the thesis is to solve kinematics and interpolate it, so the following
text is focused on the first part of the kinematic analysis, i.e. Solving.

Many problems in mechanisms analysis and synthesis and robotics lead naturally to
systems of polynomial equations. Typical constraints state that two points on a rigid
body remain a fixed distance apart or that the angle between two lines in a rigid
body must remain constant. Such constraints are generally expressed by vector dot
and cross-products, and they result in polynomial equations usually of the second
degree [15].

In [25], there are another two mathematical approaches based on the Certified
Numerical Methods that can be used to proceed with kinematic solving:

e Algebraic Equations Formulation

In this case, in mathematical terms, the kinematics problem is a system of
coupled nonlinear algebraic equations. If each constraint is a function of the
coordinates p, they can be collected in a vector as:

®(p) = 0. (1.1)

Typically, the number of coordinates (the length of the vector p) would be
larger than the number of constraints (the length of the vector ®) by one,
with the difference corresponding to one degree of freedom associated with the
suspension travel. [25]. A typical double wishbone suspension, as shown in
figure [I.1], can be modelled with five constraints, chosen as follows: pick any
two points that lie on the axis of rotation of the upper arm, e.g., the mounting
points of the arm on the chassis (points A and B in figure [1.1). The distance
from each of these two points to the upper ball joint must be a constant value.
The equations can be written:

B — {(SCA —20)* + (Yya — yo)* + (24 — 20)* — lic} _ {O} (1.2)

(xp —xc)® + (yp —yo)* + (25 — 20)* — 3¢ 0



At the end there will be 8 equations between points A—C, B—C, E-G, F-G,
H—-D, C—D, G—D and C—G. A value for any of the nine coordinates of points
G, C and D can be chosen [25].

Differential Equations Formulation

An alternative approach to the suspension kinematics problem is based
on casting the problem as a set of differential equations. Consider the time
derivative of the constraint equations, allowing that the constraints are not
time-dependent, i.e ® # ®(1).

“—p=0. (1.3)

The differential constraints are effectively statements that the velocities of the
three points on the upright must be perpendicular to the arms themselves, i.e.
the rate of a stretch of the arms is zero. These equations are then combined
with an additional requirement that some point on the upright has a given
velocity, e.g., the point G has a constant vertical speed of 1 m-s~!. The
additional condition is written as a linear function of the velocities:

¥(p)p = 1. (1.4)
Combining equations (1.3)) and (1.4) gives

0P 0
0 . :
Pip={" (1.5)

v 1

The result is a linear system of equations in p and in fact, it is an ODE, and
so can be solved using a standard routine, e.g. Runge—Kutta. A shortcoming
of this approach is that an initial solution for p must be known, or found using
a recursive method as described previously, to serve as the initial condition of
the ODE solution [25].



Fig. 1.1: Double wishbone suspension example

Another part of this thesis is focused on the interpolation of kinematics. The inter-
polation of particle kinematics is just a matter of position, velocity and acceleration
interpolation which can be done in a straightforward way by using, e.g. Hermite
splines and boundary conditions.

While the interpolation of position and its derivatives can be a simple problem, the
interpolation of orientation and its derivatives is more demanding. There are several
methods on how to proceed with this interpolation, however, they could be separated
into two groups:

e Methods using quaternions

— quaternion slerp [13],

— (C?-continuous B-spline Quaternion Curve Interpolating a Given Sequence
of Solid Orientations [9],

— Interpolating Solid Orientations with Circular Blending Quaternion Curves
[14].

e Non-quaternion methods

10



— geometric slerp (spherical linear interpolation),
— three-axis interpolation [§],

— method based on axis-angle representation [10].

The bridge between the kinematics and the interpolation is a lookup table. In com-
puter science, a lookup table is an array that replaces runtime computation with
a more straightforward array indexing operation. The savings in terms of process-
ing time can be significant, since retrieving a value from memory is often faster
than undergoing an ”expensive” computation or input/output operation [6]. In the
case of computational dynamics are the lookup tables mostly used as tables with
pre-calculated kinematic data, which are then interpolated [11].

11



Chapter 2

Suspension kinematic analysis

In this chapter, the kinematics of a typical rear and front suspension is solved.
Different types of suspensions exist, McPherson and double wishbone to name a few,
but all correspond to a one degree of freedom mechanism. That means a table of
transformation matrices giving the successive configuration and their first derivatives
of wheel support could be generated in terms of chosen parameter. The suspension
is a set of bodies connected by joints, so the Cartesian coordinates approach under
Matlab can be used to perform the kinematics analysis. Moreover, spatial kinematics
of a body in the Cartesian coordinates, the definition of the transformation matrices
and constraint equations and their derivatives are explained. At the end of the
chapter, the results are included and discussed.

2.1 Methodology

The Cartesian coordinates approach contains two steps. At the first step, all bodies
are considered independently and each body is given an independent set of configu-
ration parameters to let it move freely in space. Here, 6 parameters for each body in
space — three for the position and three for the orientation (e.g. Bryant angles) are
defined. The second step consists of defining joints between bodies using constraint
equations. These equations should be added to the equations of motion of the system
when solving dynamics problems. The kinematic analysis comes down to solving the
system of constraint equation [16].

The configuration of a multibody system can be described using measurable quanti-
ties such as displacements, velocities and accelerations. These are vector quantities
that have to be measured with respect to a proper frame of reference or coordinate

12



system [2]. In this text, the term coordinate system, which can be represented by
three orthogonal axes that are rigidly connected at a point called the origin of this
system, is frequently used.

Generally, two types of coordinate systems are required in dealing with multibody
systems. The first is a coordinate system that is fixed in time and represents a unique
standard for all bodies in the system. This coordinate system will be referred to as a
global coordinate system. In addition to this we assign a body coordinate system to
each component in the system. The body coordinate system translates and rotates
with the body; therefore, its location and orientation develop changes with respect
to the global coordinate system and with time [2].

If the body coordinate system is located in the centre of mass of the body, the
coordinate system is called a centroidal body coordinate system [7].

2.1.1 Transformation matrix

The homogeneous transformation matrix giving the configuration of the coordinate
system of body 7 with respect to the global coordinate system (denoted as 0) can be

written as Ro.(0,) (o)
o 0,:\Ys €iso
TO,’L (O O 0 1 ) ) (21)

where the columns of Ry ; = [x; y, z;] give the orientation of the axes of the coordi-
nate system of body ¢ in the global coordinate system and {e;}, gives the position
of the coordinate system of the body ¢ in the global coordinate system.

Body position and velocity

The natural parameters describing the position of the rigid body are of course 3
coordinates which define the position of the coordinate system of the body with
respect to the global coordinate system [16]:

{eitp =€ = u | (2.2)

Zi

Regardless of the choice of the parameters, the velocities of the centroidal coordinate
systems are always a linear function of the time derivatives of the configuration

13



Fig. 2.1: Global coordinate system, centroidal coordinate systems of the bodies (de-
noted as ¢ and j) and intermediate coordinate systems of the bodies (denoted as i.a
and 7.b) [7]

parameters. The tangent matrix J; [16] of body 7 can be for the translation defined

1 00 T;
{vity=vi=Ji& =0 1 0| -|w], (2.3)
0 0 1 Zi

so that the tangent matrix J; is the identity matrix, z;, ¥;, 2; are scalars and x;, y,, z;
are directional vectors which are included in matrix Ry,. These vectors are used in

equation ({2.1)).

Rotation angles and angular velocity

The rotation parameters were made due to the Bryant angles which go from global
frame to local frame by 3 successive rotations about Z, Y’ and X” local axes by
angles classically denoted by 1, 8 and ¢ respectively, and called yaw, pitch and roll
respectively. The corresponding rotation matrix of body i is obtained in the following
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way [16].

cosy —siny 0 cos 0 sind 1 0 0
Ry, = | sinyy cosyp 0] - 0 1 0 -0 cos¢p —sing | = (2.4)
0 0 1 —sinf 0 cosf 0 sing cos¢
T.(¢¥) T, (0) T, (¢)

costy cosl  cosy sing sinf — cos¢ sinyy  sing siny + cos¢ cosy sind
cosfl sinyy  cos¢ cosy + sing siny sinf  cos¢ siny sinf — cosy sing | . (2.5)
— sinf cost sing cos¢ cost

The angular velocity and the associated tangent matrix €2; are given by [10]

. 0 —sinvy coscosb w
{wilo=w;=Q;-0, =0 cosyp sintcosh |-|0]. (2.6)
10 —sin 6 é

The complete definition of body 4 configuration in the global coordinate system is
given by [16]

costy cosf  cosy sing sinfl — cos¢ siny  sing siny + cos¢ cosy sinf  x

cost siny  cos¢g cosy + sing siny sinf  cose siny sinf — cosy sing  y

TO'L — . .
’ — sinf cosf sing cos¢ cost z

1

0 0 0

This matrix is written in the same form for all centroidal body coordinate systems,
only a vector of body configuration parameters q; = (x; y; 2z; &; 0; ;)7 is changing
with respect to the bodies. Another way to get matrix Ty ; is described in appendix
[A.2].

The dimension of vector of configuration parameters of all bodies q (called vector of
configuration parameters in the following sections) is n., = 6 X np in space, where
ng is number of all bodies.

T q1
Y1 q2
21 q3
a= ol - g4 ’ (2'7)
%B G6xnp
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For a better overview the vector of configuration parameters of body ¢ is written as

@i = (T vi 2 & 0; vi)" = (Goios G6i-a Goi—3 Goi2 Toi1 G6i)" - (2.8)

2.1.2 Definition of kinematic constraints

Constraint equations allow to set joints between two arbitrary bodies (body ¢ and
body 7). Each joint is defined between two different body coordinate systems. Since
the joint is not necessarily located in the origins of these two body coordinate systems,
two intermediate joint coordinate systems are introduced: the first in body ¢ denoted
as i.a and the second in body j denoted as j.b. A set of constraint equations b, 2b,
... ,%b is defined as

" =xX0 - (€0 — ejp) =0, (2.9)
b= Yia - (€0 — €j1) =0, (2.10)
b =20 (€0 — €p) =0, (2.11)
b= yia- 2 =0, (2.12)
°b =120 X5 =0, (2.13)
% =x;4-yjb=0. (2.14)

The constraint equations relative to the most common joints can be presented as
a subset of the 6 previous generic equations. All of the vectors are usually projected
in the global coordinate system ({ }o). Tables — summarize the subset of
constraint equations necessary to represent the classical kinematics joints.

Type of prismatic joint Subset
Prismatic joint along X (£ = x) | 2b, 3b, 10, °b, b
Prismatic joint along Y (£ =y) | b, 3b, %0, b, b
€ [Prismatic joint along Z (€ = z) | b, 2b, %0, b, b

Table 2.1: Prismatic (translational) joint [16]
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Type of revolute joint

Subset

Revolute joint about X (¢ = x)

T, 2b, 3b, 5b, O

Revolute joint about Y (£ =y)

b, 20, 3b, 10, ®b

Revolute joint about Z (¢ = z)

™, 2b, 3b, *b, °b

Table 2.2: Revolute joint [16]

Type of cylindrical joint Subset
Cylindrical joint about X (€ = x) | 2b, b, °b, %b
< Cylindrical joint about Y (€ =y) | b, ®b, *b, %b
Cylindrical joint about Z (£ = z) | b, b, %b, °b
Table 2.3: Cylindrical joint [16]
Type of universal joint Subset
Universal joint among XY (£ = x1, n = y2) | b, 2b, 3b, ®b
Universal joint among ZX (£ = z;, n = x3) | 'b, 2b, 3b, °b
Universal joint among YZ (£ = y1, n = z2) | 'b, %b, 3b, 10
Table 2.4: Universal (Cardan) joint [16]
no 0 Type of planar joint Subset
g Planar joint perpendicular to X (n = x) | ', °b, b
Planar joint perpendicular to Y (n =y) | %0, %0, 5b
\/ Planar joint perpendicular to Z (n = z) | 3b, b, °b

Table 2.5: Planar joint [16]

A Subset

1b, Qb7 Sb

Table 2.6: Spherical joint [16]
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2.1.3 Constraint equations evaluation

Equations — are calculated from the vectors projected in the global
coordinate system. To achieve this there is the need to define transformation matrix
T, .. between the centroidal coordinate system of body 4 and intermediate joint
coordinate system of that body i.a figure 2.1 These matrices are defined as

- Riia(0ia) {eiiat;
O R 215

where {€;; .}, is the position of the intermediate joint coordinate system with respect
to the centroidal coordinate system of body ¢, and R;;, represents the orientation
of the intermediate joint coordinate system given by the Bryant angles

Ri,i.a(ei.a> = Tz(wi,i.a) : Ty’ (ei,i.a) : Tx” (Qbi,i‘a)- (216)

But in this case 8, , and {ei,m}i are given values of the orientation and position of the
intermediate joint coordinate systems. These values are expressed in the centroidal
coordinate system of body 1.

Final transformation matrix between the global coordinate system and intermediate
joint coordinate system i.a is given by the dot product

L LT — Xia Yia Zia €ia
TO,z.a — TO,@ Tz,z.a ( 0 0 0 1 ) ; (217)

where X; 4, ¥i.« and z;, are the unit vectors of the axes of intermediate joint coordi-
nate system i.a, and e;, is the position of the origin of this coordinate system. All
vectors are written in the global coordinate system. At this moment it is possible to
write down all necessary equations which could be solved. The problem is that the
equations are transcendent and they needed to be solved numerically.

2.1.4 Derivative of constraint equations

For the purpose of numerical solution, it is important to define derivation of con-
straints. At first velocity v; and angular velocity w; of body i are defined. Let us
consider

q6i—5
TO,i(qi) _ R(q6i—2, 96i—1, 96:) g?:; ‘ (2.18)
0 0 0 1

18



For the velocity of principal frame of body ¢ holds

q.6i—5
0 0000 d6i—4
1 0000 [%=], (2.19)
0 100 0 d6i—2
~ q6i—1
) QGi

where vector d; ;, can be expressed as

8e,- 6vi
d, ) = oo = 2V (2.20)
dqr.  Oqr
Given the previous assumption and eq. (2.6)), it is also possible to write
d6i—5
0 0 0 cosqecosqsi—1 —sings O %%74
w;i=10 0 0 singscosqsi_1 cosqgg O] - q.ﬁf_g , (2.21)
000 —singg, 0 1 6i-2
—_———— q6i—1
0ia e
where vector d; can be expressed as
Ow;
Oip = —, 2.22
i (2.22)

It is important to realise, that one constraint is defined always between 2 rigid
bodies in this work. It means that each constraint must be derived with respect to
the configuration parameters of the 2 bodies which are connected.

The consideration of the following equation is also crucial for simulation and
numerical solution. Prove of this equation is added in appendix [A.]

o 9
Oqe gy

(2.23)
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Derivative with respect to the first body

It is considered that g relates to body i, then the following relations hold:

' =Xiq- (€10 — €j1), (2.24)
d'v . dx; de de;y
_— = b = v-a . ia — . ia " —a ia J-
dt gi (G 7 Ci0) HXia s =g = Xia =,
= (Wia X Xia) " (€10 — €jp) + Xia - €10 — Xia - €. (2.25)

Orientation vector x;, is composed of sines and cosines which gives only orientation
of the intermediate joint coordinate system. Its derivation is then given by general
known formula

a 1.0
S = Wia X Xia (2.26)
ot (&um y ) (e e) + deé; , 40
~. — s Xia | - i.a — ©j4. Xia 5 )
Ok gy, 70 gk
= (0iak X Xia) " (€0 —€jp) +Xig - dig - (2.27)

The frame velocities are given directly by

Viag = Vi T+ W; XTjg, Wiq = Wi, (2.28)
Vib =V;j —+ W; X Tjyp, Wip = Wy, 229)
SO
0 i.a 0 i Wik X Tiq
iy — V: ko (Vi + alli a) _ (2.30)
G, G,
Ovip  Owgp
= : — X ia:di (51 X (€j.qa — € 2.31
Di Dé r; k0 X (€4 — €) ( )

All points on a rigid body experience the same angular velocity at all times. It is
then possible to assume d;,; = 9,4, and the previous derivative and derivatives of
2p, 3b with respect to the body i can be written as

o'
a—q.k = (0i) X Xiq) - (€10 —€jb) + Xig - i s (2.32)
9%b
a—qk = (0ik X Yia) (€ia —€jb) + YVia - dia, (2.33)
b
a—qk = (0ik X Zia)  (€ia — €jb) + Zig - disaie- (2.34)
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Derivation of *b can be found analogously:

b= Yia - Zjb, (2.35)
d*b  dy;a dz;p
d_t. = i “Zjpbt Yia- d_jf = (wi.a X Yi.a) “Zjb + Yia- (wj.b X Zj.b)a (2-36)
04 B 0

a—qk = a_qk [(Wia X Yia) - Zib+ Yia- (wj.b X Zj.b)] = (5i.a,k X Yia) Zjp. (2.37)

With assumption that 8; ., = 8, the derivatives of b, °b and b with respect to the
body i can be written as

d4b
a—qk = <5z’,k X yi.a) “Zjp, (2-38)
d5b
a—qk = (5z‘,k X Zi.a) * Xb, (239)
d5b
a—qk = <5i,k X Xi.a) "Yiob- (2-40)

Derivative with respect to the second body

In consideration of ¢, that relates to body j and with using the same steps as in the
previous section. Let us consider

'h= Xia * (ei.a - ej.b)a (2-41)
= Xia - (€ia—€jb) +Xig - (€0 — €j1), (2.42)
d'b ( dé; ,,)
— =X — " , 243
G, dqy, ( )
o'b
a—qk = —Xjq - Ajp k- (2.44)

Then the derivatives of b, 2b and 3b could be for the joint coordinate systems of the
bodies ¢ and j written as

o'b
o0 —Xia " ok, (2.45)
d%b
a—qk = Yia- dj.b,k, (2-46)
b
Ba e djipk, (2.47)
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where

djpr =djr+ 05 x (e —€j).

Derivation of b can be again found analogously:

4
b= Yia- Zjyp,

. dy dZ b
4 i.a .
b= dt “Zjp + Yia- d; = (wi.a X yi.a) *Zjp + Via- (w]'.b X Zj.b);
0 46 (&uj bk
o5 = Yia- = X Zjp | = Yia (0j6k X Zjp)-
8Qk qu J ( J J )

(2.48)

(2.49)

(2.50)

(2.51)

With assumption that 8, = 8;, the derivatives of *b, 5b and b with respect to

the body 7 can be written as

b
i Yia- (05 X Zjp),
d5b
Pa, B (8 X X)),
d%b
a—q.k = Xja - <5j,kz X Yj.b)-

(2.52)

(2.53)

(2.54)
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2.2 Solving equations

It is important to realise that the number of configuration parameters (6 x ng) is
higher than number of constraints except for static and hyperstatic systems. E.g.
a spatial pendulum connected to the ground by a revolute joint has 6 unknown
configuration parameters and only 5 constraint equations, see table 2.2l For this
reason n parameters are optional and have to be selected to solve kinematics of
multibody systems. Then it is possible to write:

n=6-ng—nc, (2.55)

where n¢ is the number of constraints. It is clear that the number of constraints
could be counted as

ne =05 (Npr + Nye) + 4+ (Ney + M) + 3+ (N + ) (2.56)

where 1y, Npe, Ney, Mun, Npi, Ngp are numbers of prismatic, revolute, cylindrical,
universal, planar and spherical joints respectively. In fact, the formulas for a quick
calculation of mobility known in the literature and the presented relation does
yield correct results for many classical or modern mechanisms [23].

2.2.1 Numerical solution

The non-linear constraint equations can be solved by Newton-Raphson. The demon-
stration of this method consist in consideration of a system of equations F(x) = 0.
If derivative of equations (constraints) exists, than the system F(x) can be expanded
at the point x = x*. With the use of a Taylor series it is possible to write

F(x) = () + J(") (x — x5) + 2R (€)(x — x1)? (2.57)

where elements of J(x*) are defined as

OF;
Jii = . (2.58)
8qj
The system of equations F(x) = 0 can be approximated by a system of linear
equations with x becomes only the next approximation to the root, giving us
F(x) + J(x*) (x* — x*) = 0. (2.59)
k
h
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This can be rewritten as

J(xF)hF = —F(xb). (2.60)

The solution of this equation can be expressed as
h" = —J7'(x") - F(x"), (2.61)
and a new iteration (x**1) is obtained from the following expression
x"t = x¥ + h* (2.62)

J(x*) is a Jacobian matrix of the matrix F(x) at the point (x*). The solution ends
when
" —xF|| < e (2.63)

2.2.2 Jacobian matrix

The system of the constraint equations can be expressed

Fx)=| . | =0, (2.64)

where (/b # b;). Than the Jacobian matrix can be expressed as

by by
8ql e 8‘1716;7
J=x)=| : -~ |, (2.65)
O, O,
B0 Ddney

where n., and n¢ are the number of configuration parameters and the number of
constraints respectively. At the end of this chapter necessary methods needed to
solve kinematics of multibody systems with introduced joints are defined.

2.3 Application example

The system of double wishbone suspension was chosen to demonstrate kinematics
solving. All necessary data are in figure ([I7], p. 177, 203).
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POINT X (mm) Y (mm) Z(mm)

A 103 350 142
B -127 350 128
C -12 491 104
D -12 589 127
E 122 345 -80
F -108 345 —80
G 7 620 -89
| H —156 545 178
| -15 500 540
i | o -156 317 186
P 0 678 -265
K 0 600 0
L 0 678 0

Fig. 2.2: Double wishbone suspension example geometry data [I7]. The underlined
letters are fixed in space.

The system of car suspension has two degrees of freedom. Rotation of the wheel and
its position and orientation which depend on the geometry of the suspension. The
centroidal coordinate system of a car is located between the front wheels with the
same orientation as in fig. . Every part of suspension (body 1 - 6, where body 1
is the origin and body 6 is the wheel) has at least one intermediate joint coordinate
system.

E.g. for body 1 three intermediate joint coordinate systems are defined. First is
located in point B, second in point F' and third in point J. There is no need to define
secondary frames in points A and E, because it is enough to define only one revolute
joint for each wishbone support (see fig. [2.2).

For example the coordinate system of body 3 is located in point D. Its configuration
in space is given by the transformation matrix T 3 which depends on ¢135 — ¢15. For
example transformation matrix of the intermediate joint coordinate system in point
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B, which is used to define revolute joint for upper arm, is defined
Tisp=Tiz Tsp="Ti3-T(B,0) - Ty(0), (2.66)

where B = (B(1), B(2), B(3)), 0 = (0,0,0) and 6 is the direction of vector
AB = [230 0 14], which is given by

14
f = arctan —. 2.67
arctan oo (2.67)

Transformation matrix between coordinate system of body 3 and intermediate joint
coordinate system of body 3 in point B is defined as

—

1 0 0 DB(1) cosf 0 sinf 0
o1 oDB2| | O 1 0 0

Tsp = 0 0 1 DB(3) —sinf 0 cosf 0]’ (2.68)
000 1 0 0 0 1

where DB = B — D. The two revolute joints and the only one universal joint are
fixed to the car chassis or fixed in space. Due to this scheme and formulas (2.55)

and ([2.56) we got
ng =5 (Npr +Nre) +4 - (Ney + M) + 3+ (N + 1) (2.69)

2.4 Results and discussion

The two given parameters are the angle of the wheel rotation (about Y axis see fig.
and its z coordinate (vertical), which were evaluated from -170 to 240 mm with
a step of 10 mm. All higher or lower positions did not converge because the solution
does not exist due to the limitations of the suspension geometry. Orientation of
an arbitrary body is the same for all points of that body in case of rigid bodies.
Rotations 1, 6 and ¢ are given as rotations around Z,Y’ and X” axis due to Bryant
angles.

All of the coordinates of point K are continuous due to given coordinate z and all of
the calculated points converged quickly (6 to 10 iterations). With e = 1073, The
numerical solution is stable and results can be used in the next work. The Matlab
program is written universally and can be use for different types of suspensions.

Figure [2.3] shows the position of point K from figure 2.2l Figures — [2.7] show
the dependence of z, y, ¢, # and v on given parameter z.
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Chapter 3

Kinematic interpolation

This chapter aim is to produce interpolated kinematics from a table created in the
previous chapter on the level of position, velocity and acceleration in terms of the
chosen parameter (one of six parameters which are defined for each body). A pro-
posed method ensures smoothness on the velocity level and continuity on the level
of acceleration. Hermite splines are used for interpolation terms; the interpolation
is used for the evaluation of translations and rotations and their derivatives. The
interpolation for rotations is implemented through successive rotations about specific
axes. Error analysis, which discusses the norm of the differences between interpolated
and exactly computed values, is also presented.

3.1 Input data

The data which are counted in the previous chapter are important for the interpola-
tion. The interpolation assumes that the evolution of homogeneous transformation
matrix Ty 4 and its derivatives d4, and d4, have been calculated for some values
of a parameter u, where vectors da, and 4, are defined as [16]

. 8e,4 . aVA

0
dA,u = 5A u — A

Ou 0w’ T du

(3.1)

First, it is useful to store the data into the table in terms of a series of values u
(U(), Uy, Uz, auN)
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U, Toa(uo), {dau(uo) }o,
Uy, To,a(u1), {dau(u)}o,
Uy, To a(u2), {dau(u2)}o,

un, TO,A(UN), {dA,u(UN)}O7

with

{vato={da}o-u=

o O =
o = O
_ o O
S O O
S O O

and

0 0 0 cos(qae)cos(qas)
{wato={0a}o-u= 10 0 0 sin(qas)cos(qas)
0 00 — sin(qae)

{0 4.4(u0) }o,
{0 .4.u(uw1)}o,
{0 4.u(u2) }o,
{5A,u(UN)}0-
(Ga1
0 0 qa2
00 943
00 a4
gas
[ 446 )

— sin(qAG) 0
cos(qag) O
0 1

qa1
qa2
4A3
qa4
qas

\ 446 )

(3.2)

, (3.3)

where q4 is a vector which was counted in the previous chapter as a result of Newton-

Raphson method.
To get vector ¢4, it is necessary to compute
B- q = 07

=1,

(3:5)

where u, u is given parameter and its time derivative and B is the Jacobian matrix
of the constraint equation system. It is also important to place @ in the right place in
the system of equations, because it substitutes the velocity of the chosen parameter.
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If u replaces g;, it is possible to rewrite previous two equations to

( )

biy bz ... big—1y bigyr) - bin O N
bar by ... b1y bagy1r)y .. Doy O q?
L : : - : 0
o {8 = ¢ (3.6)
di+1
D : : L0 : 1
bt bn2 .. bui-1) bnit1y oo bun O Qn
0 0o ... 0 0 ... 0 1 U
\ J

Because we assume that @ = 1, then

{VA}O = {dA}Oa
{wA}o = {5A}0-

3.2 Cubic Hermite splines

Cubic Hermite splines are typically used for interpolation of discrete numeric data
specified at given argument values, g, u, ug, , . . ., Uy, to obtain a smooth continuous
function. The splines are also used as shape functions to model beams in finite
element methods, where they pass through specified points of the plane or three-
dimensional space. The spline functions are

hoo(€) = 26% — 3¢% 41, (3.9)
hoi(§) = —26% + 3¢%, (3.10)
hio(§) = € — 262 + ¢, (3.11)
hi1(€) =& — & (3.12)

and they are plotted in figure 3.1} The first and second derivatives with respect to £
can be expressed
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, dh p d?hgg
hool€) = ¢~ = 66" — B¢, hool€) = gz =126 =6,
/ dh " d*h
hoi(§) = dgl = —6&% + 6¢, hoi(§) = ?31 = —12§ + 6,
/ dh " d*h
Mo(§) = gt =36 — 4+ 1, Hiol€) = gz = 66— 4
4 dh ” d2h
hy1(§) = dél =362 — 2¢, B (€) = TZM =66 — 2. (3.13)

After substituting of ¢ =0 and £ =1
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hoo(o) =1, hoo(l) =0, h60<0) =0, h;)o(l) =0,

hOl(O) = 07 hOl(l) = 1’ h{)l(o) = O? hpl(l) = 07 (3 14)
h10(0) =0, hio(l) =0, hi,(0) =1, hyy(1) =0, '
h11(0> =0, hll(l) =0, h/n(O) =0, hln(l) =1

Now it is possible to interpolate an arbitrary function f = f(z) between xy and z;
with respect to boundary conditions

f(wo) = fo, flo1) = f1, f'(x0) =m0, f'(z1) =m0

by

f($):f0hoo(x_x0)+f1ho1<x_x0>+

T1 — Zo T1 — Xo

+m0h10<x_$0> ‘(xl—xo)+m1h11<x_x0) (21 — o) (3.15)

T — Zo T1 — Zo

from which it is easy to verify that the value of f(z) is equal to fo when z = xy and
to fi when x = x;.

The first derivative of the interpolant with respect to x of the interpolation is
defined consequently by

f’<x>=fohgo(”’_x°) : +f1hgl(j_$°) —+

xT1 — Zo 1 — Zo 1 — Zo 1 — Zo

+ mg R/ — +my R T %o
10 11 )
1 — Zo 1 — Zo

from which it is easy to verify that the value of f'(z) is equal to mg when z = z
and to my; when x = 7.
It is also possible to write the second derivative with respect to x as

f”(ﬂc):foh’o’o(;_%)'( : 2+f1h’0’1(;”_‘”°)- —

1 — 2o T — iCo) 1 — 2o (1'1 - 5C0)2

T — o 1 T — o 1
" "
Tl — X 1 — X Tl — X 1 — X

(3.16)

(3.17)
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3.3 Interpolation of position

If we assume that u; < u < u;y; and if we define £ by
U — Uu;
= ——, (3.18)
Uit1 — U
then cubic Hermite splines can be used straightforward, to interpolate the position
part of the homogeneous transformation matrix:

es(u) = ea(u;)hoo(§) + ea(wir1)hoi1(§) + dau(wi)hio(§) - (Uip1 — wi)

3.19
+ dau(wig1)hi1(€) - (U1 — w;). (3.19)
The derivative of the position with respect to u is given by
deA / 1 ’ 1
A = dy,(u) = h - i) (6) ————
1) = () = ealuhin(€) - S b ealun i (O
+ dau(ui)hio(§) + dau(tivi) b (§)-
When u = u; than
ealu) = ea(uy), 3.21
dAu(u) :dA7u(ul), 322
and when u = u;,; than
eA(u) = eA(u,-H) (323)
dAﬂt(U) == dA7u<ui+1). (324)
Practically, the first derivative is used to compute the velocity of point A
d Oead
va= oA TR g () (3.25)

dt  Ou dt
The second time derivative of the position with respect to u can be calculated as
well

aQGA 8dA7u

" 1
oz ou (u) = ea(ui)hg(§) - (

- + eA(qu)hol(f)m (3.26)

1 ” 1
+ dau(ui)hyo(€) - m +dau(uip)hn (€) - m

Ui+1 — Uz)

and is used to compute the acceleration of point A:
dvy Oesd’u O%eyu (du)2

an= .~ ou dt? + o2 \ dt (3.27)
Py Oda., [du)\’ od 4 '
=djg.,—= M) = dg i+ —202
A * ou (dt) Attt ou
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3.4 Interpolation of rotation

The purpose of this section is to interpolate the rotation matrix. Although the rota-
tions cannot be summed, it is possible to find the interpolation of rotation between
two steps (u; and u;41). The rotation matrices in two successive configurations i and
i+ 1 be Roa(u;) and Ro a(u;41), respectively. These matrices fulfil the following
relation:

RoyA(ui_,_l) = RQ,A(Ui) . Rg’f:l (328)

First, it is necessary to isolate the relative rotation matrix Ré’fjl between the two
configurations so that

RG'T =Ryl (u;) - Roa(uin) = RE 4 (ui) - Ro a(uira). (3.29)

The interpolation of rotation is then based on the relative rotation matrix R%,

where

Ro(u) = Roa(u;) - Ry (u), (3.30)
so in respect of the boundary conditions
RO,A(“@') = R[)’A(’LLZ‘) — Rg’ﬂ(uz) :I, (331)
Roa(uir1) = Roauir) —  Ri(ui) =Ry (3.32)
but also
~ _ dRg4 T 3 _ ng,l;l intT
Gaulw)] = ZEA@)RE, () = |Sau(w)] = —PA @) REY (w), (3.33)
. dRo 4 . AR intT
[5A,u(uz‘)]0= dqj (1) Rg a(uin1) — |:6A,u(ui+1)]i+1 = dz’ (wir1) RS (tis1),
(3.34)
with
0 _a/z a/y a/:lt
a, =\ a: 0 —a if {alo=1qay,;,. (3.35)
—Qy Ay 0 a

It is possible to express every spatial rotation as the rotation of the angle # around
a unit vector n which define Rrotaxis(n, #) that is given by

n2V +C NgnyV —n.S Nyn,V +n,S
Rrotaxis(n,0) = [ n,n,V +n.S n2V+C  nnV —n,S |, (3.36)
ngn,V —ny,S nyn.V +n,S nzV +C
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where C' = cos(f), S = sin(f) and V' = 1 — cos(f). In latter expression, n can be
projected indifferently in the departure coordinate system (Tg 4(u;)) or the arrival
coordinate system (T 4(u;+1)) and even in any intermediary coordinate system dur-
ing the rotation (T a(u), where u; < u < w;1;). The direction of the rotation axis
is invariant during the rotation and has the same projection in both frames.
Similarly, any rotation matrix (Rf)’f:{l) can be used to establish the axis and the angle
to which it corresponds. The angle is given directly by

-1
0 = arccos (7’11 il T222+ 133 ) ) (3.37)
which assumes that 0 < 6 < 7.
The unit vector parallel to the axis can then be obtained by (if sin # 0),
1 T32 — T23
Ly = . — . 3.38
{n""}; Seng )T T (3.38)
21 — T12
This information contained in eigenvalues and eigenvectors of Rg’le. An orthonormal

rotation matrix (Rf)’le) will always have one real eigenvalue A\; = 1 and one complex

pair A\y3 = cosf@ £ isinf, where 0 is the rotation angle. From the definition of
eigenvalues and eigenvectors we recall that

RVi = )\iV, (339)
where v; is the eigenvector corresponding to \;. For case A\; = 1 then
RV1 = Vi, (340)

which implies that the corresponding eigenvector v is unchanged by the rotation.
There is only one such vector and that is the one about which the rotation occurs
[20]. In other words, the direction of the rotation axis is the eigenvector of the
rotation matrix corresponding to the eigenvalue A\; = 1.

In addition, it is important to remark that:

e if # = 0, the unit axis vector is arbitrary,

e if # = m, the formula for n can be retrieved easily from the matrix; its sense is
arbitrary and

e the same rotation matrix is obtained with —f and the opposite axis.
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For the practical application, the relative rotation matrix is defined by the axis and
angle corresponding to the rotation from the configuration when u = u; to the one
when u = u;4q:

R;'i' = Rrotaxis({n""*'}; 6"'*"). (3.41)

It means the rotation from i to i + 1 corresponds to a rotation through angle %!
about axis {n**'},. The axis unit vector {n“**1}, has been projected in coordinate
system ¢ but could have been projected into i 4+ 1 as well.

As it was written in the previous section, £ is still defined by

€= u) (3.42)
Uil — Uy

hence it is possible to calculate Rg}j‘(u) from the following expression
Rg'%(u) = R (u) - R*(u) - R (u), (3.43)

where matrices R!(u), R?(u) and R3(u) correspond to

{04u(ui)}i

R(6(0)) = Reotandis( 54 0 80,0l hio©) - (w — ). (3.41)

R2(6(u) = Reotadis((n'{ ')}, 07 - hor(€)), (3.45)

RY(6(u) = Rrotaxis(\04 et s by () (i — w). (340
16 0]

However, vectors {04, (u;)}o and {64 (ui+1)}o vectors are given from their coordi-
nates in the global coordinate system ({04 (uo)}o). In the latter expressions, some
& vectors have to be transferred to other coordinate systems

{0au(u)}i = Rga(wi) - {dau(u)lo, (3.47)
{0au(uis) iyt = Ry a(irr) - {0au(uir)}o. (3.48)

To sum up briefly, the full orientation matrix will then be calculated from

Ry a(u) = Roa(w;) - Rfﬁi(u) =Roalu;) - R'(u) - R*(u) - R%(u). (3.49)

The angular velocity is given by summation of the contributions of the 3 successive
rotations

wy = 04, (u), (3.50)
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with

i+l

{8.4(u)}o = {81}0 hyo(€) + {82(u) o hél(f)m +{85(u)}o b1y (§),  (3.51)
where

{0130 = {dau(ui)}o, (3.52)

{d2(u)}o = Roa(w;) - R (u) - {n""*1}, (3.53)

{d3(u)}o = Roa(u;) - R (w) - R*(w) - {04 (uis1) }iga- (3.54)

Finally, the angular acceleration, as the translational one, will consist of 2 contribu-
tions

de d(SA,u (u) 02

Ls gty Dal gz (3.55)
where 0 4, is defined in eq. [3.51] and déz—u(u) is given by
U
dopn(u)  déi(u) —ddy(u) = dos(u)
du  du + du + du (3.56)
The latter are written
dal(u) . ” 1
(T} Gt —— 357)
dég(u) 1 AR 1 9“""1
B S/ R dpvtttl —_ 3.58
{ Tu }0 Ro,a(u;) - R (u) {n }th(f) (i1 — )2 ( )
+ {51 X 52}0 R
d5 u 7 1
{ ;25 ) }0 = R()’A(U,L-> . Rl(u) . RQ(u) . {5A7u(ui+1)}i+1 hll(f)m (359)
+ {(01 + 02) x 03},
in which term
{(01 + 92) x 3}, (3.60)

corresponds to the complementary (or Résal) angular acceleration that results from
the variation of the direction of the rotation axis.
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3.5 Error analysis

There are compared the exact position (of a wheel or a sample for verifying the
interpolation method) with the interpolated one in the following sections. The most
important to compare in terms of errors is the evolution of:

e the absolute error in translation (norm of the distance vector between exact
position (e.,) and interpolated one (e;,;),

e = ||€ex — €intlls (3.61)

e the norm of the vector difference between the d 4, vectors,

de = Hdex - dint“a (362)

e the norm of the vector difference between the 6 4, vectors,

56 - Hdex - 6int”; (363)

e the error in rotation ..

The error in rotation (angle of the relative rotation) is computed from the formula
given for the transformation from rotation matrix to axis-angle representation.

R,.=R] R, (3.64)

where R; . is the relative rotation matrix between interpolated and exact position,
R,; and R, are interpolated and exact rotation matrices. Error in rotation is then

given by formula (3.37)), applied to R, .

In cases of suspensions we also study:
e the norm in translation between two steps
B (ui, uivr) = [|e(us) — e(uia)l], (3.65)
e the rotation angle between two steps ©,,,

R (us, uir1) = R (u;) - R(uig1), (3.66)

where R, (u;, u;11) is the relative rotation matrix between position at point u; and
u;+1. Rotation angle is then given by formula (3.37), applied to R, (u;, ui1)-
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3.5.1 Example for the verification of the interpolation

We make a simple sample for verifying the interpolation method in 3D space. It
consists of a base and a rod that are connected by the revolute joint in space. It
means it is a mechanism with one degree of freedom — angle ¢ as shown in figure
3.2l The angle ¢ was chosen as the given parameter w (4 = 1). Its value incremented
from 0 rad to 7/2 and was calculated with the step of 0.01 rad. The results of this
simulation were compared with the interpolated values. The interpolated values were
based on the values which were calculated with the step of 0.3 rad, it means that
every 0.3 rad the errors should equal to zero.

Fig. 3.2: A system for verification
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3.5.2 Double wishbone suspension

The z-coordinate of the wheel was chosen as the given parameter u (4 = 1). Its value
incremented from -190 mm (less is not possible due to the geometry of suspension)
to 210 mm and was calculated with the step of 1 mm. The results of this simulation
were compared with the interpolated values. The interpolated values were based on
the values which were calculated with the step of 10 mm, it means that every 10 mm
the errors should equal to zero. The norm between two successive steps is shown in

figures [3.28] and [3.13]
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POINT X (mm) Y (mm) Z(mm)

A 103 350 142
B -127 350 128
Cc -12 491 104
D -12 589 127
E 122 345 -80
F -108 345 —80
G 7 620 -89
H

I

J

P

K

L

-156 545 178
-15 500 540
—156 317 186
0 678 —265

0 600 0

0 678 0

Fig. 3.7: Double wishbone suspension example geometry data [17]
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The z-coordinate of the wheel was chosen as the given parameter v (v = 1). Its
value incremented from -200 mm to 200 mm and was calculated with the step of 1
mm. The results of this simulation were compared with the interpolated values. The
interpolated values were based on the values which were calculated with the step
of 10 mm, it means that every 10 mm the errors should equal to zero. The norm
between two successive steps is shown in figures and [3.20]
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POINT X (mm) Y (mm) Z(mm)
A 125 350 -80
B -115 350 -80
C 5 625 -90
D -15 530 545
E 156 537 250
F 25 45 270
G -3 545 125
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I 0 650 0
J 0 730 0
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The z-coordinate of the wheel was chosen as the given parameter u (v = 1). Tts
value incremented from -200 mm to 200 mm and was calculated with the step of 1
mm. The results of this simulation were compared with the interpolated values. The
interpolated values were based on the values which were calculated with the step
of 10 mm, it means that every 10 mm the errors should equal to zero. The norm
between two successive steps is shown in figures and [3.27]

46



Fig. 3.21: McPherson suspension example geometry data [21]

’ Description \ \ X \ y \ Z ‘
end of rod 1 P, | -64.0 | 413.0 | 327.0
end of rod 2 P, | -303.0 | 432.0 | 295.0
end of rod 3 Py | -93.0 | 366.0 4.0
end of rod 4 Py, | -236.0 | 388.0 | -109.0
end of rod 5 B, | 211.5 | 384.5 | -100.0
end of the spring | Fg | 90.0 | 525.0 | 170.0
end of the damper | Dg 90 525.0 | 170.0

Table 3.1: Points fixed to the chassis
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Description ‘ ‘ X ‘ y ‘ z ‘

end of rod 1 X; | -64.0 | 636.0 | 345.0
end of rod 2 Xy | -117.0 | 636.0 | 338.0
end of rod 3 X3 | -188.0 | 647.0 | -23.0
end of rod 4 X4 | -5.0 | 737.01-130.0
end of rod 5 X5 2.5 737.0 | -134.0

end of the spring | M; | -103.0 | 463.0 | 87.0
end of the damper | B 0 786.0 0
Bg 0 686.0 | -1.0

Table 3.2: Points fixed to the chassis

e, m
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3.6 Conclusion and recommendations

The presented results show that the accuracy depends strongly on the magnitude of
E,, — the norm in translation between two steps. Next, we discuss the behaviour of
e. — the error in translation on the step size (figure [3.28)). After some research on
the suspensions we find out that the maximum of e, depends on the step value with
exponential growth (figure . In conclusion, it is essential to monitor not only
step size but also the norm in translation between two successive steps — E,,, because
bigger step size does not necessarily lead to bigger E, and vice versa. Besides, the
biggest error is usually in the middle of the interpolated interval, which can be seen
in figures [3.3] and Errors plotted in figures [3.4) and [3.6] are much lower because
the given parameter is angle and the motion is circular, which is easy to interpolate
from the view of angles. The reader may notice, the errors in suspension position and
d vectors are lower than the errors in rotation angles and § vectors. It is probably
because the motion of the suspension is more sliding motion than rotary motion.

We have found that the dependence between the step size and the interpolation error
is exponential. Therefore, we recommend performing an error analysis before the
proposed interpolation method is implemented because the accuracy of the method
can be poor if the step size is large.

The times needed to compute the exact solution and the interpolated one from the
precomputed table are approx. 1000 s and approx. 3 s. This difference is clear proof
of the main advantage of the proposed interpolation method.

In the next figures we can see the dependence of value e, on the step size and the z
coordinate of the wheel support — figure [3.28 and the maximum value of e, on the
step value — [3.29]
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Chapter 4

Implementation of kinematic
interpolation under EasyDyn

The purpose of this chapter is to reproduce in C++ the interpolation performed under
Matlab in the previous chapter at position, velocity and acceleration levels. The next
goal of this chapter is to compare all results computed in Matlab with results obtained
by C++.

EasyDyn [24] is a C++ library for the simulation of multibody systems and problems
represented by the first-order or second-order differential equations. The library is
organized in 4 modules [24]

e the vec module, introducing classes related to vector calculus: vectors, rotation
tensors, inertia tensors and homogeneous transformation matrices;

e the sim module to integrate second-order differential equations;

e the mbs module, a fronted to sim which automatically builds the differential
equations of motion of a multibody systems from the kinematics and the applied
forces;

e the visu module, allowing to build object-oriented scenes composed of moving
objects.

4.1 Approach

First, we rewrote Matlab codes for the interpolation at position, velocity and accel-
eration levels in C++ (example in appendix . So that the C++ code does not have

92



to include a kinematics solver, the computed data from Matlab were stored into the
table in terms of series of values ug, uy, us, ..., uy.

N

Uy To,a(up) {dau(uo) o {04,u(uo)}o
31 TO,A(U1) {dA,u(Ul)}o {5A,u(ul)}0
Uz To,A(Uz) {dA,u(U2)}o {5A,u(u2)}o
UN TO,‘A(UN) {dA,;L(UN>}0 {5A,u'(UN)}O7

where N is a number of rows and in which each matrix T 4(u;) is divided into three
parts

Toa(w)(1,1:4) Toa(w)(2,1:4) Toa(w)(3,1:4)

to make writing and reading of the data easier. The values from C++ were exported
with the precision of 23 decimal places.

4.2 Results

In this section we compared interpolated data from Matlab file and from C++ file
for McPherson, 5-link and double wishbone (DW) suspensions. It means the vectors
given by Matlab:

enr(uq), dar(ui), Oar(uq), {dd/du}y,(us), {dd/du}y, (u;)
were subtracted from the vectors given by C++:
ec(ui), do(uwi), dc(us), {dd/du}(u;), {d6/du}o(u;)

and the result (error) was normalized for each value of u. The quantities depicted in

figures [4.1 — are defined as:

eq(u;) = |[lec(u;) —en(w), (4.1)
da(u;) = |de(uw;) — dar(uw)ll, (4.2)
da(wi) = [|6c(u;) — dnr(ui)l], (4.3)
{dd/du},(uw;) = [{dd/du}c(u;) — {dd/du}y (w)], (4.4)
{d6/du},(w;) = |{dd/du}(u;) —{dd/du}y,(u;)]|. (4.5)
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4.3 Conclusion

The largest difference over all compared quantities given by C++ and Matlab was
approximately 1071 which is negligible value despite the fact that input values were

exported with the precision of 10723,
The errors should reach 0 value at each value u;, because it should be the exact

value, but it does not. On the other hand errors are low in comparison with real
values of the quantities. I also tried to offset compared values but results of errors
were higher, so the right values of u; are compared.

We can conclude that the errors are negligible and are caused by different computer
number formats in Matlab and C++, so the computation in meters is precise enough
and can be used for the next work.
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To prove that the errors are caused by different computer number formats in Matlab
and C++, we proceed the computation in millimetres. We obtain following results
(figure — figure |4.30)), which are more accurate and even reach zero at each

value u;.

To sum up we proved that the errors obtained from the computation in meters are
numerical errors and are still low enough for the next usage.
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Chapter 5

EasyDyn model verification and
application on real example

The proposed interpolation method is verified in this chapter. The verification is
proceeded on the level of dynamics. For the verification, three approaches to model
suspension from the formula car of the UWB Racing are chosen:

e the proposed approach implemented in EasyDyn,
e a model in Ansys Mechanical 2020 r1 [19], and

e a model implemented in Matlab in accordance with Shabana [18].

First, a model of the suspension used in a formula car of the UWB Racing Team
Pilsen is developed in EasyDyn. Then we compare the results of the proposed ap-
proach executed in EasyDyn with the results obtained in commercial software Ansys
Mechanical 2020 r1 [19]. We further implemented a model based on the approach
proposed by Shabana [I8] and used the results for the verification. We verify the
kinematics and dynamic by using two states:

e The model where the external force is only gravity.

This model verifies accuracy of kinematics and dynamic.

e The model where a spring and damper are included.

EasyDyn allows using springs and dampers as well as Ansys Mechanical.
By this simulation we can compare the equilibrium states.
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All components of all models are massless to achieve similarity, only one mass point
is placed into the centre of wheel support (point K - figure , where is also placed
interpolated coordinate system in EasyDyn.

Point || = [m] y [m] z [m] Point || z [m] y [m] z [m]

A 0.9650 | -6.8969¢-02 | 0.46817 H 1.0404 | -0.22648 | 5.2443e-02
B 0.9650 | -0.23987 0.46236 I 1.0923 | -0.24551 | 7.00e-02
C 0.9650 | -0.2350 0.3800 J 0.9850 | -0.5500 | 8.25e-02
D 0.9650 | -0.26802 0.4301 K 0.98503 | -0.56317 | 0.16499

E 0.77129 | -0.25058 0.15827 L 1.0330 | -0.56672 | 0.10572

F 1.0589 | -0.24167 0.18498 M 0.96643 | -0.52541 | 0.2575

G 0.76463 | -0.25083 6.0576e-02 N 0.9659 | -0.48461 | 0.26819

Fig. 5.1: Coordinates of points where joints or coordinate systems are placed

Fig. 5.2: Detail of the modelled suspension

5.1 Comparison of motion in gravity field

In this section, we compare the simulation results of the proposed model in Easy-
Dyn with results from Ansys Mechanical and from the method presented in [I§].
We let the wheel support fall in a gravity field with gravitational acceleration g =

(0,0,—9.81) m - 5%

We compare position components for all three models and the angular velocity com-
ponents only between Ansys Mechanical model and EasyDyn model. We do not
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compare orientation of the wheel support because Ansys Mechanical does not sup-
port that.

EasyDyn model consists of two bodies. The interpolated one which represents the
wheel support and which weights 10 kg, and chassis. The initial condition of z co-
ordinate of wheel support is set to z = 0.1 m. Velocity initial conditions are set to
ZEero.

[
sn0g2020033

O

Fig. 5.3: Model visualisation in Ansys Mechanical

Fig. 5.4: Model visualisation with tyre in EasyDyn

Ansys Mechanical model consists of the upper and lower arm, steering rod and
the wheel support. The initial condition is set the same as to EasyDyn model. The
mass point is placed into the centre of wheel support, and its mass is 10 kg.

Model implemented in accordance with [I8] has three bodies: upper and lower arm
and wheel support. Initial conditions and weight properties are set the same as for
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the previous examples. The following figures show models implemented in Ansys
Mechanical and EasyDyn. The wheel support centre of Ansys Mechanical model has
the same coordinates as the wheel centre of EasyDyn model.
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5.2 Comparison of motion with external forces

In this section, we compare the behaviour of the Formula student suspension where
forces from spring and damper are included. Spring and damper locate between
points A and B, see figure [5.2l EasyDyn model consists of three bodies. The in-
terpolated one which represents the wheel support and which weights 10 kg, chassis
and crank. The crank body is defined by points B,C and D (figure . The initial
condition of z coordinate of wheel support is set to z = 0.0 m. Velocity initial con-
ditions are set to zero.

Ansys Mechanical model consists of the upper and lower arm, steering rod, the wheel
support, crank, rod between crank and wheel support, damper and spring. The ini-
tial condition is set the same as to EasyDyn model. The mass point is placed into
the centre of wheel support, its mass is 10 kg. It is important to define the right
joint at point N (figure , because in reality there is the spherical joint between
the upper arm and the rod. But in EasyDyn model there are only three bodies:
wheel support, chassis and crank. It means that spherical joint is defined at point
N, but it is defined between the rod and wheel support.

Additional parameters:
e spring stiffness = 3500 N/m,
e damping = 50 N-s/m,

e weight of mass point/ weight of wheel support in EasyDyn = 10 kg,
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e integration step = 0.0005 s,

e integration type EasyDyn — Newmark Integration; Ansys Mechanical — Runge-
Kutta 4.

B o

Fig. 5.11: Model visualisation in Ansys Fig. 5.12: Model visualisation with tyre
Mechanical, see here in EasyDyn, see here
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5.3 Discussion

In the case of gravity field Ansys Mechanical and EasyDyn model are almost the
same. The maximum difference is 7 - 107 mm and 1072 rad - s~ (figures —
which is negligible in comparison with the values of position and angular veloc-
ity. The model based on prof. Shabana approach [I8] is not included in the figures,
because the differences between this model and Ansys Mechanical model or EasyDyn
model were much higher — around 0.7 mm.

64



In the case of the example with external forces, the differences between results ob-
tained with EasyDyn and Ansys Mechanical model are even lower. This behaviour
was given by uncertainty of initial conditions because it is not possible to set remote
displacement at a particular time in Ansys Mechanical. The differences between po-
sition and angular velocity are in figures —[.22] The most significant difference
in position can be seen in z coordinate. It is probably caused by the biggest motion
in this direction. The z coordinate difference value tend to 1.5-10* m as the system
tends to its equilibrium position. The differences in angular velocities are similar to
cach other, and their values reach 1073 rad - s~! and tend to zero because the motion
is damped.

To conclude the weakness of EasyDyn model is the inability to connect the spring
or damper to a body other than the wheel support. This connection is possible in
case of McPherson or 5 link suspension where the spring and the damper are usually
connected directly to the wheel support. However, if we assume a spherical joint
between the upper arm and the rod at point N, we get different results shown in
figure [5.23] The discrepancy is caused by the different setting of the kinematics.
On the other hand, EasyDyn model gives very similar results as the same model
implemented in commercial software Ansys Mechanical.
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Chapter 6

Conclusion

This work has provided an overview of kinematic interpolation in multibody systems
with perfect joints for multibody dynamics simulation. The kinematics interpolation
has a significant advantage of saving computational time, primarily when a kinematic
chain consists of many parts and has a limited number of end effectors. It is because
the interpolation process with searching in a lookup table is far less demanding than
solving nonlinear constraint equations at each integration step during the dynamic
solution. On the other side, the precision of the interpolated motion is limited, and
the lookup table has to be evaluated beforehand.

The work is focused mainly on the kinematics of automotive suspension systems
and the interpolation employing cubic Hermite splines. A thorough search of the
relevant literature yielded only a limited number of works focused on the kinematic
interpolation using the cubic Hermite splines [26] with no work dealing with the
automotive suspension systems. An interpolation method, which gives the body
configuration on the level of position/orientation, velocity and acceleration, has been
introduced. The method is based on the cubic Hermite splines mentioned earlier
and provides smoothness on the position/orientation and the velocity levels and
continuity on the acceleration level. These characteristics are present because the
second derivative of a cubic polynomial is a linear function.

The evaluation of the input lookup tables has been demonstrated for the most
common types of suspension systems including a double wishbone, McPherson and
five link suspension. The lookup tables have been evaluated in the Cartesian coor-
dinates using a code written in Matlab. The interpolation for all three suspension
systems was firstly implemented under Matlab and then successfully reproduced in
C++ with using EasyDyn library. It has been shown that the data transfer between
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Matlab and C++ can cause numerical errors due to different computer number for-
mats in these two programming languages. However, the numerical errors due to the
finite precision of the digital number are usually negligible in comparison with the
numerical errors due to the interpolation.

At the end of the work, the proposed method has been applied to the real ex-
ample of a Formula SAE student suspension. The results from EasyDyn have been
compared with the results obtained using Ansys Mechanical and using a code im-
plemented in accordance with reference [1§]. Firstly the models have been analysed
only in a gravity field and then with acting external forces in spring and damper.
The results obtained with EasyDyn and Ansys Mechanical are almost identical in
the gravity field, and the differences are low also in a case with the external forces.
The maximum difference in position is less than 2 - 10~* m, and the difference in
angular velocity reached 1072 rad.s™!, the relative errors are less than 0.4 % and
0.3 %, respectively. Therefore, the proposed method is suitable for computationally-
demanding problems, including optimization. The proposed method allows to build
the whole car in EasyDyn and optimize, e.g. time of cornering or even time of one
race lap because EasyDyn allows using torques and forces needed for power train
and cornering, or compute eigenvectors and eigenvalues of the whole drivetrain.

Recommendation for the next work is to achieve smoothness also on the level of
acceleration which could be possible by using quartic splines or splines of even higher
orders and to implement this method into EasyDyn.
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Appendix A

A.1 Derivation of constraints

In this section the following relation is proved:

o 0
dgr Ogr

A.1.1 Relation of q; to body 2

It is considered that g relates to body i, then the following relations hold:

0
b = Xia - (ei.a - ej.b) a_qk’
o'b 0X; (e o) +x oe; . N oe;
= - : i.a — €5 i.a " - Xja 5
dqy, oqy ! Oqy oqy.
=0
0Xi 4 ( )+ oe; ,
- €ia €ip Xi.a s
gy, ! gy,

From the chapter 1 equation ([2.27)), the following relation also holds:

o'

a—qk = (iak X Xiq) (€ia—€jp) + Xig - digp.

72



Now it is a matter of proving two equations

ox;
2 = (8i4 ia) s A.
S~ (Buaa X i (A6)
Oe;
d;. va AT
ak 9. (A7)

Equation (A.7)) is directly fulfilled by (2.20)). Equation (A.6)) must be multiplied by

dqg .
dt *

0X; 4 daqy,

_ (s | el A
aqk (62.0,7](2 X Xz.a) / dt P ( 8)

axm ko - qu

D : % = (5z.a,k : E X Xm) . (A,9)

Using equations (2.26)) and (2.22]) and assuming that x;, and w;, depend only on
the orientation angles then it is possible to write

aXi a
- = Wj;q X Xja, A.10
o . . (A.10)
axi.a aXi.a axi.a q.6i_2
o1 i i | i1 | =
61—2 6i—1 61 QGZ'
d6i—2
= (5m, 6i—2 Oia,6i-1 Oia, 62‘) | doic1 | X Xia- (A.11)
i
The previous equation must be met for each row,
OXiq dgy dgp
dq,  dt (’“ e " (A4.12)

By the previous expression the prove is finished for constraints ', 2b and b, because
X;., can be substituted by y; ., or z;,.
It is still considered that g, relates to body ¢, then the followng relations hold:

0
4b =VYia- Zj.b 8—%, (Alg)
a4b aYZ a 8Zjb
= Y =22 A4
Iqr, dg, Y gy, ( )
=0
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which is with using the previous prove

b

8_q1<; - (6ila,k X Yi.a) : Zj‘b7 (A15)

*h

which is directly equal to —.
Oqk

A.2 Matrix T,

It is also possible to get this matrix by a dot product

To,; = Tdispy; - Trotzo, - Troty,,; - Trotry, (A.16)

where matrices with overlines are defined as

1 0 0 x
_— 010
Tdisp,; = 00 1 ZZI , (A.17)
0001
(A.18)
cosy —siny 0 0
Trotzg; = Sl%w COS v (f 8 , (A.19)
0 0 0 1
(A.20)
cosf 0 sinf 0
—_— 0 1 0 0
Trotyo; = | _ sinf 0 cosf 0|’ (A.21)
0 0 0 1
(A.22)
1 0 0 0
mw— |0 cos¢p —sing 0
Trotxy, = 0 sing cosp 0| (A.23)
0 0 0 1
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A.3 Class and methods for interpolation

#ifndef TABMOTIONINTERPOLATE H
#define TABMOTIONINTERPOLATE H

#include <iostream>
#include <iomanip>
#include <math.h>
#include <stdlib .h>
#include <EasyDyn/vec.h>

using namespace std;

SRR EER A FFKK KKK FEKR K FAK KRR FARK AR A AN
/* */
/* Definition of the class TabMotionInterpolate +#/
/* */

/>I<>l=>I<******>I<*****>I<*****>l<**************************************/

// Definition of class wvec (3D wvector)
class TabMotionInterpolate {
private
int NPointsTab;
double xuTab;
mth *xTO0ATab;
vec *xdATab, xdeltaATab;
public
// Constructor: the table is initiated from data stored in text file
// DataFile. Other types of constructors could be defined as well
TabMotionInterpolate (const charx DataFileName);
// Destructor: so as to release allocated memory
"TabMotionInterpolate ();
// Function to get interpolated quantities
void GetlnterpolatedQuantities (double u, mth &Tout, vec &dout,
vec &deltaout , vec &ddoutdu, vec &ddeltaoutdu);
};

/>I<>I=>I<******>I<*****>I<>I<4<>I<>I<>I=>I<>I<*****>I<>I<2I<>I<>k>l=*************************/

/# defining of
double wi, wuil;
mth Ti, Til;
vec di, dil;
vec deltai, deltail;

*/

JEEREA AR R SRR —— — ANTETPOLATION — — — kAR RIK KRR KRR KA KA K [
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// interpolation of rotation, delta and ddelta/du

trot Ri = Ti.R;
trot R1li = Til.R;

trot Rif = Ri.inv ()*R1li; // transpose(Ri)*R1i;
double theta = acos ((Rif.r11+Rif.r224+Rif.r33-1)/2);

vec T;

r.x = 1/(2«sin (theta))*(Rif.r32—Rif.r23);
r.y = 1/(2*sin(theta))*(Rif.r13—Rif.r31);
r.z = 1/(2+sin (theta))*(Rif.r21-Rif.r12);
double ksi = (u—ui)/(uil—ui);

vec deltai_i = Ri.inv()xdeltai;
vec deltail_il = Rli.inv()*deltail;

trot Rrotaxisl, Rrotaxis2, Rrotaxis3;

fRrotaxis(deltai_i/deltai_i.length(),
deltai_i.length ()*h10(ksi)*(uil—ui),Rrotaxisl);
trot R1 = Rrotaxisl;

fRrotaxis (r,thetaxh01(ksi),Rrotaxis2);
trot R2 = Rrotaxis2;

fRrotaxis(deltail_il/deltail_il.length (),
deltail_il.length ()*hll(ksi)*(uil—ui),Rrotaxis3);
trot R3 = Rrotaxis3;

trot R = Ri*R1xR2xR3;
Tout.R = R;

vec deltal0 = deltai; //transpose(deltai) but it should be correct
vec delta20 = Rix*Rlxr;
vec delta30 RixR1xR2xdeltail il ;

deltaout = deltalOxdh10(ksi)+delta20+dh0l(ksi)*theta /(uil—ui)
+delta30xdhll(ksi);
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vec ddeltal0 = deltaout+*ddhl0(ksi)*1/(uil—ui);

vec ddelta20 = Ri*Rlxrxddh01(ksi)*xtheta /((uil—ui)*(uil—ui))+
(deltal0"delta20);

vec ddelta30 = RixR1xR2xdeltail_ilxddhll(ksi)*1/(uil—ui)+
((deltalO+delta20)" delta30);

ddeltaoutdu = ddeltalO+ddelta20+ddelta30;
//interpolation of position, d and dd/du

vec eAi = Ti.e;
vec eAil = Til.e;

vec e = eAixh00(ksi)+eAil*xh01 (ksi)+dixhl0(ksi)*(uil—ui)
+dil*h1l (ksi)*(uil—ui);
Tout.e = e;

dout = eAixdh00(ksi)*1/(uil—ui)+eAil*dh01(ksi)*1/(uil—ui)+
di*dh10(ksi)+dil*dh11(ksi);

ddoutdu = eAi*ddh00(ksi)*1/((uil—ui)*(uil—ui))
+eAilxddh01 (ksi)*1/((uil—ui)*(uil—ui))
+di*xddh10(ksi)*1/(uil—ui)+dil*ddhll (ksi)*1/(uil—ui);
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