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Abstract. In this paper we present a new formulation, based on Gibbs-
Appell method, for solving a large group of high order nonholonomic con-
strained systems. High order nonholonomic constraints (HONC) are a por-
tion of constraints that happen in variety of dynamics applications such
as robotics and control. The majority of the methods, which have been in-
troduced in nonholonomic mechanics, deal with first order nonholonomic
systems, and use a group of new variables called “Lagrange multipliers”.
Using Lagrange multipliers results in higher amount of needed calcula-
tion. The presented method can solve a vast group of high order non-
holonomic systems without using Lagrange multipliers. The introduced
method makes dealing with high order nonholonomic systems very easy.
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1 Introduction

Nonholonomic systems were discovered by Euler when he was studying the rolling of
the rigid bodies, and the term “nonholonomic system” was introduced by Hertz in
1894 [3]. He also expressed the exact distinction between holonomic and nonholonomic
systems [5]. After that, at the end of 19th and the beginning of the 20th century it
was discovered that there are also some other dynamic systems whose equations of
motion cannot be found by Lagrange method [14]; even at that time a new tendency
of leaving Lagrange method began [9]. But some scientists started to find a way for
solving nonholonomic systems by using classical mechanics methods. They expanded
the capability of the Lagrange and Hamilton methods to meet nonholonomic systems
3], [13], [4] and [16].

Most of the methods, derived from classical methods of Analytical dynamics, deal
with linear first order nonholonomic systems, and use a group of new variables called
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Lagrange multipliers. The number of these new variables is equal to the number
of nonholonomic constraints, which results in higher amount of needed calculation,
considering the fact that the equations of motion are usually coupled second order
differential equations. Especially in problems with high degrees of freedom it will be
very complicated to eliminate Lagrange multipliers. Methods introduced on Gibbs-
Appell formulation can analyze linear second order constraints [9], while there are
many HONCGs in robotic and control systems. That is the reason why studying high
order nonholonomic systems is important.

The aim of this paper is to propose a method for solving high order nonholonomic
systems. We introduce a way which is based on Gibbs-Appell formulation to solve
systems with HONC. The presented method can analyze a vast branch of HONCs and
it has no limit in the order of constraints. By using this method there no longer will be
a need for Lagrange multipliers and this will result in lower amount of computation.
The proposed formulation makes dealing with high order nonholonomic systems much
easier.

The paper is organized in 5 sections. In section 2, we describe constraints, their
sources and the definition of material and non-material constraints. We also illustrate
the classifications of constraints and present the branch of HONCs which we deal
with in this paper. In section 3, we derive the new formulation based on developing
Gibbs-Appell equations. We also present the principle that is used in derivation of the
new method too. In section 4, we express the application of the introduced method
in dynamics and control. We show the ease and advantages of our method by an
example.

2 Holonomic and nonholonomic constraints

Based on the sources of constraints, dynamic constraints can be classified as either
material or non-material constraints. The conditions imposed to the system by nature
or environment, are called material constraints. An example of material constrains
is the motion of a particle on a surface, they are also called passive constraints [1].
Sometimes the designer puts some restrictions on the system, for example on velocities
or accelerations or any other feature of the system. These restrictions and conditions
are called non-material constraints, another term for non-material constraints is servo
constraints [1]. These constraints can have a variety of forms and usually include high
derivatives of the generalized coordinates [10].

Suppose there is a system with N degrees of freedom in which we must select a
set of M generalized coordinates M > N to represent it. In this system there are
M-N constraint equations between generalized coordinates. If the constraints may be
written in the following form

(21) fi(q1,q2,-~-aqlﬂat):07 i:1,2,...,k (k’:MfN),

they are called holonomic constraints. These constraints are also referred to as
configuration constraints [6]. Sometimes it is not achievable to write the constraints
as holonomic constraints since the time derivatives of generalized coordinates appear
in the constraints. In this case the constraints are nonholonomic. If the nonholonomic
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constraint includes only first time derivatives of generalized coordinates it is called
first order nonholonomic constraint or velocity constraint [6]. As follows

(22) g(QlaQ?a"'7qM7(jla(j27"'7QIW7t) =0.

Sometimes the velocity constraint is linear and we can write it in the following

form [6]

M

(23) Zaj(q17QQ, ceey QMat)ljj + b(qlqua ceey QMat) =0.
j=1

A very popular example of linear first order nonholonomic constraint is the rolling
of rigid body. Holonomic and first order nonholonomic constraints are usually material
constraints.

There are many instances in applications of dynamics in which the nonholonomic
constraints involve high order derivatives of generalized coordinates. The general form
of these constraints is as follows

(24) h(q17 q2, -, q4M, (jla QQa cey (jMa (AS)a QéS)v ceey qj(\z)a t) =0.

where the power (s) means the s'* time derivative of the quantity. These con-
straints are called high order nonholonomic constraints (HONC). HONCs usually
appear in non-material constraints but there are some cases in material constraints
which contain high order derivatives of generalized coordinates. HONCs arise in many
engineering cases such as underactuated robots which are examples of second order
nonholonomic systems. For more examples see [1], [8], [17] and [12].

In this paper the authors deal with a group of HONCs which may be transformed
into the following form

qj('sj) = fj(qlana ces M 6]17(1% [RX3) q]W7 q]iiii? "‘7q5\2j)at)7

(2.5) i=1,2,..k,

where k is the number of HONCs, and s; is the order of the constraint. It is not
necessary that the order of constraints be equal to each other. It’s possible to convert
nonlinear constraints to the form of (2.5) by differentiating the constraint with respect
to time.

In the following section we deal with Gibbs-Appell formulation and derive a
method for solving systems with constraints in form of (2.5).

3 Deriving the new method from Gibbs-Appell for-
mulation

The basic structure of the Gibbs-Appell equations was introduced by Gibbs in 1879
and was developed further by Appell in 1900 [11]. This method defines a new function
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called Gibbs-Appell function or the energy of acceleration [6] and uses quasicoordi-
nates to find the equations of motion. The prefix quasi means that we need only
the time derivatives of the quantities have physical meaning, and it is not necessary
that a quasicoordinate describe a position in the system [6]. For information about
quasicoordinates see [6] and [2].

Using Gibbs-Appell method starts with defining the generalized coordinates and
quasicoordinates. Then we use kinematic of the system to find relations between
generalized velocities and quasivelocities (7;). The relations are as follows

M

(3.1) Gi = vij(ar: )35 + hi(ge, t), i=1,2,.., M.
j=1

In this equations M is the number of generalized coordinates and quasicoordinates.

For a system of P particles, in three dimensional space with Cartesian coordi-
nates of z; (I = 1,2, ...,3P) we use kinematic to write the relation between Cartesian
velocities and quasivelocities in the following form

M
(3.2) Z (g t) 3 + dilge,t),  1=1,2,...3P.

And by differentiating the above equation, the acceleration components are

.. de, oc .
e + ( B g+ “)
k=1

Now, we use D’Alembert’s principle of virtual work to derive Gibbs-Appell equa-
tions. First we define virtual work as follows

M

(3.3) B=>

Jj=1

n Z 8d; . 8dl

3P 3P 3P M
(34) ow = Zfl5$l = Zmﬂfﬂ;l’l = Z Zmlilclj (5’)/j.
=1 =1 =1 j=1

In deriving the above relation we used (3.2) to find dz;. The definition of the
generalized forces corresponding to the system is

M
(35) ow = ZFJ‘ (5’Yj,
Therefore we have

M 3P

M
(3.6) DOTyey =D mudic; v
j=1

j=11=1
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Now, we need the following calculations

(3.7) cj = 8—% = dio =& 7, = 7, <2:17l ,

and we define Gibbs-Appell function for system of P particles as follows

1 3P
(3.8) S=3 ;mlﬁ.

Now, (3.6) can be written in the following form

(3.9) f: (gi - rj) §v; = 0.

Jj=1

If 67, parameters be independent we can write (3.9) as Gibbs-Appell equations.
The ¢v; parameters can be independent in following cases:

e The number of degrees of freedom N is equal to M
e All constraints are holonomic or

e The system is first order nonholonomic and it is possible to convert quasicoordi-
nates into unconstrained quasicoordinates, for information about unconstrained
quasicoordinates see [6].

(3.10) -I'; =0, ji=12 ..., M.

This is Gibbs-Appell equations and some scientists believe that “they probably
are the simplest and most comprehensive form of motion equation ever discovered”
[15].

Gibbs-Appell equations for rigid bodies are the same as (3.10) but the following
equation defines the Gibbs-Appell function.

1 1_ 6H =
(3.11) S:imaA-aA+§&.T;‘ & (@ x Hy),
where A is the mass center of the body, or a fixed point in a purely rotating body
[6]. As follows we derive a method for solving high order nonholonomic systems.
For ¥ = 7(q1,42,.--,qm,t), the virtual displacement §7 is defined by following
formulation [7]

(3.12) 5F = —6q1 + —
1
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And the first time derivative of 7 is

M
L or or or or or or
3.13 r= = —q e+ =—9¢ - = —q —.
( ) T 8q1Q1+6ng2+ +8quM+ ot ;8qqu+ ot
It is obvious that % = aqk thus we can write (3.12) as
or or
3.14 oF = —9¢ —0 —6 (5
(3.14) r o @+ 94 g2+ ...+ qM = Z -

By continuing differentiating 7 we find that

or  oF or (™
(3.15) = a ==
Oqr, Ok dq

Therefore we can write the virtual displacement 67 as follows

=L o™
(3.16) 5= 5qk, n=1,23,..

We use this equation to find a new formulation based on Gibbs-Appell method
for analyzing high order nonholonomic systems in which the HONCs can be written
in the form of (2.5).

In sequences of derivation of the Gibbs-Appell equations we achieved (3.9) and
derived Gibbs-Appell equations for conditions in which dv; parameters were inde-
pendent. But in systems with HONCs we cannot find a way to make quasivelocities
unconstrained, and it is not possible to write the Gibbs-Appell equations for high
order nonholonomic systems as (3.10). Now, we use (3.16) to find a new formulation
for solving high order nonholonomic systems.

In a system with £ HONCs, without losing generality of the problem, we assume
that the first k& quasicoordinates are written in the form of (2.5). By means of (3.16)
we find that

o3 M oy o3 SR
((9.. Fl) Z 7151)5%' + ...+ <(9 Fk> Z fyl(csk)afyj
m i=hr1 07 Tk j=h1 07
(3.17) + Z (—F)5’yj:O.

j=k+1

Now, in this equation all §y; parameters are independent and we can derive the
following equations for high order nonholonomic systems in which the HONCs can be
written in the form of (2.5)
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k S,;)
oS a8 0,
(3.18) <”—FJ—) +Z< - —ri> =0, j=k=1,.,M
99; =1 i 5’)’](- 9

The presented equations can analyze a vast part of high order nonholonomic sys-
tems very easily and there is no need to Lagrange multipliers. In the following section

we illustrate this method with an example of high order nonholonomic system.

4 Example

There are many motives for studying high order nonholonomic systems. Numerous
systems can be found in robotics and control which include HONCs. In this section
we illustrate the introduced method by solving the Appell-Hamel problem.

The mechanism of the problem is composed of a massless frame with two legs,
which slide without friction on z-y plane, and a wheel. The frame consists of two
massless pulleys with radius b to support a string. A particle of mass m attached to
the end of this string and restricted to move along the vertical bar of the frame. The
other end of string is wounded around a drum with radius b which is fixed to the
wheel. The total mass of the drum and wheel is M and the mass moment of inertia
of this complex about its main axis is I, and about any axis normal to the main axis
is I, [1]. The figure 1 depicts the mechanism.

P(x,1.z)

1 &
|

Figure 1: Schematic of the Appell-Hamel mechanism [1]

We choose five generalized coordinates to analyze this problem. Three coordinates
x, y, z in the inertial Cartesian coordinate zyz indicate the position of the particle P.
We choose ¢ to specify the rotation of the wheel about its main axis and 6 to identify
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the angle between direction of the wheel and the z axis. The velocity of the center of
the wheel can be calculated by two methods, as follows

(4.1) To = apcosh, Yo = apsin b,

(4.2) i, =&+ pbsin b, o = § — pl cos .

We can write (4.1) as

(4.3) 2 92 = d?9?, F,8in6 — 9, cos0 =0,

and substituting (4.2) into (4.3) results

(&4 pBOsinh)? + (y — pfcos6)? = a?y?,
(4.4) @sinf — gcosf + pbh =0,

There is also a holonomic constrains on motion as follows

(45) z = —b(P+ZO

where zg is a constant.

Now, we use the generalized Gibbs-Appell equations to solve Appell-Hamel prob-
lem. As shown, the mechanism has two degrees of freedom. We can choose many sets
of quasivelocities, but for simplicity we select quasivelocities as: 41 = &,%2 = ¥,93 =
2, = @, Y5 = 6. For replacing quasivelocities in constraints and then writing them
in the form of (2.5), whereas one of the nonholonomic constraints is nonlinear, it’s
required to differentiate equations. (4.4).

After these calculations finally & and §j are derived as functions of all generalized
coordinates, their first derivative and second derivative of § and .

_ _sin@gf@ + psin? 050 + cos 0 (50 + psin 0 6) — a cos O o
cos 0% + sin 0y ’
= cos 0320 + &:(sin 090 + p cos? 00) + sin 0(p cos 040 + a2p)

4.
(46) cos 0 + sin 6y

The Gibbs-Appell function or the acceleration energy for the Appell-Hamel mech-
anism is as follows

§ = Sl(=2L + 3L, + a® M)3333 + m(3f + 45 + 43)
(4.7) +(I, + a*M)53 + LA
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We use (3.18) to find equations of motion of this mechanism, they can be obtained
from following equations

3 Si)
— 6’” a (Sl)

oS ’. /88 67(51
4. — T T
(4.8) s 5t ; (3%‘ ) b é‘”) =0,

Using the above equations and the constraints (4.5) and (4.6), equations of motion
of the Appell-Hamel mechanism are

L6+ mp cos 0y — mpsin 6z = 0,
a*mp(cos 07 + sin 03j) + (cos 03 + sin 0) (bm[g — 2] + [I, + a*M]p) = 0,
n sin 0926 + psin? 046 + cosHj?(y'é + psin@é) —a?cosfpp

cos 03 + sin 6y =0,
B cos 0320 + & (sin 096 + p cos? 00) + sin O(p cos 0 40 + a>p) _o
cos 03 + sin 6y ’
(4.9) 54 b = 0.

The result is the same as the results obtained by other methods, while in the
presented method deriving equations of motion is much easier and, whereas in this
method we don’t use Lagrange multipliers, lower amount of calculation is needed.

5 Conclusion

The study of nonholonomic systems started in the end of 19th century but because
of its numerous applications, it is still continued. Most of the methods introduced
so far, deal with first order nonholonomic systems, and/or use Lagrange multipliers
and require higher much more calculations. In this paper a new formulation based
on Gibbs-Appell method has been derived. This method can analyze a large group of
high order nonholonomic systems very easily, and it doesn’t use Lagrange multipliers
or any new variables. Also, the order of constraints is not restricted in the presented
method. Finally, the introduced method is illustrated with an example.
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