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Abstract: The working platforms supported with multiple extensible legs must be leveled before they come into operation. Although the
supporting stiffness and reliability of the platform are improved with the increasing number of the supporting legs, the increased
overdetermination of the multi-leg platform systems leads to leveling coupling problem among legs and virtual leg problem in which
some of the supporting legs bear zero or quasi zero loads. These problems make it quite complex and time consuming to level such a
multi-leg platform. Based on rigid body kinematics, an approximate equation is formulated to rapidly calculate the leg extension for
leveling a rigid platform, then a proportional speed control strategy is proposed to reduce the unexpected platform distortion and
leveling coupling between supporting legs. Taking both the load coupling between supporting legs and the elastic flexibility of the
working platform into consideration, an optimal balancing legs’ loads(OBLL) model is firstly put forward to deal with the traditional
virtual leg problem. By taking advantage of the concept of supporting stiffness matrix, a coupling extension method(CEM) is developed
to solve this OBLL problem for multi-leg flexible platform. At the end, with the concept of supporting stiffness matrix and static
transmissibility matrix, an optimal load balancing leveling method is proposed to achieve geometric leveling and legs’ loads balancing
simultaneously. Three numerical examples are given out to illustrate the performance of proposed methods. This paper proposes a
method which can effectively quantify all of the legs’ extension at the same time, achieve geometric leveling and legs’ loads balancing

simultaneously. By using the proposed methods, the stability, precision and efficiency of auto-leveling control process can be improved.

Key words: multi-leg platform, overdetermined problem, optimal balancing legs’ loads, supporting stiffness matrix,
static transmissibility matrix

leveling process is realized by the automatic control

1 Introduction

Many working platforms, such as truck-mounted radar
system and truck—-mounted missile launch system, must be
leveled before they come into operation!). Their vertical
supporting legs are extended to the ground, all the wheels
are raised off the ground, then the working platform is
adjusted to horizontal state by controlling the extension of
each supporting leg. The working platform is required to
keep this horizontal state with a very small inclination
tolerance(usually much less than 0.1°) under each
impossible operating mode. For some important civil
equipments, e.g., wheeled cranes or heavy transportation
platforms, the leveling process is also a key technical
issuel?l,

There are two kinds of leveling process: manual and
automatic leveling® . The manual leveling process
measures the inclination of working platform with
quadrants or anti-air gun instruments while adjusting the
extension of each supporting leg manually. The automatic
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leveling hydraulic or electromechanical system, which
usually takes only several minutes and can hold the state
well in a long period.

KUROKAWA, et al”, proposed a spring method to
automatically level specimen surfaces for roughness
measurement. The spring method used a part of tentative
data points to calculate the surface inclination, so the
surfaces were leveled with less distortion and large vertical
measurement range can be achieved. LIU, et al[6], designed
an automatic leveling and centering system of theodolite
based on the algorithm of error correction and
compensation. ZHANG, et all”), put forward a circular
auto-leveling strategy for a vehicle-borne platform with
four legs. GAO, et al™, proposed a “surface-adjust-
surface” leveling technique, which used fuzzy decoupling
algorithm to adjust the hydraulic legs. WU, et al)
developed a novel intelligent leveling system of suspended
access platform by adopting a same orientation pursuit
strategy. FANG, et al''”, studied an automatic leveling
method to calculate the regulating variables of each
supporting point for the stage of a precision machining
center.

Mounted on the top of an aircraft and utilizing a
self-contained, coupled Inertial Navigation System-GPS, a
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Stabilized Radiometer Platform(STRAP) was developed by
BUCHOLTZ, et al[“], to deal with the offsets and
fluctuation problem existing in solar and infrared irradiance
measurements. The STRAP could actively keep a set of
uplooking radiometers horizontally level within £0.02° for
aircraft pitch and roll angles of up to approximately +10°.
By using an air-bearing rotary stage as the supporter of an
electrolytic cell, HAN, et al“z],used the current feedback to
characterize the levelness of the substrate of a scanning
electrochemical microscopy. Tuning the adjusting screws
of the tilt stage, substrate leveling can be completed in
minutes by observing the decreased current amplitude. In
order to control the deformation of the heavy-weight and
long-span work positioner of automatic riveting system,
ZHANG, et alm], used the finite element method to analyze
the deformations and the out normal vectors of the drilling
and riveting points in multi-pose space, and developed an
iterative compensating algorithm for the deformation
errors.

Traditional three- or four-leg supporting platforms have
been successfully used in many fields. Generally, the
supporting legs are vertical to the platform at their fixed
joint points. Since there are only three independent
equations for a spatial parallel force system, the four-leg
supporting platform is one time overdetermined. The
conventional way to level a four-leg platform is to repeat
trial and error with each individual leg one by one while
measuring the inclination of the platform. It is time
consuming and has poor precision!'".,

For a large-scale platform which carries tens of or even
hundreds of tons of equipments, it often spans over ten
meters. If only three or four legs are used to support the
working platform, its deformation deflection will exceed
the allowable range. In order to improve its stiffness, six or
more legs will be used. If all of the legs are vertical to the
platform, the six-leg platform system is three time
overdetermined. For multi-leg platform with more than six
legs, it is overdetermined whatever the legs are or not
vertical to the platform. The overdetermination will bring
two problems:

(1) The coupling of rigid displacements and elastic
deformations of the leg-platform system, and the elastic
deformation varying with the legs’ load distribution, which
make the leveling process quite complex.

(2) When the platform is leveled in a horizontal state, the
load of each leg is uncertain and variable, which very likely
leads to virtual leg phenomenon and overload leg!l. A
virtual leg means that its load is zero or very small by
contrast to that of other legs.

In present paper, an optimal load balancing leveling
method for multi-leg flexible platforms is proposed, to
achieve rapid leveling and load balancing of all the
supporting legs. In section 2, the calculation of legs’
extension to level a rigid platform is discussed. In section 3
an optimal balancing leg load (OBLL) model is proposed to
calculate the ideal load of each leg. And then two kinds of
calculation method of legs’ extension to achieve OBLL are

studied in section 4. Based on the above work, the optimal
load balancing leveling method is developed in section 5.
At the end, three numerical examples solved with the
proposed methods are given out in section 6.

2 Leg Extension Calculation for Leveling
a Rigid Platform

For the convenience of discussion, a global Cartesian
coordinate system Oxyz is placed at the center of mass of
the platform in horizontal state, with the x-axis forward, the
y-axis towards the left and the z-axis upward. Besides a
body coordinate system O’x'y’z’ coincident with the
global system in horizontal state is built to incline with the
platform.

To simplify the problems, a rigid plane platform is firstly
taken as an example for further study. The upper plot of Fig. 1
is the horizontal state of this rigid platform, and the lower
plot is its two dimensional inclining state. Supposing the
two dimensional inclination(TDI) is a result of first
rotating the platform about x-axis with an angle «, then
rotating the platform about y-axis with an angle . & and S
are following the right-hand rule, and their unit is radian.

Absolute horizonatal state

Dual inclination state

Fig. 1. Two states of a rigid platform

2.1 Relationship between the TDI and the plane
normal vector

The base vector along the z-axis or z’ -axis, i.e., the
normal vector of the rigid plane platform, can be
determined with three noncolinear points in the coordinate
plane xOy or x'O’y’. Supposing that the unit normal
vector of the absolute horizontal plane xOy is {0, 0, I}T R
and the unit normal vector of the plane x'O’y’ expressed
in the global coordinate system Oxyz is {a,b, c}T,
according to rigid body kinematics, the relationship
between the two normal vectors can be formulated as
follows:

a ¢g 0 sp)1 0 0 )]0
b= 0 1 0}[0 ¢, —s,]i0¢, 1
c =55 0 ¢z )10 s, ¢, )[!
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where ¢z =cosf, s;=sinf, c,=cosa, s,=sina.
Further rearranging Eq. (1) yields

a Cp SpSy SpCy | |0 S4C,
by=| 0 ¢, —S,|i0r=1—s, ;. 2)
c —Sg CpS,  CuCy |1 CpC,

Cp SpSy  SpC,
A=| 0 c, =S, | 3)
—Sg CpS,  CuCy

A is an unit orthogonal matrix, i.e.,
A'=A4" 4)

Solving Eq. (2) yields

tanﬂ:g, tana:—écosﬂ. (5)
c ¢
Therefore,
a b
f = arctan—, o = —arctan|—cos 3 |. )
c c

If ¢ and g are relatively small, Eq. (6) can be
simplified as
a b
c ¢

If ¢and g are both less than 0.052 radian (3°), the
relative error is no more than 0.1%.

2.2 Leveling displacements(leg extension)
of reference point

In Fig. 1, P(x,y,z) is an arbitrary point of the rigid
platform in horizontal state, which moves to P'(x’, y’, z’)
when the platform inclines. Here, the coordinates
(x',y',z") is defined in global coordinate system.
(Without otherwise specified, all the coordinates and
displacements in this paper are defined in the global
coordinate system.) If P is the fixed joint point of a
supporting leg and the rigid platform, in the general
situation there are |x|>>|z| and |y| > |z|.Based upon Eq.
(3) and Eq. (4), the relationship between the coordinates of
points P and P’ can be outlined as

X s 0 —sz|x
V=S50 Cu  CpS, ' 8)
z SpC, =S, CuC, |7

When the platform is leveled from the current inclining
sate to the horizontal state by rotating it around a certain
axis, the displacement of the point P’ to point P can be
obtained:

X x cp—1 0 =S5 ||x
/

d=3yi=1V =55 Ca—1 s, |{¥ )
z z’ SpCy Sy CpCy—1 z'

If o and g are relatively small, Eq. (9) can be simplified as

0 0 pB)\[X al [x —pz'
d~—| 0 0 —aliy'l =—1Bt1yi=1 aZ
B a 0]|Z 0| |2 px’ —ay’
(10)

Eq. (10) shows that the leveling process can be
approximately achieved by one time Euler rotation around
the axis (a,ﬂ,O)T with an angle +/a’ + B . Supposing
that |x’| >>|Z/| and |y’|>>|z'|,and a and f are relatively
small, from Eq. (10) we can outline

<

d,

d,

<|¥. |4, <

d,

<y (11)
Therefore, the displacements of P’ can be proximately
represented as

d~{0,0, px' —ay'} . (12)

If the absolute value of « or f is not very small, the
horizontal displacements of point P’ can not be ignored.
For this case, we can divide « and f into several small
angle steps, and repeat using Eq. (10) to calculate the
displacement of the point P’.

For a real multi-leg supporting platform, the inclination
angles « and f of current state are usually quite small. So
only the vertical extensions of the supporting legs are taken
into consideration, after ignoring its horizontal
displacements and horizontal loads generated in the
leveling process. If o and f are less than 0.052 radian (3°),
the vertical extension error of Eq. (10) or Eq. (12) is no
more than 0.1%, even if « and S are near to 0.175 radian
(10°), the error is only about 1%.

If the ratio of extending speed to whole extending length
of each leg is controlled synchronously to be same all the
time, the fixed joint points of all the legs will maintain the
initial geometric configurations during the whole leveling
process, without leading to incompatible geometric
constrains on the platform which often cause unexpected
platform distortion. Another advantage of this proportional
control strategy is that it can effectively reduce or even

eliminate the leveling coupling between supporting legs.
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3 Optimal Balancing Legs’ Loads
for a Flexible Platform

If there are more than three vertical legs to supporting a
work platform, this multi-leg platform must be an
overdetermined mechanical system, in that the load of each
leg is not only influenced by the mass distribution of the
system, but also related to the deformations of the platform
and legs. So the geometric leveling of the platform is
coupled with the load variation of supporting legs, which
makes the leveling process quite complex. However, this
problem is a double-edged sword for it provides a
possibility of balancing the legs’ load without significant
changing the geometry state of the platform. It will improve
the supporting stiffness and reliability, and reduce the
practical requirements for structural strength of the working
platform and supporting legs, and the operating pressure of
the hydraulic system.

Supposing a working platform in horizontal state is
supported with n vertical hydraulic legs, as shown in Fig. 2.
The weight of the platform is G and the weight of all the
legs is ignored. The horizontal coordinates of the leg i is
(x;, ¥;). As mentioned above, the origin of the global
coordinate system is located at the center of mass of the
platform.

D F C
2 =y <
sk Yo S ke ks
(@]
s G s
e e
A B B
Fig. 2. Multi-leg platform

The ideal legs’ loads distribution is all the legs’ loads
equal to the mean load R = G/n . In fact this distribution is
almost impossible to be achieved in a real system. But we
can take this distribution as an ideal goal to build an
optimization model as follows:

. IR =2

min — R.—R)",
2;(, )

s.t. > R —-G=0,
- (13)
> Rux, =0,
i=1
D Ry =0,
i=1

where the three constrain equations are the static

equilibrium equations of the spatial parallel force system,
and R, is the vertical load of the leg i. This is an
optimization problem with equality constraint, and can be

solved with the Lagrange multiplier method. A Lagrange
function can be outlined as

i=l1

L:%im—i)zm +hY R +hY Ry
=l i=1 =l
(14)

The optimal solution must be the roots of the following
equations:

a—L:O, i=1,2,---,n,
Ok (15)
6—L:O, j=12,3.
04;
Substitute Eq. (14) into Eq. (15), we can obtain

R 44 +A4x,+A4y, =R, i=1,2,,n,

Y R =G,

i=1

(16)

EH:R:xi =0,
i=l1
iRl*yz = On
i=l1

where R; , the balancing load of leg i, is the optimal
solution of optimization problem (13). Eq. (16) can be
rewritten in matrix form:

10 - 0 1 x )R R

0 1 - 0 1 x, KR R

0 0 -~ 1 1 x, y,[{R=1{R{.- (7
I 1 - 1 0 0 0] G

Xiox, -ox, 0.0 0ff2 0
n oya oy, 00 014 0

Eq. (17) is a definite linear system of equations, and its
solution R = {Rj, R, R:}T
balancing legs’ loads (OBLL). Next, we will study the
calculation procedure for the extension of each supporting
leg to achieve OBLL.

is just the optimal

4 Leg Extension Calculation for OBLL

It is assumed that the multi-leg platform system stands
on the ground with all the supporting legs keeping in touch
with the ground, which means the load of each leg is
greater than or equal to zero, and no tension force exists in
any leg. The current load RS of leg i (i=1,2,---,n)
can be measured with a force sensor or oil pressure gauge,
and the difference between this current load RS and the
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corresponding OBLL R,.* is

AR =R’ —RF. (18)

There are two ways to calculate the extension of each leg:

the first only uses each individual leg’s stiffness, referred to
as individual extension method (IEM), and the second takes
the coupling stiffness between legs into consideration,
referred to as coupling extension method (CEM).

4.1 Individual extension method (IEM)

IEM calculates the leg extension by dividing the load
difference AR., which is obtained from Eq. (18), with the
corresponding equivalent leg stiffness. The own axial
stiffness £, of each leg can be taken as equivalent stiffness,
then the extension of the leg i can be calculated as

e =

AR,
—. 19
K (19)

This method is hereinafter referred to as IEMI.

We can also take the flexibility of the working platform
at the fixed joint points into consideration, and
quantitatively define the equivalent leg stiffness kiE as
follows.

Definition 1: Ignoring any external loads (including
weight), constraining the bottom points of all the
supporting legs but leg i, a certain vertical force is applied
at the bottom point of leg i to result in a unit vertical
displacement at the bottom of leg i, the applied force is just
the equivalent leg stiffness k' .

According to the IEM, the extension of leg i can be
calculated as

e, =—r~. (20)

This method is referred to as IEM2.

IEM1 and IEM2 use the same assumption that the
extension of a certain leg only leads to the load variation of
its own, and has no influence on all of the other legs’ loads.
It is not entirely true in real platform system, so we can not
get the exact solution to achieve OBLL with only one time
calculation of IEM. But we can improve the solution by
iteration with IEM. Because IEM2 take the elastic
deformation of working platform, it seems to be more
precise than IEM1, however, it tends to diverge in iterative
computation. An example is illustrated in section 6.2.

4.2 Coupling extension method(CEM)

The main idea of CEM to calculate the extension of each
leg is: not only the legs’ own stiffness but also the elastic
flexibility of the working platform being taken into
consideration, and not only the influence on its own load
but also the coupling influence on all the other legs’ load
caused by the extension of each leg being taken into

consideration.

Definition 2: Ignoring any external loads (including
weight), a set of vertical forces are applied at the bottom
points of all the supporting legs but leg j to constraint these
bottom points fixed in z-direction, a certain vertical force is
applied at the bottom point of leg j to result in a unit
vertical displacement at the bottom of leg j, the force
applied at the bottom of leg i is the stiffness coefficient &, .
According to the Maxwell reciprocity, k; =k;. All
stiffness coefficients constitute the supporting stiffness
matrix(SSM) of a multi-leg platform system:

kll k12 1n
k k k”

e (1)
knl kn2 knn

Noting that the summation of each row or column of the
supporting matrix K is equal to zero, this matrix is
singular. Further analysis shows that if all of the legs are
vertical to the working platform, and only the vertical linear
displacements are taken into consideration, the whole
leg-platform system will have three rigid DOF: translation
along z-axis, rotation about x-axis and rotation about y-axis.
For this case, the rank of the supporting stiffness matrix
K is n-3.

The procedure of CEM is as follows: Firstly taking the
platform weight into consideration, the vertical reaction
force column vector R of all legs in current state is
calculated or measured; Then the extension of each leg to
achieve OBLL is solved form Eq. (22):

Ke=(R" —R"), (22)

where e ={e,e,,"-,e,} is the extension column vector

of each leg.

Because the supporting stiffness matrix K is singular
with a rank n—3, its singularity can be eliminated by
assuming any three extension elements of the vector e
equal to zero. For example, assuming the last three
extension elements equal to zero, so the Eq. (22) can be
rewritten as

Kl:n,l:nf3e1:n73,1 = (R* - RC )lzn,l‘ (23)

This is an quasi-overdetermined linear system of
equations, and the least square solutions can be obtained
with the generalized matrix inverse method!". Another
way to let Eq. (23) become a determined problem is just to
remove any three equations from it. For example, removing

the last three equations, Eq. (23) can be rewritten as
K., ;. 3,5 = (R —R° Nin31- (24)

Generally, the solutions of Eq. (23) have less error for
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the whole multi-leg platform system than that of Eq. (24).

5 OBLL Leveling Method for a Flexible
Platform

It is assumed that there are n vertical legs supporting a
flexible working platform, and m reference points on the
platform surface are selected to evaluate the levelness of
the platform, generally m > 3. Under the small inclination
assumption, only the z-axis translation displacements are
considered, and the theoretical displacement Az, of each
reference points required to level the platform can be
calculated with Eq. (9) or Eq. (10). All of the Az,
constitute the displacements vector of reference points:

Az ={Az, Azy, -, Az, ) (25)

Definition 3: Ignoring any external loads (including
weight), constraining the bottom points of all the
supporting legs but leg j, a certain vertical force is applied
at the bottom point of leg j to result in a unit vertical
displacement at the bottom of leg j, in that way the vertical
displacements of reference point i is the static
transmissibility coefficient 7; from point j to point i. All
the static transmissibility coefficients constitute the static
transmissibility matrix(STM) of a multi-leg platform
system:

tl 1 ZL12 tln
t21 t22 t2

T= . ! (26)
tml th tmn

The static transmissibility coefficient does not satisfy the
Maxwell reciprocity, i.e., #; =1,.

The required extension of each leg, to level the platform
which is evaluated from the displacements vector of
reference points in Eq. (25), and to achieve the OBLL
solved from Eq. (17), is the solution e of the following
linear system of equations

K R —R°
I
(m+n)xn 4 (m4n)x1

The rank of the supporting stiffness matrix K is n—3,
which means that there must be three rows of the matrix
are linear dependent to other rows. On the other hand three
reference points can exactly define a plane to evaluate the
levelness of the platform, which is used to measure the
levelness of platform. If m =3, Eq. (27) is a determined
problem and its solution is just satisfied the geometric
leveling requirements and achieves the OBLL at the same
time. In practical application, more than three reference
points may be used to comprehensively and objectively
evaluate the levelness of the platform. In this case, Eq. (27)

27

will be overdetermined and only the least square solution or
the weighted least square solution can be obtained.

In military or civil engineering, most of the multi-leg
working platforms adopt hydro-cylinder legs. It is more
precise and reliable to control a hydro-cylinder leg to
stretch out than to draw it back. For this case, we can
increase all the elements of the solution vector e resulted
from Eq. (27) with a same positive value Ae to make the
extension of each leg nonnegative, which only vertically
translates the whole platform without changing its levelness
and the load of each leg. Usually, the solution of Eq. (27)
can be modified with the following equation:

e’ =e—min(e), (28)

where e" is no longer the solution of Eq. (27).
6 Numerical Examples

6.1 OBLL calculation example

As demonstrated in Fig. 2, a steel plane platform with
size 2 000 mmx 600 mmx5 mm is supported with six legs,
which are vertically fixed with the platform at point 4
through F' respectively. With the coordinate system defined
in section 2, the horizontal coordinates and stiffness of each
leg are listed in Table 1. Only the gravity of the platform is
taken into consideration. The gravity acceleration is
g =9.8m/s”. This example is just to calculate the OBLL.

Table 1. XY coordinates and stiffness of each supporting leg
Leg Coordinate x/mm Coordinate y/mm  Stiffness k/(N s mm ")

1 —1000 —300 10

2 1 000 —-300 15

3 1 000 300 12

4 —1000 300 20

5 200 —300 8

6 200 300 14

In ANSYS platform, using the element type SHELL63 to
mesh the plane platform and COMBIN14 to simulate the
six legs, the current load of each leg without any extension
can be calculated using FEA. And the OBLL of this
multi-leg platform system is calculated by solving Eq. (17).
All theses results are listed in Table 2. The OBLL is more
balancing than the current load distribution.

Table 2. Current load and OBLL of each leg
Leg Current load RS /N OBLL R’ /N

1 68.45 84.49

2 59.10 69.40

3 30.49 69.40

4 67.72 84.49

5 101.77 75.43

6 131.11 75.43

6.2 Leg extension calculation examples for OBLL
Taking the OBLL result listed in Table 2 as the objective,
the leg extensions are calculated with IEM1, IEM2 and
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CEM respectively. The leg extension results are taken as
placement boundary conditions applied at the bottom node
of each COMBIN14 element of the finite element model
shown in Fig. 3. Then the leg loads are verified by FEA.

Fig. 3.

FEA model of a multi-leg platform

Although the results obtained from IEMI1 do not
converge to the exact solutions with only one time
computation, by taking the boundary conditions applied
with calculated extension displacement as a new current
state, the results can be gradually improved by carrying on
several iterations. Further study shows that IEM1 is linearly
convergent. In Fig. 4, the first results are the current legs’
load without any extension, the others are the results of
each iterations. The results of the last three iterations are
very close to the OBLL. The iteration results of IEM2 are
shown in Fig. 5. Obviously they are divergent.

800
——Leg | =—Leg2 —Leg3 ~Leg4 —=Leg5 —=Leg6
700
= 600
e
=
o5 00
o
=
oo 400 -
) )
300+
200
IUU 1 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11
Iteration n
Fig. 4. Iteration of IEM1
2000 -
——Legl —Leg2 +Leg3—~Leg4 —=Leg5—-Leg6
1500
z
~ 1000
E
=] 500
Eﬂ :
0
=500
= 1 | | |
: UUU] 2 3 4 S ¢
Iteration n
Fig. 5. Iteration of IEM2

To use CEM to calculate the leg extensions, the
supporting stiffness matrix (SSM) listed in Table 3 is

calculated firstly in ANSYS according to the Definition 1.

Table 3. SSM of a six-leg platform N/mm
Leg 1 2 3 4 5 6

1 2.1498 —-0.5764 1.0130 —1.8587 —1.5734 0.8457
2  —05764 27581 —19039 1.1458 —2.1817 0.7581
3 1.0130 —19039 28991 —-0.3496 0.8909 —-2.5495
4 —18587 1.1458 —0.3496 23895 0.7128 —2.0399
5 —15734 -2.1817 0.8909 0.7128 3.7551 —1.6037
6

08457 0.7581 —2.5495 —2.0399 —1.6037 4.5895

Supposing the last three legs’ extension are zero, the one
time computation results with CEM are compared with the
last iterations results of IEM1 in Table 4.

Table 4. Results of IEM1 and CEM

IEM1 CEM
OBLL

Leg R /N Extension Load Extension Load
! e, / mm R /N e, / mm R /N

1 84.49 22.09 84.46 0.18 84.49
2 69.40 19.37 68.90 23.77 69.40
3 69.40 47.99 69.03 28.97 69.40
4 84.49 17.83 83.94 0.00 84.49
5 75.43 —63.95 75.97 0.00 75.44
6 75.43 —66.62 76.35 0.00 75.44

6.3 Optimal load balancing leveling example

Taking the point (—100, —50, 0) as rotation center, firstly
rotating the platform demonstrated in Fig. 2 about an axis
parallel to the global x-axis positive direction with an angle
1°, and then rotating it about an axis parallel to the global
y-axis positive direction with an angle 2°, then the key
points of 4 through F are moved to A’ through F’, and the
key point initially coinciding with the global origin O is
moved to O'. Still taking the global coordinate system as
reference, and supposing all the legs remain vertical state
(along with the global z-axis direction), i.e., the whole
structure obeys the small displacement hypothesis, the
coordinates of each key points after inclination are listed in
Table 5. We now take the key points E/, F' and O’ as
references to level the platform, in other words, the three
key points should have the same z coordinate in the end.

Table S. Coordinates of key points after inclination

Point Coordinate Coordinate Coordinate
X/mm y/mm z/mm
A —997.78 —300.57 61.901
B 997.35 —299.35 —77.602
c’ 997.72 300.56 —67.136
D’ —997.41 299.34 72.366
E' 199.30 —299.84 —21.801
F' 199.67 300.07 —11.336
o' —0.0305 —0.007 6 —2.618

According to Definitions 1 and 2, the supporting stiffness
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matrix (SSM) and static transmissibility matrix (STM) after
inclination are listed in Tables 6 and 7 respectively. All the
coefficients are obtained with FEA.

Table 6. SSM of the six-leg platform N/mm
Leg 1 2 3 4 5 6

1 2.1552 —0.5793 1.0170 —1.8633 —1.5759 0.8463
2 —0.5793 27644 —1.9072 1.1507 —2.1851 0.7565
3 1.0170 —1.9072 29058 —0.3513 0.8902 —2.5544
4 —1.8633 1.1507 —0.3513 23963 0.7126 —2.0449
5 —1.5759 —2.1851 0.8902 0.7126 3.7611 —1.602 8
6 0.8463 0.7565 —2.5544 —2.0449 —1.6028 4.5993
Table 7. STM of the six-leg platform mm/mm
Point 1 2 3 4 5 6
E’' 0.1970 02731 —-0.1113 —0.0891 0.5299 0.2003
F' —0.0605 —0.0540 0.1825 0.1461 0.1145 0.6715
o' 0.1164 0.0647 —0.0084 0.0878 03188 04206

The current loads and OBLL after inclination are
recalculated, the leg extensions are calculated with Eq. (27)
and Eq. (28), and the leg loads and the z coordinate
position of the reference points are verified with FEA in
ANSYS.

The leg loads before and after leveling are listed in
Table 8, and the z coordinate position of the reference
points before and after leveling are listed in Table 9, where
uz is the displacement of reference points before leveling
caused by elastic deformation, z-+wuz is the vertical
position of reference points before leveling caused by rigid
rotation and elastic deformation, wuz’ is the displacement
of reference points after leveling resulted from leg
extensions and elastic deformation, and z+uz’ is the
vertical position of reference points after leveling resulted
from rigid rotation, leg extensions and elastic deformation.
The z-axis deformation contour and y-direction view of the
multi-leg platform ofter leveling are shown in Fig. 6. From
y-direction view, the plane, defined by the reference point
E', F"and O', is placed in the horizontal state.

Table 8. Extension and load of each leg

Leg CurreCnt load O?LL Extension Final load
R~ /N R, /N e, /mm R, /N
1 69.97 84.49 14.69 84.49
2 59.18 69.40 138.60 69.40
3 30.53 69.40 129.29 69.40
4 67.78 84.49 0.00 84.49
5 101.68 75.43 74.79 75.44
6 131.02 75.43 60.28 75.43
Table 9. Location of reference points mm
Displacement Location Displacement Location
Point pefore leveling before leveling  after leveling after leveling
uz z+tuz uz' z+uz’
E’' —12.71 —34.51 65.36 43.56
F’ —9.36 —20.69 54.90 43.56
o' —12.62 —15.24 46.18 43.56

—— i
—4.224 27.018 58.260 89.502 120
11.397 42.639 73.881 105.123

Fig. 6. z-axis deformation of the six-leg platform (mm)

-
744138 000

7 Conclusions

(1) With the small rotation angle synthesis, the
displacement of reference or leg extension can be
approximately calculated from Eq. (10) or Eq. (12). For
large rotation angle case, the rotation angle can be divided
into several small angle and calculated
iteratively. Controlling the extending speed of each leg
proportion to its corresponding needed whole extension
synchronously will reduce or eliminate the
unexpected platform distortion and leveling coupling
between supporting legs.

(2) For overdetermined structures, the reaction force
distribution can be optimized by slightly regulating the
initial displacement of the boundary DOFs, in which the
key problem is to determine the supporting stiffness matrix
of the boundary DOFs.

(3) Combining the supporting stiffness matrix and static
transmissibility matrix, the geometry leveling and OBLL
problem can be solved simultaneously with Eq. (27). And
this method can be further applied to general
overdetermined structures to achieve controlling the
displacements of reference DOFs and optimizing the
reaction forces distribution.

increments
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