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Abstract

In order to achieve an automatic leveling function for work platforms of aerial vehicles with
mixed-booms (MAV) in full elevating domain, an auto-leveling mechanism for the platform is pro-
posed based on a control method of booms-constraint, where mixed-boom structures and elevating
characteristics are considered. Three models of constraint strategies include non-constraint model,
elevating constraint model and lowering constraint model, which is designed to meet the leveling re-
quirements in full working extent. Through the hydro-mechatronic unified modeling, a virtual proto-
type model is set up based on the auto-leveling mechanism, and leveling performances of the plat-
form are studied during booms elevating to the maximum working height and extent. Simulation re-
sults show that the control method of booms-constraint can realize auto-leveling of the platform under
two typical working conditions, meanwhile a leveling deviation appears at the constrained point, but
the platform inclination is adjusted in the permissible range. The control method does not only re-
strict booms’ freedom elevating to a certain extent, but also impacts the booms extending to the max-
imum working range. Experimental results verify that the auto-leveling mechanism based on booms-
constraint control is valid and rational , which provides an effective technology approach for develop-
ment of the platform leveling of MAV.
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0 Introduction

Aerial vehicles with mixed-booms ( MAV ) have
dual advantages of articulating and telescoping booms
with a large working range, flexible elevating, cross-
adaptability ,

barrier environmental

[1,2]

operations,,
etc Automatic leveling approach of work plat-
form, as one of the key technologies of MAV, is re-
quested with large leveling angle, fast response and
high leveling accuracy®*'. Flow distribution valve is
used to parallel with the leveling circuit and the main
one with compact and low-cost features”’ | but the flow
distribution varies with oil temperature, conducting
fluctuations of supply flow-rate in the leveling proce-
dure, so leveling stabilities become poor.

Generally, independent leveling apparatus or cir-
cuit achieves the level adjusting of the platform, inclu-

ding parallel four-links structures, hydrostatic equilib-

rium, combining movements of bars and chains, com-
pound regulation of hydro-mechanical circuit, etc. "®'.
These leveling systems although have good stability and
high reliability, but the features of response and low
accuracy make them difficult to meet requirements for
the platform leveling of MAV in large operating
range'”’ .

The method of electro-hydraulic leveling integrates
with simple mechanism, high accuracy and fast re-
sponse. The electro-hydraulic servo leveling having
special manufacturing precision, high production cost,
sensitive to fluid and high maintenance cost, is mainly
used in the leveling system of large height fire
trucks™®’ .

For MAV platform leveling, if movements of
booms elevating are not constrained, the sum of angu-
lar displacement of all-booms exceeds 180°, while the
maximum leveling angle output from electro-hydraulic

leveling system is only 180°°'°' " which does not
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match with the leveling requirement.

1 Elevating features and leveling require-
ments

1.1 Boom structures and elevating features

A MAV has two-level telescopic booms and a
small-jib, whose upper structures include turntable ele-
vating booms consisting of down-boom (DB), upper-
boom (UB), small-jib (SJ), work platform (WP),
etc. , shown as Fig. 1. At the initial position, the up-
per-boom and the down arranged in parallel, and ele-
vating angle displacement of other components com-
pared to each initial state is shown as Table 1.

Table 1  Angular displacement range of each component
DB UB SJ wPp
0~ +80° 0~ +180° 0~ -180° 0 ~180°

Note; Compared with the initial position, mark “ +” is
used when components turn counterclockwise, otherwise is

“« ”

2
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3 3
=]
6
i 4

1. Down- boomj; 2. Upper-boom; 3. Small-jib; 4. Work platform;
5. Outriggers; 6. Chassis; 7. Turntable
Fig.1 Composition structures of MAV

1.2 Leveling requirements

Based on the structure features, leveling perform-
ances of platform hanged at the end of booms has the
following requirements.

The output leveling-angle varies in a large scale.
The elevating angle resulting from boom lifting reaches
260°, so large leveling angle output from leveling sys-
tem is essential for balancing platform tilting caused by
booms elevating.

High leveling precision is prerequisite. This pa-
rameter is the comprehensive reflection of stability and
responsiveness. The platform inclination with horizontal
plane shall not exceed 5° at any working position in the

national standards for aerial vehicles '’ .

2 Leveling solutions and component selec-
tion

2.1 Drive schemes of leveling system

According to elevating features, maximum swing
angle for the platform is 180°, which cannot completely
balance the inclination caused by booms elevating, and
a displacement vacuum of 80° to leveling output still
exists.

An auto-leveling mechanism for MAV named as
booms-constrained control is proposed to adapt to the
platform adjusting, and this method keeps platform
horizontal by coordinating inputs of booms elevating
with output of leveling system. The structures of level-
ing system are shown as Fig. 2.

Electro-hydraulic Lifting Down
valve | apparatus 1 boom
A
Electro-hydraulic Lifting Upper
valve 2 apparatus 2 boom
A
| | Electro-hydraulic Lifting Small-jib
valve 3 apparatus 3
A
Rotation sensor
ale]r
Constraint
controller

Rotation sensor
4
Inclination
sensor

Other
circuits
Leveling Leveling i——' Platform |
valve apparatus

Fig.2 Structures of leveling system for MAV

One engine drives double-pump supplying pres-
sure oil to leveling circuit of platform and elevating cir-
cuit of booms, respectively. In the former, the tilt sig-
nal detected by inclination sensor adjusts the opening
of leveling valve, fluid through which pushes a swing of
leveling apparatus, then they output leveling angle of
the platform, and the inclination adjustment is done.
In the latter, pressure fluid controlled by each electro-
hydraulic valve drives elevating apparatus lifting, and
makes three booms move, including down-boom, up-
per-boom and small-jib, thus platform elevating is exe-
cuted. Rotation sensors 1 ~4 are used to detect swing-
ing angles of three booms, and these signals are input
to a constraint controller. The controller integrates and
compares the sum of angles from booms elevating with
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leveling angle from leveling apparatus, and export cor-
responding signal enters electro-hydraulic valve to re-
strict boom elevating, and keeps the input from booms
match with the output from leveling apparatus. Based
on the above procedures, a real-time adjustment of in-
clination for the platform is realized under different ele-
vation of booms.

2.2 Component selection

Taking practical applications of pumps into ac-
count, the main constant-displacement pump also sup-
plies pressure oil to other circuits beside the elevating
circuit, so a larger-displacement one should be select-
ed. While an aided pump is dedicated to the leveling
of platform, small displacement is enough. The picking
of rated pressure needs to sum up driven requirements
of each load, and complies with the pressure greater
than the maximum working pressure of each circuit.
Selections of hydraulic cylinder should comprehensively
consider impacts of velocity ratio of telescopic cylinder,
dynamic responses of valves and stability induced by
ratio of length and diameter. The valves should have a
fast response and good control accuracy, and whose pa-
rameters should match with the cylinder. The selec-
tions of main components are shown as Table 2 ~ Table

4.

Table 2 Parameters of valves

Flow(L/min)  Nominal pressure( MPa)
Main valve 40 31.5
Leveling valve 80 42

Table 3 Parameters of pumps

Displacement Nominal pressure Rated speed

(ml/t) (MPa) (r/min)
Main pump 63 31.5 1500
Leveling pump 32 31.5 1500

Table 4 Parameters of cylinders

Cylinder Rod

diameter  diameter
(mm) (mm)
Down-boom elevating 125 90
. Upper-boom elevating 130 80
Cylinders B ]
Small-jib elevating 90 45
Leveling 80 40

3 Constraint strategies and control processes

3.1 Constraint strategies for booms elevating
(1) Non-constraint model

The sum of elevating angle from the three booms
lifting equals ¢ = a + 8 -y, and meets with ¢ € (0°,
180°). In this case, the constraint controller does not
restrict the control signals of each elevating boom input
from integrated handles. Control relationships can be
expressed as

If the sum ¢ e (0°, 180°), then the performing
control is

Ai, #0,0, =6,0, = -0, 0, =0, (1)
where, 6,, 0, are the platform swivel angle from level-
ing apparatus and the platform inclination induced by
booms elevating, § is the output angle of leveling sys-
tem, «a, B and 7y represent each elevating angle of
down-boom, upper-boom and small-jib, « is the plat-
form inclination caused by flexible deformations of
booms, Ai, is a signal incensement of the solenoid
valve controlling boom elevating.

(2) Elevating constraint model

The sum of elevating angle reaches the upper limit
of leveling angle, and boom up-elevating is intended to
continue. In this case, signals producing boom up-ele-
vating are all constrained.

If the sum ¢ =180° and A > 0 (AB > 0 or Ay
> 0), then the performing control is

Aiy, <0ordi, <0,06, =6,

b, =a+B-0,0, =6, (2)
where, Ai,, Ai, are signal incensement of the solenoid
valve controlling the elevating of down-boom and up-
per-boom, and negative value indicates the lowering of
booms.

(3) Lowering constraint model

The sum of elevating angle reaches the lower limit
of leveling angle, and a boom lowering is intended to
continue. In this case, signals producing boom lower-
ing are all constrained.

If the sum ¢ = 0°and Aa < 0(AB < OorAy <
0), then the performing control is

Aiy, > 0and Ai, >0, 6, =96,

0, =a+B-0,0, =0, (3)

In the actual condition, when elevating the plat-
form to a target height, it generally accompanies with
switches and organic combinations among these three
control strategies. The constraint controller coordinates
and schedules appropriate control strategies according
to the variations of booms elevating, and restricts or
discharges the action of related booms, by which keep-
ing leveling angle consistent with elevating angle of
booms.

3.2 Control processes
At design stage of leveling system, a permissible
range of platform inclination should be determined,
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such as| 61 < 3°. Based on the above control strate-
gies, leveling control processes are plotted as Fig. 3.
In this flowchart, the controls of booms restraints and
platform leveling are executed synchronously.

Platform inclination

Is in permissible

Ts g=180°2

Y A 4
Constraining Constraining
boom-lowering boom-uplifting

Pennitting t.he Permitting the
others uplifting others lowerin;

s inclination angle
greater than 07

\ 4
The right solenoid
is activated

The left solenoid
is activated

Is in permissible
range ?

Y

Leveling ends

Fig.3 The leveling flowchart under booms constrained
4 Simulating analysis

4.1 Virtual prototype model

According to above control strategies, combining
with booms structure of actual MAV, a virtual proto-
type model for auto-leveling system is built by the ap-
proach of hydro-mechatronics unified modeling in
AMESim as Fig. 4. As a typical mechanical electro-hy-
draulic simulating model, it comprises mechanical
models of components, hydraulic models of elevating
circuit and leveling system, and electrical model of
constraint controller. Parameters of this virtual proto-
type are derived from a certain developed aerial work-
ing platform whose maximum working height could
reach 37m. In which, fluids driving actuators are sup-
plied by constant pressure source, and fluid compressi-
bility and hose friction are considered, and backpres-
sure 2MPa is set to prevent negative loads by relief
valves in the return line and the value of other parame-
ters is shown as Table 5.

Fig.4 The virtual prototype model of auto-leveling system

for aerial work platform

Table 5 Simulation parameters

Components Weight(kg) Length(m)

Down-boom 800 22

Upper-boom 350 8

Small-jib 50 1.5

Platform

(with loads) 400

Components Length(m)  Diameter( mm)

to platform 40 10

to jib 35 10
Hoses

to upper-boom 25 10

to down-boom 1.5 10

4.2 Analysis of maximum-height working posture

Due to the output working posture from the virtual
prototype building in AMESim, obviously, the effec-
tiveness of the proposed control strategies is validated.
As shown in Fig.5(a), Posture U-B is the limited po-
sition, in which the output-leveling angle is 180°. Be-
from Posture U-A to
Posture U-B, the working platform is able to maintain

fore the limited position, i. e.

the horizontal status. However, once the working posi-
tion exceeds the limited position shown as Posture
U-C, it is no doubt that the working platform will tip
over subjected to the restricted output angle of the WP
(seen as Table 1). While the proposed control strate-
gies are applied to the control system, a reliable opera-
tion is obtained as Fig.5(b). When the working plat-
form reaches the limited position, i. e. Posture E-A,
controlling small-jib to move against elevating direction
can release the leveling angle from 180° to 0°. This
operation provides enough leveling angle to prevent the
working platform from inclining during the elevating
process from Posture E-B to Posture E-D.
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Posture U-C

Posture U-B

Posture U-A

(a) Unable constraint control

Posture E-D

Posture E-C

Posture E-A

Posture E-B

(b) Enable constraint control

Fig.5 Comparison diagram of maximum-height pose operation under unable and enable constraint control

The specific performance of maximum-height pos-

ture operation is shown as Fig. 6. The signals input to

down-boom, upper-boom and small-jib from the handle

are normalized as relative current value in [ -1, 1],
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where the positive drives booms swinging as counter-

clockwise. The working conditions under booms-con-

straint strategies are symbolized “17
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Fig.6 Simulation results of auto-leveling system during the platform elevating to the maximum height
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The variations of input signals and elevating angle
of each boom are displayed as Fig. 6(a) and Fig. 6(b)
by the constraint controller scheduling. Down-boom
starts lifting att = 0, and rises to the upper limit 80° at
t =29.5s, then upper-boom elevating begins until ¢ =
48.6s. At the moment, the sum of elevating angle gets
180°, and reaches the upper limit of leveling angle. As
shown in Fig.6(c), the upper-boom elevating is re-
stricted strictly, even though elevating signal is contin-
uously maintained, the elevating angle remain 99.4°.
In other words, the control strategy of boom constraint
moves towards the constraint model “2” from the non-
With the small-jib lowering at ¢t =
55.6s, the sum gradually decreases from 180°, and

constraint “17.

output leveling angle reduces till zero simultaneously.
At this stage, an abundant leveling angle is released by
small-jib swinging. The constraint of upper-boom ele-
vating is removed at ¢ =69.5s, whose elevating angle
continues to increase again until the maximum is 180°,
and this control phase also belongs to the non-con-
straint “17.

As shown in Fig.6(d), during the whole eleva-
ting process, the inclination angles of platform always
change among the range from —3° to 3°. Especially,
in the constraint process, the maximum inclination an-
gle is 2.27°, which is a permissible safe range'''’. In
addition, the fluctuations of inclination always appear
at the point of start or stop of booms elevating and con-
straints imposed, but less than the permissible value.
Besides, the fluctuations are inevitable because of the

Posture U-C

Posture U-B

Posture U-A

(a) Unable constraint control

effect of long pipeline, overhanging beam and method
of deviation adjustment. Therefore, based on the con-
straint control strategies of booms, the auto-leveling
function of platform is achieved in the whole elevating
domain. Furthermore, a ramp buffer continuing 3s are
offered at booms startup in simulation, but some dithe-
ring still exists. So setting the buffer could not com-
pletely eliminate dither, other approaches should be al-
so adopted.

4.3 Analysis of maximum-range working posture

Similarly, the maximum-range working posture
could be obtained in the AMESim simulation environ-
ment. In order to achieve the maximum-range working
posture of platform, the proposed control strategy is im-
plemented and a better effect is displayed as Fig. 7. It
is shown in Fig.7(a) that Posture U-B is the limited
position. In the limited position, the output leveling
angle is 180° so that the unable constraint control can-
not keep the working platform in horizontal status from
Posture U-B to Posture U-C, let alone reaching the
maximum-range working posture as Posture E-D. Com-
pared with unable constraint control, the enable con-
straint control could release the leveling angle from
180° to 0° in the Posture E-A, which is limited posi-
tion in Fig. 7(b). Then no matter the working platform
elevates from Posture E-B to Posture E-C or arrives at
the maximum-range pose, i.e. Posture E-D, it always
maintains its safe status.

Posture E-C
Posture E-A

Posture E-B

. Posture E-D

(b) Enable constraint control

Fig.7 Comparison diagram of maximum-range pose operation under unable and enable constraint control

For elevating to the maximum range, variations of
input signals and elevating angle of each boom are dis-
played as Fig.8(a) and Fig.8(b) by the constraint
controller scheduling. When ¢ <43.2s, the sum of el-
evating angle does not exceed 180°, which matches
with the range of leveling angle, and belongs to the
as Fig. 8(c). After about 2s eleva-

ting restricted, the small-jib lowers at ¢ =55s and out-

non-constraint “1”

put leveling angle reduces reversely, at the same time,
redundant leveling angle is generated. From ¢ =
57.8s, booms elevating enters into non-constraint
model “1”, and the elevating of upper-boom keeps on
the same position till reaches the upper limit 180°. At¢
>70s, the down-boom progressively lowers to zero.
The platform inclination varing in the whole eleva-
ting procedure is shown as Fig.8(d). Similarly, dur-
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ing the constraint process, the maximum inclination
angle of working platform is 3.7°, which does not ex-
ceed the permissible range [ -5°, 5°] 50 does
the whole elevating domain, which validates the effec-
tiveness of the proposed booms-constraint control. Al-
though the inevitable inclination fluctuations also exist
when constraint imposed because of the same reasons
mentioned as the maximum-height working posture, the
platform can reach the maximum-range working pos-
ture, i.e. Posture E-D, but the continuously non-con-
straint operation is unavailable.
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Simulation results indicate that the constraints
strategies regulate boom elevating or lowering by impos-
ing or removing constraints, by which the sum of eleva-
ting angle is maintained in [0°, 180°], and matches
with the range of leveling angle output from the leveling
apparatus. Under constraint strategies of booms, the
auto-leveling system adjusts platform inclination within
[ -5°, 5] in full elevating domain, although fluctua-
tions appear at the point of startup or stop of booms ele-
vating and constraints.
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Fig.8 Simulation results of auto-leveling system during the platform elevating to the maximum range

5 Conclusions

From mixed-boom structures of MAV and eleva-
ting features, an auto-leveling mechanism is proposed
based on booms-constraint control. The drive scheme
of leveling system is designed, and three control strate-
gles are formulated to meet with the leveling require-
ments in full working domain, and the leveling flow-
chart is plotted.

Combining with booms structure of actual MAV, a
virtual prototype model for auto-leveling system is built
by the approach of hydro-mechatronics unified model-
ing in AMESim, in which fluid compressibility, hoses
friction, and negative loads are all considered.

Simulation results confirm that the platform incli-
nation is adjusted within permissible range in full ele-
vating domain by regulating constraint strategies of
booms and auto-leveling system, although some fluctu-
ations appear when constraint imposed, which verify
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the auto-leveling mechanism based on booms-constrain-
ed control is effective and reasonable, and offers good
references for the development of actual products.
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