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PAPER
Modeling and Analysis of Electromechanical Automatic Leveling
Mechanism for High-Mobility Vehicle-Mounted Theodolites

Xiangyu LI†,††,†††a), Ping RUAN†,††b), Wei HAO†,††c), Meilin XIE†,††d), and Tao LV†,††,†††e), Nonmembers

SUMMARY To achieve precise measurement without landing, the
high-mobility vehicle-mounted theodolite needs to be leveled quickly with
high precision and ensure sufficient support stability before work. After the
measurement, it is also necessary to ensure that the high-mobility vehicle-
mounted theodolite can be quickly withdrawn. Therefore, this paper pro-
poses a hierarchical automatic leveling strategy and establishes a two-stage
electromechanical automatic leveling mechanism model. Using coarse lev-
eling of the first-stage automatic leveling mechanism and fine leveling of
the second-stage automatic leveling mechanism, the model realizes high-
precision and fast leveling of the vehicle-mounted theodolites. Then, the
leveling control method based on repeated positioning is proposed for the
first-stage automatic leveling mechanism. To realize the rapid withdrawal
for high-mobility vehicle-mounted theodolites, the method ensures the co-
incidence of spatial movement paths when the structural parts are unfolded
and withdrawn. Next, the leg static balance equation is constructed in the
leveling state, and the support force detection method is discussed in re-
alizing the stable support for vehicle-mounted theodolites. Furthermore, a
mathematical model for “false leg” detection is established furtherly, and a
“false leg” detection scheme based on the support force detection method is
analyzed to significantly improve the support stability of vehicle-mounted
theodolites. Finally, an experimental platform is constructed to perform
the performance test for automatic leveling mechanisms. The experimental
results show that the leveling accuracy of established two-stage electrome-
chanical automatic leveling mechanism can reach 3.6′′, and the leveling
time is no more than 2 mins. The maximum support force error of the
support force detection method is less than 15%, and the average support
force error is less than 10%. In contrast, the maximum support force er-
ror of the drive motor torque detection method reaches 80.12%, and its
leg support stability is much less than the support force detection method.
The model and analysis method proposed in this paper can also be used
for vehicle-mounted radar, vehicle-mounted laser measurement devices,
vehicle-mounted artillery launchers and other types of vehicle-mounted
equipment with high-precision and high-mobility working requirements.
key words: vehicle-mounted theodolite, automatic leveling, support plat-
form, static analysis, “false leg” detection

1. Introductio

Vehicle-mounted theodolites are mainly used to record pa-

Manuscript received May 22, 2023.
Manuscript revised August 21, 2023.
Manuscript publicized September 26, 2023.
†The authors are with Xi’an Institute of Optics and Precision

Mechanics, Chinese Academy of Sciences, Xi’an, 710119, China.
††The authors are with Key Laboratory of Space Precision Mea-

surement Technology, Xi’an Institute of Optics and Precision Me-
chanics, Chinese Academy of Sciences, Xi’an, 710119, China.
†††The authors are with University of Chinese Academy of Sci-

ences, Beijing,100049, China.
a) E-mail: lixiangyu@opt.ac.cn
b) E-mail: ruanp@opt.ac.cn (Corresponding author)
c) E-mail: haowei@opt.ac.cn
d) E-mail: xiemeilin6@163.com
e) E-mail: lvtao@opt.ac.cn

DOI: 10.1587/transfun.2023EAP1058

rameters such as the target trajectory, flight attitude, and ra-
diation characteristics [1]. In recent years, besides the im-
portant development of the application field and observa-
tion capability [2], [3], the measurement method of vehicle-
mounted theodolites has also undergone significant changes,
gradually developing from the fixed ground type to the
vehicle-mounted mobile type [4], [5]. The vehicle-mounted
mobile type has the characteristics of rapid unfolding, rapid
withdrawal, and no stagnation points, which has become the
main use of vehicle-mounted theodolites at present [6], [7].

As an optical precision measurement equipment, the
theodolite needs to be leveled with high precision before
work so that its vertical axis coincides with the earth plumb
line to ensure its measurement accuracy. Thus, when work-
ing without landing, the vehicle-mounted theodolite is gen-
erally roughly leveled with a hydraulic or electromechan-
ical automatic leveling mechanism as the first-stage level-
ing mechanism [8]–[13], so that the tilt error of the verti-
cal axis does not exceed 3′. Then, the second-stage lev-
eling mechanism of theodolites is used for precision lev-
eling [14]–[17], so that the tilt error of the vertical axis is
reduced to 5′′. However, affected by foundation settlement,
wind load, operator activities and other factors, it is diffi-
cult for the first-stage leveling mechanism to achieve a high-
precision leveling error of no more than 5′′. Meanwhile, the
second-stage leveling mechanism is usually manual, and it
takes 10 mins∼20 mins for an experienced operator to adjust
the leveling error to no more than 5′′. However, when the
target is rapidly transferred to another location and rapidly
launched, the high-mobility vehicle-mounted theodolite will
be struggling to record parameters such as the target trajec-
tory, flight attitude, and radiation characteristics due to the
time-consuming problem of unfolding. It is obvious that
that high-precision fast leveling is one of the important fac-
tors affecting the rapid unfolding performance and precision
measurement capabilities of high-mobility vehicle-mounted
theodolites.

Since the tilt of the vehicle support platform usually
reaches several minutes or even a few degrees, the leveling
of the theodolite support platform by the first-stage leveling
mechanism often requires a wide range of translational and
rotational movements for structural parts in space. Thus,
how to ensure the spatial movement path coincidence of
each structural part when unfolding and withdrawing is of
great significance to the fast withdrawal performance em-
phasized for high-mobility vehicle-mounted theodolite.

The difference in support forces between the legs of the
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first-stage leveling mechanism will cause different shaking
errors when the theodolite support platform is affected by
disturbance factors such as wind load and its driving torque.
The error amount generally varies from a few seconds to a
few minutes. Especially, if there is a “false leg” in the first-
stage mechanism, the support platform will be affected by
disturbance factors that will cause instability or even over-
turning. At the same time, the shaking of the support plat-
form will cause the theodolite to produce pitch and azimuth
pointing angle errors. The results often do not meet the re-
quirements of high-precision measurement, which requires
the correction of angle measurement value for theodolites
[18]–[25]. Therefore, the leg support force is one of the im-
portant factors affecting the high-precision measurement of
vehicle-mounted theodolites.

This paper proposes a hierarchical automatic leveling
strategy and establishes a two-stage electromechanical au-
tomatic leveling mechanism to achieve high-precision and
fast leveling for vehicle-mounted theodolites by combin-
ing coarse leveling and fine leveling. The contribution in
this paper is given as follows. (1) The leveling control
method based on repeated positioning is proposed for the
first-stage automatic leveling mechanism, which ensures the
rapid withdrawal of theodolites by controlling the coinci-
dence of spatial movement paths when the structural parts
are unfolded and withdrawn. (2) The leg static balance
equation and the mathematical model of “false leg” detec-
tion are established. Then, the “false leg” detection based
on the support force detection method is analyzed to ac-
curately control the landing support force of the legs. (3)
A performance test of the automatic leveling mechanism is
conducted to highlight the substantial effect achieved by the
proposed leveling strategy and electromechanical automatic
leveling mechanism. The test conducted in the paper is un-
der outdoor environment, which would make the electrome-
chanical automatic leveling mechanism more promising for
engineering applications.

The rest of the paper is organized as follows. In Sect. 2,
the non-landing measurement structure form of the vehicle-
mounted theodolite is given. In Sect. 3, the first-stage auto-
matic leveling mechanism design is presented. In Sect. 4,
the second-stage automatic leveling mechanism design is
presented. The “False leg” detection is shown in Sect. 5.
A performance test of the automatic leveling mechanism is
discussed in Sect. 6. At last, Sect. 7 gives the conclusion.

2. Non-Landing Measurement Structure Form of the
Vehicle-Mounted Theodolite

The non-landing measurement structure form of the vehicle-
mounted theodolite can be divided into two types: vehicle
support type and theodolite support type according to the
different support methods, as shown in Fig. 1.

The vehicle support type uses legs mounted on the
vehicle frame to hold up vehicles. This form has a sim-
ple structure design, a large installation space and a flex-
ible installation method for an automatic leveling mecha-

Fig. 1 Non-landing measurement structure form of the vehicle-mounted
theodolite. (a) Vehicle support type, (b) theodolite support type.

nism. However, because the legs support the whole vehicle,
the complex structure composition and disturbance factors
cause the first-stage leveling mechanism can only achieve 3′

leveling accuracy. At the same time, due to the large cross-
sectional area of vehicles, the theodolite is easily affected by
wind loads during measurement. Moreover, the movement
of operators on the vehicle and the deformation of the ve-
hicle body caused by internal and external heat radiation all
affect the measurement accuracy of the theodolite.

The theodolite support type uses the legs installed in
the support platform to support the theodolite and detach it
from the vehicle body, which can overcome the influence of
shaking errors caused by the operators’ movement. Because
the load supported by legs is greatly reduced compared with
the vehicle support type, the support legs can choose a eco-
nomical smaller model. Moreover, the wobble error caused
by wind loads, internal and external heat radiation is much
smaller than that of the vehicle support type. The legs di-
rectly support the theodolite through the support platform,
which reduces the complexity of non-landing measurement
structure and can improve the adjustment accuracy of first-
stage leveling. This paper chooses theodolite support type
to start the modeling and analysis of the electromechanical
automatic leveling mechanism.

3. First-Stage Automatic Leveling Mechanism Design

3.1 First-Stage Automatic Leveling Mechanism Model

As shown in Fig. 2, the physical model of the first-stage
automatic leveling mechanism consists of a support plat-
form, four electromechanical leveling legs, a tilt sensor and
a leveling control module. The electromechanical leveling
legs include drive motor, worm wheel, worm, force sensor,
screw-nut pair and support ball hinge [26]–[28]. Vehicle-
mounted theodolite does not fall to the ground for mea-
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Fig. 2 Physical model of the first-stage automatic leveling mechanism.

surement, the four electromechanical leveling legs touch the
ground to support the support platform. And the tilt sensor
is used to transmit the horizontal tilt attitude information of
the support platform to the leveling control module in real-
time. The feedback signal from the tilt sensor drives the legs
to achieve the first-stage rough leveling of vehicle-mounted
theodolites.

As shown in Fig. 3, the physical model of the first-stage
automatic leveling mechanism is geometrically simplified,
and a Cartesian coordinate system is established with the
horizontal plane and the earth plumb line as the reference.
Specify the angle counterclockwise is positive. To facilitate
the calculation of the spatial coordinates of the points in the
geometric model in different states, assumed that the support
surface of the vehicle is an absolute plane, so that the equiv-
alent contact center points are in the same surface. Further,
define the included angles between the support surface and
the coordinate axis are θx and θy respectively.

Assuming that the equivalent contact center point O of
leg 1 after touching the ground does not move during the
leveling process of the first-stage automatic leveling mech-
anism. In the initial state, after the legs touch the ground to
support the support platform, the legs OH1, U1J1, V1K1 and
W1Q1 are perpendicular to the support surface, and the sup-
port platform H1J1K1Q1 is parallel to the support surface.

When the first-stage automatic leveling mechanism
levels the support platform, by controlling the expansion
and contraction of the legs, the legs and the support plat-
form produce spatial translation and rotation, thereby real-
izing the leveling of the support platform. At this time, the
legs OH2, U2J2, V2K2 and W2Q2 after the change in spatial
position are perpendicular to the horizontal plane, the sup-
port platform H2J2K2Q2 is parallel to the horizontal plane,
and the projection points of the legs U2J2, V2K2 and W2Q2
on the horizontal plane are U3, V3 and W3.

Assuming that the distance between the equivalent con-
tact center points of the support platform and the legs are

Fig. 3 Geometric model of the first-stage automatic leveling mechanism.H1J1 = Q1K1 = H2J2 = Q2K2 = L1

H1Q1 = J1K1 = H2Q2 = J2K2 = L2
(1)

When the support ball hinge support touches the ground, the
distance between the equivalent contact center points isOU1 = W1V1 = L1

OW1 = U1V1 = L2
(2)

Compared to the earth’s horizontal plane, assuming the
plane OU1V1W1 is formed after first rotating θx and then
rotating θy, corresponding to the rotation matrix is

Rx =

 1 0 0
0 cos θx − sin θx
0 sin θx cos θx

 (3)

Ry =

 cos θy 0 sin θy
0 1 0

− sin θy 0 cos θy

 (4)

The positional transformation matrix of any point on the
plane OU1V1W1 is

Rxy = RyRx (5)

When the support platform is leveled, the coordinates of H2,
J2, K2 and Q2, the coordinates of projection points O, U2,
V2 and W2 for H2, J2, K2 and Q2 in the XOY plane can be
obtained from Eqs. (6) and (7).

(
XH2 YH2 ZH2

)
=

(
0 0 H00

)
(

XJ2 YJ2 ZJ2

)
=

(
L1 0 H00

)
(

XK2 YK2 ZK2

)
=

(
L1 L2 H00

)
(

XQ2 YQ2 ZQ2

)
=

(
0 L2 H00

)
(6)
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(
XO YO ZO

)
=

(
0 0 0

)
(

XU2 YU2 ZU2

)
=

(
L1 0 0

)
(

XV2 YV2 ZV2

)
=

(
L1 L2 0

)
(

XW2 YW2 ZW2

)
=

(
0 L2 0

)
(7)

The corresponding coordinates of U1, V1 and W1 are XU1

YU1

ZU1

 = Rxy

 L1
0
0

 (8)

 XV1

YV1

ZV1

 = Rxy

 L1
L2
0

 . (9)

 XW1

YW1

ZW1

 = Rxy

 0
L2
0

 (10)

The equation of plane U1V1W1 is

tan θy · X −
tan θx

cos θy
· Y + Z = 0 (11)

Coordinates of projection points U3, V3 and W3 for J2, K2
and Q2 on the support plane U1V1W1 are XU3

YU3

ZU3

 =

 L1
0

− tan θy · L1

 (12)

 XV3

YV3

ZV3

 =


L1
L2

tan θx · L2 − sin θy · L1

cos θy

 (13)

 XW3

YW3

ZW3

 =


0
L2

tan θx · L2

cos θy

 (14)

Assume that after the legs touch the ground and before the
automatic leveling starts, the following relation holds.

OH1 = H0 (15)

The corresponding coordinates of H1, J1, K1 and Q1 are XH1

YH1

ZH1

 = Rxy

 0
0

H0

 (16)

 XJ1

YJ1

ZJ1

 =

 XU1

YU1

ZU1

 +

 XH1

YH1

ZH1

 (17)

 XK1

YK1

ZK1

 =

 XV1

YV1

ZV1

 +

 XH1

YH1

ZH1

 (18)

 XQ1

YQ1

ZQ1

 =

 XW1

YW1

ZW1

 +

 XH1

YH1

ZH1

 (19)

Since the corresponding support ball hinge is not solidly
connected to the support platform after the leg touches the
ground. The equivalent contact center points of leg 2, leg 3
and leg 4 all move after landing during the leveling process.
The equivalent contact center point of leg 2 moves from U1
to U3, leg 3 moves from V1 to V3 and leg 4 moves from W1
to W3. The corresponding leg movements can be obtained
from the coordinate equations of U1, V1, W1, U3, V3 and
W3.

The geometric model of the first-stage automatic lev-
eling mechanism can be used to obtain the spatial coordi-
nates and position relationships of each equivalent contact
center point in the initial and leveling states. However, this
model is an open-analysis model. The leveling control strat-
egy needs to be analyzed to model the leveling mechanism
more accurately. In addition, the leveling control process is
needed to optimize to ensure that the spatial movement path
of each equivalent contact center point is controllable during
the leveling process.

3.2 Leveling Control Method Based on Repeated Position-
ing

As shown in Fig. 4, ensuring that the locking mechanism
between the support platform and the vehicle frame is accu-
rately locked at the position of the release hook and the fixed
hook is the core part of the rapid withdrawal for the vehicle-
mounted theodolite. If the release hook and the fixed hook
cannot be accurately aligned, the support platform and the
vehicle frame cannot be fixed. Vehicle-mounted theodolite
cannot be withdrawn quickly after completing the task. The
calculation results of spatial coordinates and position rela-
tionship of each equivalent contact center point in the ge-
ometric model of the first-stage automatic leveling mecha-
nism shown in Fig. 3 indicate that the support ball hinge and
support platform will move during the leveling process. If

Fig. 4 Locking mechanism.
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Fig. 5 Control flow chart of the first-stage automatic leveling mechanism. (a) Unfolding process,
(b) withdrawal process.

the leveling legs are not controlled, it cannot ensure the ac-
curate locking of the locking mechanism when the support
platform is returned to the vehicle frame.

Based on the above analysis, the highest point chas-
ing type angular error leveling control principle is used for
the designed first-stage automatic leveling mechanism [29]–
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[32]. The leveling control method based on repeated posi-
tioning is established to strictly limit the spatial movement
path of each equivalent contact center point during the level-
ing unfolding and withdrawal process. This can ensure the
accurate locking of the locking mechanism when the sup-
port platform falls back.

As shown in Fig. 5, the control flow chart of the first-
stage automatic leveling mechanism is established, and the
unfolding and withdrawal process can be divided into eight
motion stages, which represent leg extension, leg touching
the ground, synchronous lifting, leg leveling, leveling main-
tenance, support platform back to the initial tilt angle, syn-
chronous withdrawal, and withdrawal completion.

4. Second-Stage Automatic Leveling Mechanism De-
sign

4.1 Second-Stage Automatic Leveling Mechanism Model

As shown in Fig. 6, the two-stage automatic leveling mecha-
nism consists of three sets of wedge-type electromechanical
leveling assembly, tilt sensor and a leveling control module.
Three sets of wedge-type electromechanical leveling assem-
bly are installed on the vertical axis housing at the bottom
of the theodolite in an even distribution. The single wedge-
type electromechanical leveling assembly consists of drive
motor, gear pair, worm wheel, worm, lead screw, slip wedge,
lifting wedge, locking screw, and locking spring. The two-
stage automatic leveling mechanism is a three-point support
ball hinge structure, which does not have the problem of
“false leg”. And the axial force on the three equivalent sup-
port center points is the same.

The wedge-type electromechanical leveling assembly
uses the transmission structure of gear pair, worm gear pair,
screw pair and wedge plane pair to convert the rotational
motion of the drive motor into a small amount of movement
in the vertical direction of the wedge. The tilt sensor is used
to transmit the attitude information of the vertical axis tilt of
the theodolite to the leveling control module real-time. The
feedback signal from the tilt sensor drives the wedge-type
electromechanical leveling assembly to achieve the second-
stage precision leveling of the theodolite.

Figure 7 shows the layout of the second-stage auto-
matic leveling mechanism, points A, B, and C represent the
equivalent support center points for three sets of wedge-type
electromechanical leveling assembly respectively. Assum-
ing that the angular resolution of the drive motor is θq2, the
gear ratio of the reducer composed of gear pair and worm
gear pair is iq2, the pitch of screw pair composed of the screw
and the slip wedge is Pq2, and the tilt angle of tilting surface
for slip wedge and lifting wedge is θxk, the leveling angu-
lar resolution of the second-stage automatic leveling mech-
anism along the AD direction in Fig. 7 can be obtained

∆θqx = arctan
(
θq2 · Pq2 · tan θxk

540 · iq2 · Rxk

)
(20)

The leveling angular resolution of the second-stage auto-

Fig. 6 Physical model of the second-stage automatic leveling mecha-
nism. (a) Installation layout of the wedge-type electromechanical leveling
assembly, (b) wedge-type electromechanical leveling assembly.

Fig. 7 Layout of the second-stage leveling mechanism.

matic leveling mechanism along the BC direction in Fig. 7
can be obtained

∆θqy = arctan

 θq2 · Pq2 · tan θxk

360
√

3 · iq2 · Rxk

 (21)

To ensure that the wedge plane subsiding locking, and the
second-stage automatic leveling mechanism has a large lev-
eling range, the tilt angle of the tilting surface [14] satisfies

θxk = 4◦ (22)

It can be seen from Eqs. (20), (21) and (22) that the second-
stage automatic leveling mechanism has extremely high
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Fig. 8 Geometric model of the second-stage automatic leveling mecha-
nism.

leveling resolution, which ensures the realizability of the
second-stage precision automatic leveling for theodolites.

4.2 Serial Leveling Control Method

As shown in Fig. 8, the second-stage automatic leveling
mechanism is simplified to a three-point ball hinge support
geometry model. When component II or III is moving, the
vertical axis has tilts θx and θy around the X-axis and Y-axis
respectively. At this time, there is motion coupling in the
leveling of the second-stage automatic leveling mechanism.
When component I is moving, the vertical axis only has the
tilt amount θx around the X-axis, but no tilt amount around
the Y-axis. In this case, there is no motion coupling in the
leveling of the second-stage automatic leveling mechanism.
When components II and III are in the same direction of
synchronous motion, the second leveling mechanism in the
leveling also has no motion coupling. However, due to the
errors in parts processing and assembly, the three sets of
wedge-type electromechanical leveling assembly have dif-
ferent gear ratios from the theoretical gear ratio. Therefore,
under the two working conditions of component I motion
or component II and III synchronous motion, there will be
weak coupling of structural motion in two directions in the
leveling for the second-stage automatic leveling mechanism.

Based on the above analysis, for the designed second-
stage automatic leveling mechanism, the highest point chas-
ing type angular error leveling control principle is also used
for serial cyclic leveling control. First, adjust the tilt amount
θy, and then adjust the tilt amount θx. The required leveling
accuracy of the theodolite is achieved after several cycles.
The control flow chart of the second-stage automatic level-
ing mechanism is shown in Fig. 9.

5. “False Leg” Detection

5.1 Leg Static Analysis

After each leg touches the ground, the automatic leveling
mechanism not only needs to ensure that there is no “false
leg” during the leveling process but also needs to ensure that
the supporting force of each leg is close to or even the same
after the leveling is completed. It can ensure that the theodo-
lite has good support stability during the non-landing mea-

Fig. 9 Control flow chart of the second-stage automatic leveling mecha-
nism.

Fig. 10 Simplified mechanical model of the legs in leveling condition.

surement of the theodolite.
The simplified model of mechanics in leveling state is

shown in Fig. 10, the support forces of the legs are FS1, FS2,
FS3 and FS4, and the total load of the legs is GZ. The center
of gravity of the total load is (XG,YG) in the XOY plane.
The support force of the leg is positive along the Z-axis, and
the moment generated by the support force of the touchdown
leg on the support platform satisfies Ampere’s rule.

The leg is in a state of balance, so there is a static equa-
tion as shown in Eq. (23).
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FS1 + FS2 + FS3 + FS4 −GZ = 0
(FS3 + FS4 − FS1 − FS2) · L2 = GZL2 − 2GZYG

(FS1 + FS4 − FS2 − FS3) · L1 = 2GZXG −GZL1

(23)

Then,
FS2 = GZYG/L2 − FS1

FS3 = GZ −GZXG/L1 −GZYG/L2 + FS1

FS4 = GZXG/L1 − FS1

(24)

Considering the symmetrical design of the automatic level-
ing mechanism structure, the center of gravity of the total
load can be approximated considered to be on the central
axis of the leveling platform. Thus, there is XG ≈

L1
2 and

YG ≈
L2
2 , and Eq. (24) can be simplified as
FS2 = GZ/2 − FS1

FS3 = FS1

FS4 = GZ/2 − FS1

(25)

When FS1 = GZ/4, FS1 = FS2 = FS3 = FS4 = GZ/4 can be
obtained from the Eq. (25).

Since the leg support is not rigid body support, the leg
has elastic deformation in the balance state. Thus, when the
automatic leveling mechanism is leveled to within the er-
ror range, a single leg micro-movement will occur when the
leveling angle is still within the error range, but the support
force of each leg changes.

Suppose the support platform is in the horizontal state
with θx = 0 and θy = 0, the support force of the legs satisfies
the Eq. (25). When the leg 1 has theoretical micro-elastic
elongation σZ1, each leg will have micro-elastic deforma-
tion due to the change of the support force, which are εZ1,
εZ2, εZ3 and εZ4 respectively. Compared with the legs, the
support platform can be considered as a rigid model in the
process of mechanical state change. After the micro-elastic
deformation of each leg, the corresponding connection cen-
ter points are still in the same plane, so that there is

σZ1 − εZ1 − εZ3 = εZ2 + εZ4 (26)

Assuming that the axial stiffness of leg support is KZ1, KZ2,
KZ3 and KZ4 respectively, the total equivalent length of legs
after extension, touching the ground, synchronous lifting
and leveling is much larger than the difference of leg elon-
gation caused by the initial value θx0 and θy0. Therefore, it
can be approximated as [33], [34]

KZ ≈ KZ1 ≈ KZ2 ≈ KZ3 ≈ KZ4 (27)

The change in the support force of each leg can be obtained
∆FS1 = KZ · εZ1

∆FS2 = KZ · εZ2

∆FS3 = KZ · εZ3

∆FS4 = KZ · εZ4

(28)

The leg support force is
F′S1 = FS1 + ∆FS1

F′S2 = FS2 − ∆FS2

F′S3 = FS3 + ∆FS3

F′S4 = FS4 − ∆FS4

(29)

At the same time, the support force of each leg still satisfies
F′S1 + F′S2 + F′S3 + F′S4 −GZ = 0
F′S2 = GZ/2 − F′S1

F′S3 = F′S1

F′S4 = GZ/2 − F′S1

(30)

thus

εZ1 = εZ2 = εZ3 = εZ4 = σZ1/4 (31)

Assume that the angular resolution of drive motor is θq1, the
reduction ratio of worm gear is iq1, and the pitch of drive
screw-nut pair is Pq1. The leveling line resolution of legs
can be obtained

∆Lq1 =
θq1 · Pq1

360 · iq1
(32)

When σZ1 = ∆Lq1, there is

F′S1 = FS1 +
KZ · ∆Lq1

4
F′S2 = GZ/2 − FS1 −

KZ · ∆Lq1

4
F′S3 = FS1 +

KZ · ∆Lq1

4
F′S4 = GZ/2 − FS1 −

KZ · ∆Lq1

4

(33)

When ∆Lq1 =
2GZ − 4FS1

KZ
, there is

F′S1 = F′S3 = GZ/2
F′S2 = F′S4 = 0

(34)

From the Eq. (34), it can be seen that leg 2 and leg 4 be-
come “false legs” with no support force while the mecha-
nism is still in equilibrium. From the Eqs. (25) and (33), it
can also be seen that the support force of the legs in the lev-
eling state must be detected to ensure that the theodolite has
good support stability during the non-landing measurement
of theodolites.

5.2 “False Leg” Detection Method

As the automatic leveling mechanism itself has good rigid-
ity, four points of support must have one more point of re-
dundant support. In the process of leveling, the leg is under
stress or not under stress, thus becoming a “false leg”.

Commonly used “false leg” detection methods include
drive motor torque detection and support force detection



LI et al.: MODELING AND ANALYSIS OF ELECTROMECHANICAL AUTOMATIC LEVELING MECHANISM FOR HIGH-MOBILITY VEHICLE-MOUNTED THEODOLITES
1035

[9], [29]. When the drive motor torque detection method
is used, the force on the leg touching the ground causes the
drive motor torque to change. The drive motor torque in-
creases with the increase of support force. The controller
sets a certain threshold value of drive motor torque and de-
tects the actual output torque of drive motor to determine
the real and false legs. In line with the drive motor torque
detection principle, the support force detection method uses
force sensors to collect the support force of legs when the
leg touches the ground. The controller sets the force thresh-
old, and when the support force of legs is greater than the
set force threshold, it is considered that the leg has touched
the ground.

As shown in Fig. 11, the leg is modeled mechanically.
Assuming that the output torque of drive motor is Tq1 and
the friction torque of worm support shaft is MG1, the rotating
torque of worm output is

TG1 = Tq1 − MG1 (35)

there is a rotating torque relationship between the worm
wheel and the worm

TL1 = iq1 · ηG1 · TG1 (36)

where ηG1 is the transmission efficiency of worm gear.
Assuming that the frictional torque of worm wheel sup-

port shaft is ML1 and the frictional torque of the screw sup-
port shaft is MS1, then the output torque of screw is

TS1 = TL1 − ML1 − MS1 (37)

For the Force Spiral Model, the relationship between the
support force FS1 of the leg and the output torque TS1 of
the screw is

TS1 = FS1 ·
DS1

2
· tan (ψS1 + γS1) (38)

where DS1 is the middle diameter of the screw (unit: mm);
ψS1 is the lead angle of the screw (unit: ◦); γS1 is the induced

Fig. 11 Mechanical transfer model of the leg.

friction angle (unit: ◦).
From Eqs. (35), (36), (37) and (38), the relationship be-

tween the support force FS1 and the output torque Tq1 can
be expressed as

Tq1 =

FS1 ·
DS1

2
· tan (ψS1 + γS1) + ML1 + MS1

iq1 · ηG1
+ MG1

(39)

Neglecting the friction torque of structural support shafts,
Eq. (44) can be simplified as

Tq1 =
DS1 · tan (ψS1 + γS1)

2 · iq1 · ηG1
FS1 = κ1 · FS1 (40)

where κ1 is the conversion factor between the support force
FS1 and the output torque Tq1, the value range is 10−3 ∼

10−4.
Therefore, “false leg” detection using the support force

detection method is more sensitive compared with the
method based on drive motor torque.

6. Performance Test of the Automatic Leveling Mecha-
nism

As shown in Fig. 12, the automatic leveling mechanism was
tested for unfolding and withdrawing. The initial accuracy
calibration of tilt sensor was carried out with an electronic
level, and the tilt angle sensor was used to collect data on
the tilt angle θx and θy of the support platform. BWS2800-I
dual-axis tilt sensor made by BWSENSING was selected

Fig. 12 Automatic leveling mechanism performance test. (a) External
layout of the experimental platform, (b) internal layout of the experimental
platform.
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Table 1 BWS2800-I dual-axis tilt sensor parameters.

Table 2 CAZF-LY88 spoke tension/pressure sensor parameters.

as the tilt sensor, and its parameters were shown in Ta-
ble 1. Meanwhile, the support force detection method and
the drive motor torque detection method were used to con-
trol the support force in the leveling process respectively.
Besides, the force sensor was used to collect data on the sup-
port force of the leg. CAZF-LY88 spoke tension/pressure
sensor made by CAZSENSOR was selected as the force sen-
sor, and the parameters were shown in Table 2.

According to the tilt angle test data in Fig. 13(a), the
eight stages of the unfolding and withdrawal process can
be identified for the first-stage automatic leveling mecha-
nism. At the same time, the support platform can be accu-
rately retracted to the initial position in the five rounds of
tests, which proved that the leveling control method based
on repeated positioning can accurately control the space
movement path of support platform and ensured the rapid
withdrawal performance for high-mobility vehicle-mounted
theodolites.

Figure 13(b) showed the tilt angle test data during the
leg leveling stage. By leveling with the first-stage auto-
matic leveling mechanism, the tilt angle θx was reduced
from −507.84′′ to −29.03′′, and the tilt angle θy was reduced
from −116.04′′ to 24.25′′. Further, the tilt angle θx was re-
duced to 1.99′′, and the tilt angle θy was reduced to 2.76′′ by
leveling with the second-stage leveling mechanism. Since
the accuracy of dual-axis tilt sensor used was 3.6′′, the ver-
tical axis tilt angle can be adjusted to no more than 3.6′′

by using the two-stage electromechanical automatic level-
ing mechanism. The total leveling time taken to complete
from the leg extension stage to the leg leveling stage was
87 s since the data sampling frequency was 100 Hz during
the test. It was worth noting that the total leveling time was
not only related to the control strategy, but also to the ini-
tial tilt angles θx0 and θy0 of the support platform, as well as
the speed of drive motor, the reduction ratio of transmission
mechanism, and other factors.

It can be seen in Fig. 13(c), θx changed significantly
when the tilt angle θy was adjusted. When the tilt angle θx
was adjusted, θy exceeded the preset value due to the weak
coupling effect of structure motion. Therefore, a second lev-
eling cycle was required and the tilt angles θx and θy were

Fig. 13 Tilt data of θx and θy. (a) Tilt data curve of unfolding and with-
drawal process, (b) tilt data curve of the leg leveling stage, (c) tilt data curve
of the second-stage automatic leveling.

finally adjusted to the current value range.
Figure 14 showed the support forces of the legs cor-

responding to eight stages during the unfolding and with-
drawal of the theodolite. Between the leg leveling stage
and the leveling maintenance stage, the leg micro-elongation
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Table 3 Support forces under support force detection method (N).

Table 4 Support forces under drive motor torque detection method (N).

Fig. 14 Support forces of the legs. (a) Support force data curve of sup-
port force detection method, (b) support force data curve of drive motor
torque detection method.

caused a significant change in the support force, which
proved the correctness of the mechanical characteristic anal-
ysis in Sect. 4.1.

The automatic leveling mechanism under the support
force detection method and the drive motor torque detection
method were leveled five times, and the support forces cor-

Fig. 15 Deviation of support force under two detection methods.

responding to the leveling maintenance stage were obtained.
The results were shown in Table 3 and Table 4. It can be seen
that, based on the support force detection method, the sup-
port force of each leg in the leveling maintenance stage was
guaranteed to be relatively average since the support force
threshold was set in the leveling stage. The maximum sup-
port force error was 14.12%, and the average support force
error was 8.64%. Besides, it had the characteristic that the
support forces of diagonally opposite legs were close, which
was consistent with the analysis of mechanical properties in
Sect. 4.1.

However, based on the drive motor torque detection
method, there was a large error in the support force of each
leg in the leveling maintenance stage. The maximum sup-
port force error was 80.12%, and the leg support force was
random. It was thus proved that the leveling mechanical
properties based on support force detection method were
significantly better than the drive motor torque detection
method.

The mechanism used in the experiment was weighted,
and the theoretical total load of the legs was GZ =

28973.6N. Comparing the support force deviation under the
two detection methods, the results were shown in Fig. 15.
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Here, the maximum deviation of the leg pressure-based ap-
proach was only 8.36% (i.e., below 10%), which implies
that the automatic leveling mechanism was mechanically
stable with this method and that the force sensor was suf-
ficiently sensitive for this application.

7. Conclusion

This paper studied the electromechanical automatic leveling
mechanism for high-mobility vehicle-mounted theodolites.
The innovation points of this paper are summarized as fol-
lows.
(1) A hierarchical automatic leveling strategy was proposed.
The modeling and leveling control strategy of the first-stage
automatic leveling mechanism and the second-stage auto-
matic leveling mechanism were designed to realize the high-
precision automatic leveling during the non-landing mea-
surement of theodolites. Moreover, its leveling accuracy did
not exceed 3.6′′ and the leveling time did not exceed 2 mins.
It was worth noting that the leveling accuracy is limited by
the accuracy of dual-axis tilt sensor, and the total leveling
time is also the result of a specific condition.
(2) For the first-stage automatic leveling mechanism, a lev-
eling control method based on repeated positioning was pro-
posed to constrain the spatial movement path of each con-
tact center point during the leveling process. Meanwhile,
the eight motion stages of vehicle-mounted theodolites were
accurately predicted to ensure the coincidence of spatial
movement paths when the structural parts were unfolded
and withdrawn. This provided important support to real-
ize the rapid withdrawal for high-mobility vehicle-mounted
theodolites. However, when the initial tilt angles of the sup-
port platform make the center point G of gravity of the total
load beyond the legs, the leveling control method based on
repeated positioning will not work. Therefore, the initial tilt
angles of the support platform have a threshold range.
(3) The leg static balance equation and the mathematical
model of “false leg” detection were established under the
leveling state. The analysis results showed that the “false
leg” detection using support force detection method was
more sensitive compared with the method based on drive
motor torque. Besides, experimental results verified that the
maximum support force error based on the support force de-
tection method was less than 15%, and the average error was
less than 10%. In contrast, the maximum support force error
based on the drive motor torque detection method reached
80.12%. Due to the structural complexity of the perfor-
mance test, the center point G of gravity of the total load
cannot be made consistent with the theoretical model, so the
results of the support force have errors exist.

The hierarchical automatic leveling strategy and the
two-stage electromechanical automatic leveling mechanism
proposed in this paper can better meet the needs of vehicle-
mounted theodolites for high-precision and fast leveling.
They can also be used for vehicle-mounted radar, vehicle-
mounted laser measurement devices, vehicle-mounted ar-
tillery launchers and other types of vehicle-mounted equip-

ment with high-precision and high-mobility working re-
quirements. However, the issues of leveling accuracy and
leveling efficiency based on this model still need to be fur-
ther investigated.
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