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Motion Analysis of Tractor Robot Driver爷s Gear
Shift Mechanical Arm
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Abstract: Respect to the character that the gearbox shifting resistance in the four鄄wheel minitype agricultural tractor is
time鄄varying and nonlinear and the special requirement that the gear shift lever has to be released after shifting, this paper
designed a novel gear shift mechanical arm for tractor robot driver. This manipulator is joint type. According to the
manipulator爷s operating characteristic, this paper applied D - H method to establish the coordinate transformation matrix.
Based on the kinematics analysis on the manipulator, Lagrange equation was used to simplify kinetic model of the
manipulator. SolidWorks and ADAMS were applied to establish the virtual prototype model of the manipulator and to do
kinematic and dynamic simulation respectively. In order to guarantee the smoothness of shift, the distance between the
terminal of the manipulator爷s actuator and the gear shift lever of the tractor was set to less than 50 mm. The absolute value
of terminal actuator爷 s minimum jitter speed during shift was optimized as the objective function. The target function is
optimal when the length of shift manipulator is 220郾 0 mm and the height of the terminal is 393郾 25 mm. After optimization,
the jitter speed fluctuation is 28郾 18% less than before. The rate of change of average displacement and average acceleration
are 49郾 55% and 52郾 05% . At the same time, the peak value of the displacement, velocity and acceleration are 60郾 22% ,
66郾 24% and 81郾 66% respectively. Through the simulation, the optimization of the parameters of the manipulator, the
rationality and the scientificity of the model are verified. Finally, through the experiment on gear shift mechanical arm on
JINMA 300E tractor, the result shows that the gear mechanical arm can realize the goal to shift different gears smoothly. In
addition, the design of the gear mechanical arm can complete some complicated actions of tractor爷s driver. Thus, the gear
shift mechanical arm has excellent engineering and application value.
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0摇 Introduction

摇 In China, the development of automation and
intelligence of tractor still lags behind relatively. Till
now, a lot of valuable studies have been done by
researchers on how to introduce intelligent control
based on multiple sensors to the traditional driving of
tractor. For example, some researchers from Hokkaido
University, University of Illinois, Ehime University,
South China Agricultural University, China
Agricultural University, Nanjing Agricultural University
and other universities have researched on the
unmanned agricultural tractor[1 - 3], related to the

reformation of the implementation of the tractor and
driving control. In addition, certain partial products in
Deere, CNH, AGCO, Kubota and FENTE also have
unmanned function[4 - 5] . But the tractor needs to be
done the second transformation to become intelligent
tractor, whose cost is high. At the same time, once the
tractor is damaged, the smart devices installed on it are
difficult to transplant to other tractors. Comparatively
speaking, the development of robot driver technology
provides an opportunity to solve the problem of
agricultural intelligence. At present, using robot driver
to replace human driver to complete the car driving
operation has become a development tendency in



vehicle testing industry. Robot driver which composed
of gear shift mechanical arm, clutch mechanical leg,
brake mechanical leg and accelerator mechanical leg
has developed into an integrated system. Each actuator
can be installed individually and completed the
corresponding test experiments. Apparently, robot
driver has become an essential intelligent device in
modern automobile experiments[6] . Nowadays, pure
electric robot driver of some companies such as
HORIBO, Nissan Motor, AUTOMAX, SCHENCK,
MIRA have been developed which can substitute for
the human driver in road test. Domestic and
international robot driver is basically occupied by
foreign companies爷 products while such research is still
relatively little in China[7 - 10] .
摇 Due to the special mechanical structure of the
tractor, there are few reports about applying robot
technology to the four鄄wheel tractor. It has important
practical significance and scientific value to do non鄄
destructive and intelligent upgrade to the traditional
agricultural tractor by researching the wide universality
and high鄄performance tractor robot driver. Tractor
structure and vehicle are significantly different because
of its low price and great pulling force. One of the
technical difficulties to realize automatic shifting is that
it is hard to control the manual gearbox of the tractor
robot driver. At the same time, the joystick must be
released after shifting. This paper focuses on the
technical difficulties of the automatic shifting of the
gearbox in the four鄄wheel agricultural tractor蒺s
intelligent upgrading. Based on that, gear shift
mechanical arm are designed and theoretical and
experimental studies are carried on.

1 摇 Design of tractor driver robot爷 s gear
shift mechanical arm

1郾 1摇 Demand parameter analysis
摇 At present, most medium and large tractors widely
adopt synchronizer to shift while most small tractors
apply mechanical manual gearbox to shift[11 - 12] . The
shifting process is that shifting fork toggles the sliding
gear to make the gear mesh or separate with relative
gear. The ball head supports the joystick to make sure
that the lower end of the transmission can complete
front鄄to鄄back motion and side鄄to鄄side motion. When
the joystick is doing front鄄to鄄back motion, the shifting

fork will be driven to move the sliding gear. Until the
sliding gear is in place, it should be locked. When the
joystick is doing side鄄to鄄side motion, the lower end of
that will be moved in the slot, the resistance of
selection is small and smooth.
摇 Compared with the automobile gearbox, the shifting
resistance of tractor爷s gearbox is larger because of the
larger sliding gear in the small tractor gearbox, the
meshing force and non鄄simultaneous impact. When
shifting, shifting fork toggles sliding gear to make tooth
of face mesh with tooth of shaft. Then active force of
engine will be transferred to the corresponding shaft.
After the sliding gear engages with the shaft gear, the
joystick has to be released to ensure the stability of
shifting and to prolong the operating life. The
mechanism of shifting is shown in Fig. 1.

Fig. 1摇 Shifting mechanism
1. Shaft摇 2. Fork鄄level摇 3. Joystick摇 4. Ball support

摇
摇 The XY electric linear sliding table driven by step
motor was fixed on the top of the working space of the
joystick. The working plane of sliding table linked with
joystick of tractor through force sensor. Based on such
structure, the actual shifting distance and shifting
resistance can be measured. Through the
measurement, the range of the joystick爷 s end is about
200 mm in the direction of X and 85 mm in the Y
direction respectively. The tractor爷s main wheel would
be launched and suspended in midair. The shifting
resistance of shifting from neutral gear to other gears
was shown in Fig. 2.

Fig. 2摇 Curves of shifting resistance

摇 At the moment of the change of the gear shifting, the
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shifting resistance reached a peak value of about 80 N.
That shifting resistance had time varying, nonlinear
and other significant characteristics.
1郾 2摇 Structure design
摇 According to the above鄄mentioned analysis and the
requirements of shifting parameters of gear shift
mechanical arm, the mechanical structure of the tractor
driver robot爷 s gear shift mechanical arm is illustrated
in Fig. 3. The gear shift mechanical arm is composed
of X direction actuator and Y direction actuator. The X
direction actuator chose CY - 42YT200 type linear
light rod guide slide table and 42H4812 two鄄phase
hybrid stepping motor whose torque was 0郾 5 N·m and
accuracy was 0郾 1 mm. Y direction actuator applied
electric putter with gain encoder whose stroke was
300 mm and thrust was 250 N. X direction actuator and
the Y direction actuator were connected through the
connecting piece. X direction slide table can drive Y
directions actuator to reach any selecting gear position
of joystick and fix with it precisely. The electric putter
of Y direction can control shift lever to reach any
shifting position, thus realizing the motion decoupling
of the two directions of the mechanical arm. Force
sensor which was installed in front of the terminal of
the mechanical arm can measure the push鄄pull effort
during shifting process. Clamping device was sleeve
which was made of plastic material. The sleeve whose
diameter is slightly larger than shift lever爷 s held the
terminal of the shift lever. So shift lever can do mini
free movement after it went into place to simulate the
release action approximately after completing shifting.
In such as, there was no friction in tractor爷s shifter.

Fig. 3摇 Three鄄dimensional model of tractor driver
robot爷s gear shift mechanical arm

1. Step motor摇 2. Lead screw摇 3. Slider摇 4. Hinge摇

5. Electric pusher摇 6. Force sensor摇 7. Cylinder(Joystick holder)
摇

2摇 Kinematics and dynamics analysis of
mechanical arm

2郾 1摇 Positive solution of mechanical arm kinematics
摇 In this paper, the mechanical arm is equivalent to a
joint type manipulator and a coordinate system is fixed
at the joint. The relative position and attitude of the
coordinate system are described by D - H method[13] .
In order to reduce the amount of computation, we did
an equivalent treatment and gave four coordinate
systems. The coordinate system of mechanical arms is
shown as Fig. 4 below. Among them, O0X0Y0Z0 is a
base coordinate—a coordiante that is the shifting
position in linear guide rail of slide table. l2 is the
distance in Y direction of slide table. O2X2Y2Z2 is the
coordinate system when O1X1Y1Z1 rotating 兹2 angle. d3

is the moving distance of the manipulator in X
direction. O3X3Y3Z3 is a coordinate system which is
used for describing the position of manipulator in the
end actuator of the mechanical arm.

Fig. 4摇 Coordinate system of mechanical arm
摇

摇 According to the D - H method, for the extreme rod
of kinematic chain, the parameters are set to 0.
According to Fig. 4, the parameters of connecting rod
of the mechanical arm are shown in Tab. 1.

Tab. 1摇 Link parameters of mechanical arm

i 琢i - 1 ai - 1 di 兹i
1 0 0 0 0
2 0 0 l2 兹2
3 0 d3 0 0

摇 Put the general expressions of the parameters into the
transformation matrix i - 1

i T.

i - 1
iT =

c兹i - s兹i 0 ai - 1

s兹ic琢i - 1 c兹ic琢i - 1 - s琢i - 1 - s琢i - 1di

s兹is琢i - 1 c兹is琢i - 1 c琢i - 1 c琢i - 1di
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and

0
1T =

1 0 0 0
0 1 0 0
0 0 1 0

æ

è

ç
ç
ç
ç

ö

ø

÷
÷
÷
÷

0 0 0 1

1
2T =

c兹2 - s兹2 0 0
s兹2 c兹2 0 0
0 0 1 l2

æ

è

ç
ç
ç
çç

ö

ø

÷
÷
÷
÷÷

0 0 0 1

2
3T =

1 0 0 d3

0 1 0 0
0 0 1 0

æ

è

ç
ç
ç
ç

ö

ø

÷
÷
÷
÷

ì

î

í

ï
ï
ï
ï
ï
ï
ï
ïï

ï
ï
ï
ï
ï
ï
ï
ïï 0 0 0 1

(2)

0
3T = 0

1T1
2T2

3T =

c兹2 - s兹2 0 d3c兹2

s兹2 c兹2 0 d3s兹2

0 0 1 l2

æ

è

ç
ç
ç
çç

ö

ø

÷
÷
÷
÷÷

0 0 0 1

(3)

In such expressions, s兹2 means sin兹2 and c兹2 means
cos兹2 .
摇 The kinematic equation represents the space position
and direction vector of the terminal actuator of the
mechanical arm and the transformation relationship
between the pose and the parameters of those various
components.
2郾 2摇 Inverse kinematics of mechanical arm
摇 The inverse kinematics of the motion required the
relative transformation between the Cartesian space and
the base coordinate system of the terminal actuator.
Through using established amount, the joint angle 兹2

can be determined. The transformation matrix 0
3T,

which was used to determine the target point, was
described as

0
3T =

c兹2 - s兹2 0 x
s兹2 c兹2 0 y
0 0 1 l2
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(4)

摇 Such formulas can be detrivated

tan兹2 = y
x (5)

兹2 = arctan y
x (6)

摇 By analyzing the kinematics of the mechanical arm,
the projection of work space of shifting lever and
mechanical arm can be attained as Fig. 5. The shift
lever爷s motion projection of the selecting direction and

the shifting direction are - 100 ~ 100 mm and 0 ~
85 mm respectively. Apparently, the projected area is
17 000 mm2 . The mechanical arm蒺s horizontal
projection of X direction and Y direction are - 120 ~
120 mm and 0 ~ 100 mm respectively. The projected
area is 24 000 mm2 . From Fig. 5, it can be known that
the working space of the mechanical arm covered the
working space of the joystick completely. It can meet
the requirements of shifting. The simulation verified
the scientificity and rationality of the structural design
and kinematics of the mechanical arm.

Fig. 5摇 Working space of gear shift mechanical arm
摇

2郾 3摇 Mechanical analysis of mechanical arm
摇 Lagrange dynamic formula gives a method to derive
dynamic equation from scalar function[14] . This scalar
function is the Lagrange function. In this paper, the
Lagrange function of the mechanical arm is expressed as

L(专,专
·
) = k(专,专

·
) - u(专) (7)

摇 Then, the motion equation of the mechanical arm is
expressed as[15]

d
dt

鄣L
鄣专

· - 鄣L
鄣专 = 子 (8)

摇 From Eqs. (7) and (8), Eq. (9) can be attained as
d
dt

鄣k
鄣专

· - 鄣k
鄣专 + 鄣u

鄣专 = 子 (9)

Where k (专,专
·
) is the kinect energy of mechanical

arm; u (专) is the potential energy; 子 is a n 伊 1
dimensional driving force vector ; 专 is the joint
position.
摇 By applying the method of lumped mass, the
actuator in Y direction of the mechanical arm was
simplified as Fig. 6. The dynamics degrees of freedom
of mechanical arm is 2, whose quality of back end is
m1 . The quality of extending end, force sensor and
clamping device is m2 . The distance between
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barycenter and the axis of the joint is l1 . The distance
between barycenter of the extending end, force sensor
and clamping device and the axis of the joint is
variable d2 .

Fig. 6摇 Motion diagram of mechanical arm in Y direction
摇

摇 The inertia tensor of the back end and the extended
end of the mechanical arm can be expressed as

C1 I1 =

Ixx1 0 0
0 Iyy1 0
0 0 Izz
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(10)

摇 In order to simplify the calculation, the mechanical
arm was equivalent to the mass of a homogeneous entity
approximately. The elements of the Eq. (10) matrix
can be expressed as

Ixx = 蓓
V
(y2 + z2)籽dv

Iyy = 蓓
V
(x2 + z2)籽dv

Izz = 蓓
V
(x2 + y2)籽d

ì
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(11)

摇 The kinetic energy at the back end of the mechanical
arm is shown as

k1 = 1
2 m1 l21 兹

·2
1 + 1

2 Izz1 兹
·2

1 (12)

摇 The kinetic energy of the extending end, force
sensor and clamping device is shown as

k2 = 1
2 m2(d2

2 兹
·2

1 + d
·2

2) + 1
2 Izz2 兹

·2
1 (13)

摇 The total kinetic energy can be attained from Eqs.
(12) and (13)

k(专,专
·
) = 1

2 (m1 l21 + Izz1 + Izz2 +m2d2
2) 兹

·2
1 + 1

2 m2d
·2

2

(14)
摇 The potential energy of the mechanical arm is shown as

u1 =m1 l1gsin 兹1 +m1 l1g (15)
摇 The potential energy of the extending end, force
sensor and clamping device is shown as

u2 =m2d2gsin兹1 +m2gd2max (16)
摇 In Eq. (16), d2max is the maximum range of motion
of the end actuator. The total potential energy can be
attained from Eqs. (15) and (16)

u(专) = (m1 l1 +m2d2)gsin兹1 +m1 l1g +m2gd2max

(17)
摇 By putting partial derivatives into the Eq. (9), the
final dynamic equations of the mechanical arm can be
expressed as

子1 = (m1 l21 + Izz1 + Izz2 +m2d2
2) 兹

··
1 + 2m2d2 兹

·
1d
·

2 +
(m1 l1 +m2d2)gcos兹1 (18)

子2 =m2d
··

2 -m2d2 兹
·2

1 +m2gsin兹1 (19)

摇 A virtual prototype model of the gear shift
mechanical arm was built by SolidWorks. This was
imported into ADAMS as Fig. 7. Characteristics
parameters of different parts in the mechanical arm
model were set according to the physical prototype
material. Based upon the joint movement, the relative
constraint of motion was applied. In order to validate
the correctness of the dynamics model, the simulation
process should consider not only the meshing force of
gearbox and resistance of the self鄄locking device.
According to the experiments of ractor shifting, the
shifting of the manual transmission gear can be
completed only when it was equipped with operation of
clutch. Especially when shifting from higher gear to
lower gear, in order to avoid the damage of the gear
collision, the clutch must be separated twice. At the
same time, the resistance at the moment of entry would
be decreased obviously[16] . During the process of
simulation in ADAMS, the sensor was created. The
mechanical arm was controlled to stop when the sliding
gear of gearbox enter in right place.

Fig. 7摇 Virtual proto type of tractor driver robot爷s
gear shift mechanical arm

摇
摇 Assuming that the input and output shaft of the
clutch is a rigid body, the dynamic model of the clutch
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engagement process could be established[17] .
摇 Before the synchronization, the clutch was in the
stage of sliding friction. The dynamic model can be
expressed as

Jen
·

e = Te - Tc

Jcn
·

c = Tc - T{
r

(20)

摇 In such equation set, Je is active shaft inertia of
clutch, Jc is driven shaft inertia of clutch which
includes the equivalent rotational inertia of the
transmission, tire and vehicle, ne is not only the active
shaft rotate speed of clutch but also the engine speed,
nc is driven shaft rotate speed of clutch, Te is not only
the active shaft torque of clutch but also the torque of
engine output, Tc is sliding force torque of clutch, Tr is
driven shaft resistance torque of clutch.
摇 Te is a nonlinear function of the throttle opening 琢
and the engine speed ne .

Te = Te(琢,ne) (21)
摇 Tr is a function of the overall mass of tractor M,
road爷s rolling resistance coefficient f, first gear speed
ratio i1, main reducer speed ratio i0, tire爷s radius R.

Tr = Tr(M,f,i0,i1,R) (22)
摇 After synchronization, ne = nc . The dynamic
equation can be interpreted as

(Je + Jc)n
·

c = Te - Tr (23)

Fig. 8摇 Dynamics simulation curves of manipulator

摇 The movement of the manipulator is simulated in two
kinds of states鄄with clutch operation or without clutch
operation. The curves of the velocity and acceleration
of the mechanical arm are shown in Fig. 8. From the
emulational curves and kinetic curves, some rules can
be attained: the action of clutch could affect the

magnitude and synchronization time of gear meshing
force; compared some parameters without clutch
operation, the jitter of the movement speed and the
acceleration of the actuator are smaller and the
smoothness of the curve is better with clutch operation.
Owing to the movement of joystick in sleeve is
nonlinear and the simplification of physical quantities
when the dynamic model was established, there was a
certain error between the the curve of calculation and
simulation at the momoent of initial shifting and
entering into position. The simulation results verified
the correctness of the dynamic formula which provided
evidence for the optimal design of the robot.

3摇 Optimization design and motion
simulation analysis of gear shift
mechanical arm

摇 In order to improve the smoothness of shifting, the
optimization design of the mechanical arm was carried
out. By considering the optimization design variates,
constraint conditions and objective functions in this
paper, ADAMS was used to set model of mechanical
arm. X, Y coordinates of the two ends of the
manipulator were set as design variates and then
optimizing the design variates[18] . Since the design
variates of this paper were less, all the design variates
can be considered at the same time. By simulating and
analyzing, the optimal results can be obtained.
ADAMS was used to establish a measure to measure the
relative movement speed of the end of the joystick and
the sleeve. In order to ensure the best performance of
the mechanical arm, the absolute value of terminal
actuator爷s minimum jitter speed was set as the optimal
object[19] .
摇 The function of optimal object can be expressed as

f(X) = min { | v | } (24)
摇 The length of the terminal actuator 爷 s sleeve is
80 mm. In order to prevent the shifting lever seperate
from sleeve, the displacement between the joystick and
the sleeve was set to less than 50 mm. Writing
performance function and selecting following variates:
D1, the X coordinates of the front end of the
mechanical arm; D2, the Y coordinates of the front end
of the mechanical arm; D3, the X coordinates of the
end of the mechanical arm; D4, the Y coordinates of
the end of the mechanical arm. The optimization

6 TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY摇 摇 摇 摇 摇 摇 摇 摇 2016



calculation was carried out by applying sequential
quadratic programming method ( forward
difference ) [20] . Parameters before and after
optimization were shown in Tab. 2.

Tab. 2摇 Parameter values before and after optimization

Parameters D1 D2 D3 D4

Initial value / mm 218郾 93 390郾 01 0郾 09 389郾 74
Optimized value / mm 220郾 15 392郾 80 0郾 16 393郾 25
Rate / % 0郾 58 0郾 72 77郾 78 0郾 90

摇 According to Tab. 2 and the distance formula
between two points, we can attain

S = (D1 - D3) 2 + (D2 - D4) 2 (25)
摇 From the formula, researchers can get that the
length of the mechanical arm S is about 220郾 0 mm and
the height of mechanical arm 爷 s end is about
393郾 25 mm.
摇 The target function curve before and after
optimization are shown as Fig. 9a. The displacement
and acceleration curves are shown as Figs. 9b, 9c

respectively. The minium speed is shown as Fig. 10.
From the results of the simulation analysis, the design
variates have a great influence on the objective
function. Before optimizating, the jitter was larger
when sleeve moved on shifting lever. The displacement
changes were also larger which can reach 40郾 2 mm郾
Acceleration can reach 270郾 01 mm / s2 at 2郾 3 s. From
above analysis, the stability of shifting was poor. After
optimization, the jitter was reduced obviously. The
maximum displacement of the joystick was no more
than 20 mm. The acceleration had no big impact
change which ensured the smoothness of shifting. From
Fig. 10, a finding can be declared that after there times
iterative computation, ADAMS finds an optimal
solution. This optimal solution reduces the target
function from 10郾 86 mm / s to 7郾 80 mm / s, whichis
reduced by 28郾 18% , and generates a new model
automatically. The average value and peak value of
displacement, velocity and acceleration before and
after optimization are shown in Tab. 3.

Fig. 9摇 Dynamic simulation results of manipulator before and after optimization
摇

Fig. 10摇 Optimal solution of iterative process
摇
Tab. 3摇 Average value and peak value of displacement,
velocity and acceleration before and after optimization

Parameter
Displacement /

mm

Velocity /

(mm·s - 1)

Acceleration /

(mm·s - 2)
Average Peak Average Peak Average Peak

Before optimization 19郾 86 40郾 85 10郾 86 35郾 57 12郾 20 272郾 4
After optimization 10郾 02 16郾 25 7郾 80 12郾 01 5郾 85 49郾 95
Rate / % 49郾 55 60郾 22 28郾 18 66郾 24 52郾 05 81郾 66

4 摇 Prototype experiment of gear shift
mechanical arm

摇 According to the optimized parameters, the principle

prototype of a tractor robot driver was developed. The
shifting experiments were carried out on the tractor—
JINMA 300E. The tractor robot driver was installed on
a tractor as Fig. 11 shown.

Fig. 11摇 Experimental tested tractor mounted with gear
shift mechanical arm

摇
摇 The experiments were carried out under the static
state and the driving state in the tractor respectively.
In the process of shifting, the tractor robot driver used
clutch mechanical leg to put clutch pedal to the end.
Then the gear shift mechanical arm will shift gear lever
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from neutral to high gear. Finally, the clutch
mechanical leg was recovered, so as to release the
clutch pedal and finish a shifting action. From the high
gear to the low gear, the mechanical clutch leg would
carry on two separation of the clutch and then use the
mechanical arm to shift. Any gear in the experiment爷s
tractor had to return to neutral gear lever. Static state
experiments do not coordinate with the mechanical
accelerator leg of the robot motion. The gear neutral
regression experimetal curves from the rest gears to
neutral gear and from the neutral gears to rest gears are
shown in Fig. 12a. In about 0郾 8 s, when the sleeve of
mechanical arm drived the joystick to move, the
shifting force which was under the influence of gear
meshing force and friction self鄄locking device was
beginning to rise and reach the peak graduatelly.
When the tractor was at the static state, the time for
the mechanical arm shifting from the low to high gear
was about 1郾 8 s, from high to low gear was about 2 s.
Driving state experiments required the cooperatation of
the mechanical throttle leg and mechanical clutch leg.
The curve of shifting force experiment was shown in
Fig. 12b. At about 1 s, the shifting force began to rise.
Due to the vibration of the tractor, the shifting force of
the mechanical arm was slightly larger than that of the
tractor at static state. However, the trends of shifting
force were same as that of static state. The shifting
time from low to high gear and high to low gear was
about 2郾 1 s. From Fig. 12, the mechanical arm can
provide sufficient torque to control the shifting of the
joystick in different gears. When the selecting gear
position was fixed, the shifting operation of the
mechanical arm was divided into two kinds of motion鄄
push and pull. Under the condition that the peak value
of the shifting force and the entry position of the
joystick were not fixed, the mechanical arm can control
the joystick to complete the shifting operation. The
repeatability is good. When the joystick was in
position, the proper control method was adopted to
make the end of the mechanical arm to move fixed
distance. Free movement of the end of the joystick in
the sleeve can simulate the driver 爷 s release action
after completing shifting gear. At this point, the force
signal detected by the force sensor is 0. The flexible
design of the end of the sleeve made the shifting
process had smooth performance just like a human

hand. The feasibility and rationality of the design of
the mechanical arm is verified by the experiments.

Fig. 12摇 Shift test result of the gear shift mechanical arm
摇

5摇 Conclusion

摇 (1) This paper analyzes the problem of controlling
small tractor爷s shifting mechanism, and researches on
the shifting resistance. Respect to the character that
the gearbox shifting resistance in the four鄄wheel
minitype agricultural tractor is time鄄varying and
nonlinear, this paper designed a novel gear shift
mechanical arm for tractor robot driver. The working
principle and structure design of the mechanical arm
were described in detail: using D - H method to
provide the normal and inverse kinematics solutions of
the mechanical arm; simplifying the structure of the
mechanical arm; applying Lagrange dynamics equation
to establish the mechanical kinetic equation; the
correctness of the dynamic model was verified by
simulation.
摇 ( 2 ) ADAMS was applied to do kinematic and
dynamic simulation. In order to guarantee the
smoothness of shifting, the distance between the
terminal of the manipulator爷 s actuator and the shift
lever of the tractor was set to less than 50 mm. The
absolute value of terminal actuator爷 s minimum jitter
speed during shifting was optimized as the objective
function. The target function was optimal when the
length of shift manipulator is 220郾 0 mm and the height
of the terminal was 393郾 25 mm. After optimization,
the fluctuation of jitter speed was 28郾 18% less than
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before. The rate of change of average displacement and
acceleration were 49郾 55% and 52郾 05% . At the same
time, the changing rate of peak value of the
displacement, velocity and acceleration were 60郾 22% ,
66郾 24% and 81郾 66% respectively. After that
optimization, the movement of mechanical arm is stable
and smooth.
摇 (3)Through the experiment on gear shift mechanical
arm, this paper verified that the gear shift mechanical
arm can realize the goal to shift different gears smoothly
with good reproducibility. In addition, when the
shifting lever entered into position, the gear shift
mechanical arm can complete some complicated actions
such as releasing of tractor 爷 s driver by applying
suitable method. Thus, the gear shift mechanical arm
has excellent engineering and application value.
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拖拉机驾驶机器人换挡机械手运动分析
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摘要：针对小型四轮农用拖拉机变速箱换挡阻力呈现时变、非线性特性，且换挡后需要松开换挡杆的特殊要求，设

计了拖拉机驾驶机器人换挡机械手，该机械手为关节型结构，采用 Ｄ Ｈ方法建立机械手坐标变换矩阵，对机械手

进行运动学分析，并通过拉格朗日动力学方程建立简化机械手的动力学模型。利用 ＳｏｌｉｄＷｏｒｋｓ建立换挡机械手虚

拟样机模型，并采用多体动力学仿真软件 ＡＤＡＭＳ进行运动学和动力学仿真；为保证换挡平顺性，设置机械手末端

执行器与拖拉机变速杆端部间位移小于 ５０ｍｍ为约束条件，将换挡过程中末端执行器抖动速度绝对值最小作为目

标函数进行参数优化，当换挡机械手长度为２２００ｍｍ、末端高度为３９３２５ｍｍ时目标函数最优，此时机械手末端执

行器抖动速度平均值较优化前减小 ２８１８％，位移和加速度平均值变化率分别为 ４９５５％和 ５２０５％，位移、速度和

加速度的峰值变化率分别为 ６０２２％、６６２４％和 ８１６６％，通过仿真初步验证了所提机械手参数优化及所建模型的

合理性和科学性。最后，在 ＪＩＮＭＡ３００Ｅ型拖拉机上对优化后的换挡机械手进行实验研究，实验结果表明机械手可

实现不同挡位的换挡动作，平顺性好，并可模拟拖拉机驾驶员换挡完成后对变速杆的松手动作，有良好的工程和应

用价值。
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中图分类号：ＴＰ２４２３ 文献标识码：Ａ 文章编号：１０００１２９８（２０１６）０１００３７０８

收稿日期：２０１５ ０７ ２０　修回日期：２０１５ １０ ０８
基金项目：国家自然科学基金青年基金项目（５１４０５２３９）、江苏省自然科学基金青年基金项目（ＢＫ２０１３０６９６）、中央高校基本科研业务费专

项资金项目（ＫＹＺ２０１４２７）和远程测控技术江苏省重点实验室开放基金项目（ＹＣＣＫ２０１５０１）
作者简介：卢伟（１９７８—），男，副教授，博士，主要从事机器人传感与控制、无损检测及微弱信号处理研究，Ｅｍａｉｌ：ｎｊａｕｒｏｂｏｔ＠ｎｊａｕ．ｅｄｕ．ｃｎ

ＭｏｔｉｏｎＡｎａｌｙｓｉｓｏｆＴｒａｃｔｏｒＲｏｂｏｔＤｒｉｖｅｒ’ｓＧｅａｒＳｈｉｆｔＭｅｃｈａｎｉｃａｌＡｒｍ

ＬｕＷｅｉ１，２　ＣｈｅｎＨａｏ１　ＷａｎｇＬｉｎｇ１　ＺｈａｏＸｉａｎｌｉｎ１　ＺｈａｎｇＹｏｎｇｎｉａｎ１

（１．ＣｏｌｌｅｇｅｏｆＥｎｇｉｎｅｅｒｉｎｇ，ＮａｎｊｉｎｇＡｇｒｉｃｕｌｔｕｒａｌＵｎｉｖｅｒｓｉｔｙ，Ｎａｎｊｉｎｇ２１００３１，Ｃｈｉｎａ

２．ＫｅｙＬａｂｏｒａｔｏｒｙｏｆＲｅｍｏｔｅＣｏｎｔｒｏｌａｎｄＭｅａｓｕｒｅｍｅｎｔＴｅｃｈｎｏｌｏｇｙｉｎＪｉａｎｇｓｕＰｒｏｖｉｎｃｅ，Ｎａｎｊｉｎｇ２１００９６，Ｃｈｉｎａ）

Ａｂｓｔｒａｃｔ：Ｒｅｓｐｅｃｔｔｏｔｈｅｃｈａｒａｃｔｅｒｔｈａｔｔｈｅｇｅａｒｂｏｘｓｈｉｆｔｉｎｇｒｅｓｉｓｔａｎｃｅｅｘｉｓｔｉｎｔｈｅｆｏｕｒｗｈｅｅｌｍｉｎｉｔｙｐｅ
ａｇｒｉｃｕｌｔｕｒａｌｔｒａｃｔｏｒｉｓｔｉｍｅｖａｒｙｉｎｇａｎｄｎｏｎｌｉｎｅａｒａｎｄｔｈｅｓｐｅｃｉａｌｒｅｑｕｉｒｅｍｅｎｔｔｈａｔｔｈｅｇｅａｒｓｈｉｆｔｌｅｖｅｒｈａｓ
ｔｏｂｅｒｅｌｅａｓｅｄａｆｔｅｒｓｈｉｆｔｉｎｇ，ｔｈｉｓｐａｐｅｒｄｅｓｉｇｎｅｄａｎｏｖｅｌｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ ｆｏｒｔｒａｃｔｏｒｒｏｂｏｔ
ｄｒｉｖｅｒ．Ｔｈｉｓｍａｎｉｐｕｌａｔｏｒｉｓｊｏｉｎｔｔｙｐｅ．Ａｃｃｏｒｄｉｎｇｔｏｔｈｅｍａｎｉｐｕｌａｔｏｒ’ｓｏｐｅｒａｔｉｎｇｃｈａｒａｃｔｅｒｉｓｔｉｃ，ｔｈｉｓｐａｐｅｒ
ａｐｐｌｉｅｄＤ Ｈｍｅｔｈｏｄｔｏｅｓｔａｂｌｉｓｈｔｈｅｃｏｏｒｄｉｎａｔｅｔｒａｎｓｆｏｒｍａｔｉｏｎｍａｔｒｉｘ．Ｂａｓｅｄｏｎｔｈｅｋｉｎｅｍａｔｉｃｓａｎａｌｙｓｉｓ
ｏｎｔｈｅｍａｎｉｐｕｌａｔｏｒ，Ｌａｇｒａｎｇｅｅｑｕａｔｉｏｎｗａｓｕｓｅｄｔｏｓｉｍｐｌｉｆｙｋｉｎｅｔｉｃｍｏｄｅｌｏｆｔｈｅｍａｎｉｐｕｌａｔｏｒ．ＳｏｌｉｄＷｏｒｋｓ
ａｎｄＡＤＡＭＳｗｅｒｅａｐｐｌｉｅｄｔｏｅｓｔａｂｌｉｓｈｔｈｅｖｉｒｔｕａｌｐｒｏｔｏｔｙｐｅｍｏｄｅｌｏｆｔｈｅｍａｎｉｐｕｌａｔｏｒａｎｄｔｏｄｏｋｉｎｅｍａｔｉｃ
ａｎｄｄｙｎａｍｉｃｓｉｍｕｌａｔｉｏｎｒｅｓｐｅｃｔｉｖｅｌｙ．Ｉｎｏｒｄｅｒｔｏｇｕａｒａｎｔｅｅｔｈｅｓｍｏｏｔｈｎｅｓｓｏｆｓｈｉｆｔ，ｔｈｅｄｉｓｔａｎｃｅｂｅｔｗｅｅｎ
ｔｈｅｔｅｒｍｉｎａｌｏｆｔｈｅｍａｎｉｐｕｌａｔｏｒ’ｓａｃｔｕａｔｏｒａｎｄｔｈｅｇｅａｒｓｈｉｆｔｌｅｖｅｒｏｆｔｈｅｔｒａｃｔｏｒｗａｓｓｅｔｔｏｌｅｓｓｔｈａｎ
５０ｍｍ．Ｔｈｅａｂｓｏｌｕｔｅｖａｌｕｅｏｆｔｅｒｍｉｎａｌａｃｔｕａｔｏｒ’ｓｍｉｎｉｍｕｍｊｉｔｔｅｒｓｐｅｅｄｄｕｒｉｎｇｓｈｉｆｔｗａｓｏｐｔｉｍｉｚｅｄａｓｔｈｅ
ｏｂｊｅｃｔｉｖｅｆｕｎｃｔｉｏｎ．Ｔｈｅｔａｒｇｅｔｆｕｎｃｔｉｏｎｉｓｏｐｔｉｍａｌｗｈｅｎｔｈｅｌｅｎｇｔｈｏｆｓｈｉｆｔｍａｎｉｐｕｌａｔｏｒｉｓ２２００ｍｍａｎｄ
ｔｈｅｈｅｉｇｈｔｏｆｔｈｅｔｅｒｍｉｎａｌｉｓ３９３２５ｍｍ．Ａｆｔｅｒｏｐｔｉｍｉｚａｔｉｏｎ，ｔｈｅｊｉｔｔｅｒｓｐｅｅｄｆｌｕｃｔｕａｔｉｏｎｉｓ２８１８％ ｌｅｓｓ
ｔｈａｎｂｅｆｏｒｅ．Ｔｈｅｒａｔｅｏｆｃｈａｎｇｅｏｆａｖｅｒａｇｅｄｉｓｐｌａｃｅｍｅｎｔａｎｄａｖｅｒａｇｅａｃｃｅｌｅｒａｔｉｏｎａｒｅ４９５５％ ａｎｄ
５２０５％．Ａｔｔｈｅｓａｍｅｔｉｍｅ，ｔｈｅｐｅａｋｖａｌｕｅｏｆｔｈｅｄｉｓｐｌａｃｅｍｅｎｔ，ｖｅｌｏｃｉｔｙａｎｄａｃｃｅｌｅｒａｔｉｏｎａｒｅ６０２２％，



６６２４％ ａｎｄ８１６６％，ｒｅｓｐｅｃｔｉｖｅｌｙ．Ｔｈｒｏｕｇｈｔｈｅｓｉｍｕｌａｔｉｏｎ，ｔｈｅｏｐｔｉｍｉｚａｔｉｏｎｏｆｔｈｅｐａｒａｍｅｔｅｒｓｏｆｔｈｅ
ｍａｎｉｐｕｌａｔｏｒ，ｔｈｅｒａｔｉｏｎａｌｉｔｙａｎｄｔｈｅｓｃｉｅｎｔｉｆｉｃｉｔｙｏｆｔｈｅｍｏｄｅｌａｒｅｖｅｒｉｆｉｅｄ．Ｆｉｎａｌｌｙ，ｔｈｒｏｕｇｈｔｈｅ
ｅｘｐｅｒｉｍｅｎｔｏｎｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ ｏｎＪＩＮＭＡ３００Ｅ ｔｒａｃｔｏｒ，ｔｈｅｒｅｓｕｌｔｓｈｏｗｓｔｈａｔｔｈｅｇｅａｒ
ｍｅｃｈａｎｉｃａｌａｒｍｃａｎｒｅａｌｉｚｅｔｈｅｇｏａｌｔｏｓｈｉｆｔｄｉｆｆｅｒｅｎｔｇｅａｒｓｓｍｏｏｔｈｌｙ．Ｉｎａｄｄｉｔｉｏｎ，ｔｈｅｄｅｓｉｇｎｏｆｔｈｅｇｅａｒ
ｍｅｃｈａｎｉｃａｌａｒｍ ｃａｎｃｏｍｐｌｅｔｅｓｏｍｅｃｏｍｐｌｉｃａｔｅｄａｃｔｉｏｎｓｏｆｔｒａｃｔｏｒ’ｓｄｒｉｖｅｒ．Ｔｈｕｓ，ｔｈｅｇｅａｒｓｈｉｆｔ
ｍｅｃｈａｎｉｃａｌａｒｍｈａｓｅｘｃｅｌｌｅｎｔｅｎｇｉｎｅｅｒｉｎｇａｎｄａｐｐｌｉｃａｔｉｏｎｖａｌｕｅ．
Ｋｅｙｗｏｒｄｓ：ｔｒａｃｔｏｒ；ｒｏｂｏｔｄｒｉｖｅｒ；ｇｅａｒｓｈｉｆｔ；ｍｏｔｉｏｎｓｉｍｕｌａｔｉｏｎ；ｐａｒａｍｅｔｅｒｏｐｔｉｍｉｚａｔｉｏｎ

　　引言

我国拖拉机的自动化和智能化发展相对滞后，

目前学者主要研究基于多传感器智能控制的农用车

辆自动驾驶技术，并取得了很多有价值的成果，例如

北海道大学、伊利诺伊大学、爱媛大学、华南农业大

学、中国农业大学、南京农业大学等研究过农用拖拉

机无人驾驶
［１－３］

，涉及拖拉机执行机构的改造及驾

驶控制等。此外，Ｄｅｅｒｅ、ＣＮＨ、ＡＧＣＯ、Ｋｕｂｏｔａ、芬特
等公司的部分产品也具有无人驾驶功能

［４－５］
。但智

能拖拉机需要对拖拉机进行二次改造，其成本较高，

而且拖拉机一旦损坏，安装在上面的智能设备很难

移植到其他拖拉机；相比较而言，驾驶机器人技术的

发展为解决农业智能化问题提供了契机，当下驾驶

机器人替代人类驾驶员完成汽车驾驶操作已经成为

汽车测试行业的发展趋势，驾驶机器人已经发展成

一个集成式系统，由换挡机械手、离合踏板机械腿、

制动踏板机械腿、油门踏板机械腿子系统构成，每一

个执行机构都可以单独安装并完成相应的测试实

验。汽车驾驶机器人已经成为近代汽车实验中必不

可少的智能化装置
［６］
。现在国外已研制出纯电驱

动的驾驶机器人，并可以代替驾驶员进行道路实验，

如日本 ＨＯＲＩＢＯ、ＮｉｓｓａｎＭｏｔｏｒ、ＡＵＴＯＭＡＸ公司、德
国 ＳＣＨＥＮＣＫ公司、英国 ＭＩＲＡ公司，而国内相关的
研究还比较少

［７－１０］
，国内外的各大汽车驾驶机器人

基本被国外公司的产品占据。

由于拖拉机的特殊机械结构，将驾驶机器人技

术应用到四轮农用拖拉机目前鲜有报道，研究通用

性强、高性能的拖拉机驾驶机器人可以对传统农用

拖拉机进行无损、智能化升级，具有重要的现实意义

和科学价值。拖拉机因其价格低廉，拉力巨大，因此

结构与汽车差异显著，能够实现自动换挡的拖拉机

驾驶机器人，其技术难点之一就是小型拖拉机手动

变速箱操控非常困难，且换挡后必须松开换挡杆。

本文针对小型四轮农用拖拉机智能化升级中变速箱

自动换挡的技术难点，设计换挡机械手，并进行理论

和实验研究。

１　拖拉机驾驶机器人换挡机械手设计

１１　拖拉机驾驶机器人换挡机械手需求参数分析
目前应用较广泛的中大型拖拉机大多采用同步

器换挡，而小型拖拉机大多采用机械手动式齿轮变

速箱进行换挡
［１１－１２］

。换挡过程中拨叉通过拨动滑

动齿轮，使其与相关齿轮啮合或分离，变速杆用球头

作为支撑，保证变速杆下端不仅能前、后运动，而且

可左、右移动，变速杆前后运动时带动拨叉使滑动齿

轮移动，滑动齿轮入位后，应能将其锁定，变速杆左

右移动时，其下端在拨叉槽内移动，选挡阻力小且较

平顺。

同汽车变速箱相比，小型拖拉机变速箱中滑动

齿轮较大、齿轮啮合力、不同步撞击等导致拖拉机变

速箱换挡阻力较大，且呈现非线性特征，换挡时拨叉

拨动滑动齿轮，滑动齿轮通过齿形端面与轴上的齿

轮啮合，从而将发动机的主动力传递到相应轴上，滑

动齿轮与轴上齿轮啮合后，需要松开变速杆，保证换

挡稳定性及延长齿轮寿命。换挡机构如图１所示。

图 １　换挡机构图

Ｆｉｇ．１　Ｓｈｉｆｔｉｎｇｍｅｃｈａｎｉｓｍ
１．轴　２．拨叉　３．变速杆　４．球支撑

　
在拖拉机变速杆工作空间上方水平固定步进电

动机驱动的 ＸＹ十字电动直线滑台，滑台工作平面
通过力传感器与拖拉机变速杆固定连接，测量拖拉

机实际换挡距离和换挡阻力，通过测量可知，拖拉机

变速杆选挡时端部在 Ｘ方向运动范围约２００ｍｍ，在
Ｙ方向运动范围约８５ｍｍ。

将拖拉机发动并将主动轮悬空，由空挡换到其

他挡位时的换挡阻力如图２所示。在变速杆入位前
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时刻换挡阻力达到峰值，约为 ８０Ｎ，且换挡阻力具
有时变、非线性等显著特征。

图 ２　换挡阻力曲线

Ｆｉｇ．２　Ｃｕｒｖｅｓｏｆｓｈｉｆｔｉｎｇｒｅｓｉｓｔａｎｃｅ
　
１２　拖拉机驾驶机器人换挡机械手结构设计

根据上述分析和机械手换挡参数需求，拖拉机

驾驶机器人的机构设计如图 ３所示，该机械手主要
由 Ｘ方向执行机构和 Ｙ方向执行机构构成。其中
Ｘ方向执行机构选用ＣＹ ４２ＹＴ２００型直线光杆导
轨滑台，并配有 ４２Ｈ４８１２型两相混合式步进电动
机，转矩为０５Ｎ·ｍ，精度为 ０１ｍｍ；Ｙ方向执行机
构采用带增益码盘的电动推杆，行程为 ３００ｍｍ，推
力为２５０Ｎ。Ｘ方向和 Ｙ方向机构通过连接件相连，
Ｘ方向滑台可带动 Ｙ方向执行机构到达拖拉机变速
杆任一选挡位并精确固定，Ｙ方向电动推杆可控制
变速杆到达任一换挡位，从而实现机械手 ２个方向
的运动解耦。机械手前端带有力传感器用于检测换

挡过程中的推拉力，末端抱紧装置为塑性材质的套

筒，套筒将变速杆端部套住，套筒直径略大于变速杆

直径，使变速杆入位后可在套筒内做小幅度自由运

动，近似模拟驾驶员换挡完成后的松手动作，保证拖

拉机换挡器内部基本无摩擦。

图 ３　拖拉机驾驶机器人换挡机械手三维模型

Ｆｉｇ．３　Ｔｈｒｅｅｄｉｍｅｎｓｉｏｎａｌｍｏｄｅｌｏｆｔｒａｃｔｏｒ

ｄｒｉｖｅｒｒｏｂｏｔ’ｓｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ
１．步进电动机　２．滑台　３．直线导轨　４．连接件　５．电动推杆

６．力传感器　７．套筒（抱紧装置）
　

２　机械手运动学与动力学分析

２１　机械手运动学正解
将本文机械手等效成关节型机械手，在关节处

固接一个坐标系，并通过 Ｄ Ｈ方法［１３］
来描述这些

坐标系之间的相对位置和姿态。为了减少计算量，

进行等效处理，共给出４个坐标系，机械手坐标系简
图如图 ４所示，其中 Ｏ０Ｘ０Ｙ０Ｚ０为基坐标系，为滑台

在直线导轨选挡位置的坐标系，ｌ２为滑台 Ｙ方向移
动距离，Ｏ２Ｘ２Ｙ２Ｚ２为 Ｏ１Ｘ１Ｙ１Ｚ１旋转角度 θ２后的坐
标系，ｄ３为机械手 Ｘ方向的移动距离，Ｏ３Ｘ３Ｙ３Ｚ３为
固接于机械手末端执行器上用于表述机械手位姿的

坐标系。

图 ４　机械手坐标系简图

Ｆｉｇ．４　Ｃｏｏｒｄｉｎａｔｅｓｙｓｔｅｍｏｆｍｅｃｈａｎｉｃａｌａｒｍ
　
根据 Ｄ Ｈ方法，对于运动链中的末端连杆，其

参数习惯设定为 ０，由图 ４可得机械手的连杆参数
表如表１所示。

表 １　机械手连杆参数

Ｔａｂ．１　Ｌｉｎｋｐａｒａｍｅｔｅｒｓｏｆｍｅｃｈａｎｉｃａｌａｒｍ

ｉ αｉ－１ ａｉ－１ ｄｉ θｉ
１ ０ ０ ０ ０

２ ０ ０ ｌ２ θ２
３ ０ ｄ３ ０ ０

　　将上述参数代入变换矩阵ｉ－１
ｉＴ的一般表达式

ｉ－１
ｉＴ＝

ｃθｉ －ｓθｉ ０ ａｉ－１
ｓθｉｃαｉ－１ ｃθｉｃαｉ－１ －ｓαｉ－１ －ｓαｉ－１ｄｉ
ｓθｉｓαｉ－１ ｃθｉｓαｉ－１ ｃαｉ－１ ｃαｉ－１ｄｉ













０ ０ ０ １
（１）

可得

０
１Ｔ＝

１ ０ ０ ０
０ １ ０ ０
０ ０ １ ０













０ ０ ０ １

１
２Ｔ＝

ｃθ２ －ｓθ２ ０ ０

ｓθ２ ｃθ２ ０ ０

０ ０ １ ｌ２













０ ０ ０ １

２
３Ｔ＝

１ ０ ０ ｄ３
０ １ ０ ０
０ ０ １ ０







































０ ０ ０ １

（２）

０
３Ｔ＝

０
１Ｔ
１
２Ｔ
２
３Ｔ＝

ｃθ２ －ｓθ２ ０ ｄ３ｃθ２
ｓθ２ ｃθ２ ０ ｄ３ｓθ２
０ ０ １ ｌ２













０ ０ ０ １

（３）

式中，ｓθ２表示 ｓｉｎθ２，ｃθ２表示 ｃｏｓθ２。
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运动学方程表示了机械手末端执行器的空间位

置和方向矢量，以及其位姿同各构件参数之间的变

换关系。

２２　机械手运动学逆解
运动逆解要求由末端执行器的笛卡尔空间相对

于基坐标系变换，通过已确定的量求出关节转角

θ２，已知可确定目标点的变换矩阵
０
３Ｔ为

０
３Ｔ＝

ｃθ２ －ｓθ２ ０ ｘ

ｓθ２ ｃθ２ ０ ｙ

０ ０ １ ｌ２













０ ０ ０ １

（４）

故可得 ｔａｎθ２＝
ｙ
ｘ

（５）

于是 θ２＝ａｒｃｔａｎ
ｙ
ｘ

（６）

对换挡机械手进行运动学分析，变速杆工作空

间投影和机械手工作空间投影如图 ５所示，变速杆
选挡方向和换挡方向的运动投影为 －１００～１００ｍｍ
和０～８５ｍｍ，投影面积为 １７０００ｍｍ２，机械手工作
空间在 Ｘ方向和 Ｙ方向的水平投影分别为 －１２０～
１２０ｍｍ和０～１００ｍｍ，投影面积为 ２４０００ｍｍ２，由
图５可知，机械手工作空间完全覆盖了拖拉机变速
杆的工作空间，能够满足拖拉机换挡要求，仿真验证

了机械手结构设计和运动学算法的科学性、合理性。

图 ５　换挡机械手工作空间

Ｆｉｇ．５　Ｗｏｒｋｉｎｇｓｐａｃｅｏｆｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ
　

２３　机械手动力学分析

拉格朗日动力学公式
［１４］
给出了一种从标量函

数推导动力学方程的方法，该标量函数为拉格朗日

函数，本文中，机械手的拉格朗日函数表示为

Ｌ（Θ，Θ
·

）＝ｋ（Θ，Θ
·

）－ｕ（Θ） （７）
则机械手的运动方程为

［１５］

ｄ
ｄｔ
Ｌ

Θ
·
－Ｌ
Θ
＝τ （８）

由式（７）和式（８）可得

ｄ
ｄｔ
ｋ

Θ
·
－ｋ
Θ
＋ｕ
Θ
＝τ （９）

式中　ｋ（Θ，Θ
·

）———机械手动能

ｕ（Θ）———机械手势能
τ———ｎ×１维的驱动力矢量
Θ———关节位置

采用集中质量法将机械手 Ｙ方向执行机构简
化为图６所示，机械手的动力自由度为 ２，其后端的
质量为 ｍ１，伸出端、力传感器及抱紧装置的质量和
为 ｍ２，机械手后端的质心与关节的轴线相距 ｌ１，伸
出端、力传感器及抱紧装置的质心与关节轴线的距

离为变量 ｄ２。

图 ６　机械手 Ｙ方向的运动简图

Ｆｉｇ．６　Ｍｏｔｉｏｎｄｉａｇｒａｍｏｆｍｅｃｈａｎｉｃａｌａｒｍ

ｉｎＹｄｉｒｅｃｔｉｏｎ
　
机械手后端和伸出端的惯性张量分别为

Ｃ１Ｉ１＝

Ｉｘｘ１ ０ ０

０ Ｉｙｙ１ ０

０ ０ Ｉｚｚ











１

Ｃ２Ｉ２＝

Ｉｘｘ２ ０ ０

０ Ｉｙｙ２ ０

０ ０ Ｉｚｚ



























２

（１０）

为简化计算，将机械手近似等效为质量均匀的

实体，式（１０）矩阵中的各元素为

Ｉｘｘ ＝Ｖ（ｙ２＋ｚ２）ρｄｖ
Ｉｙｙ ＝Ｖ（ｘ２＋ｚ２）ρｄｖ
Ｉｚｚ ＝Ｖ（ｘ２＋ｙ２）ρｄ











 ｖ

（１１）

机械手后端的动能为

ｋ１＝
１
２
ｍ１ｌ

２
１θ
·２
１＋
１
２
Ｉｚｚ１θ

·２
１ （１２）

机械手伸出端、力传感器及抱紧装置的动能为

ｋ２＝
１
２
ｍ２（ｄ

２
２θ
·２
１＋ｄ

·２
２）＋

１
２
Ｉｚｚ２θ

·２
１ （１３）

由式（１２）和式（１３）可得总动能为

ｋ（Θ，Θ
·

）＝１
２
（ｍ１ｌ

２
１＋Ｉｚｚ１＋Ｉｚｚ２＋ｍ２ｄ

２
２）θ
·２
１＋
１
２
ｍ２ｄ

·２
２

（１４）
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机械手后端的势能为

ｕ１＝ｍ１ｌ１ｇｓｉｎθ１＋ｍ１ｌ１ｇ （１５）
机械手伸出端、力传感器及抱紧装置的势能为

ｕ２＝ｍ２ｄ２ｇｓｉｎθ１＋ｍ２ｇｄ２ｍａｘ （１６）
式中　ｄ２ｍａｘ———末端执行器的最大运动范围

由式（１２）和式（１３）得总势能为
ｕ（Θ）＝（ｍ１ｌ１＋ｍ２ｄ２）ｇｓｉｎθ１＋ｍ１ｌ１ｇ＋ｍ２ｇｄ２ｍａｘ

（１７）
求偏导数代入式（９）可得机械手最终的动力学

方程为

τ１＝（ｍ１ｌ
２
１＋Ｉｚｚ１＋Ｉｚｚ２＋ｍ２ｄ

２
２）θ
··

１＋２ｍ２ｄ２θ
·

１ｄ
·

２＋
（ｍ１ｌ１＋ｍ２ｄ２）ｇｃｏｓθ１ （１８）

τ２＝ｍ２ｄ
··

２－ｍ２ｄ２θ
·２
１＋ｍ２ｇｓｉｎθ１ （１９）

在ＳｏｌｉｄＷｏｒｋｓ中建立换挡机械手装配体虚拟样机
模型，导入到ＡＤＡＭＳ中，如图７所示，机械手模型中各
个零件的特性参数根据物理样机实际材料设置，根据

各个关节运动副情况施加相关的运动约束，为验证换

挡机械手动力学模型的正确性，仿真过程同时考虑变

速箱齿轮啮合力和自锁装置阻力。根据拖拉机换挡实

验得知，对于手动变速器滑动齿轮换挡，必须配以离合

器的操作才能完成，特别是在高挡换抵挡时，为避免齿

轮发生冲撞而损坏，需要进行两次分离离合器才能挂

上挡，并且变速杆在入位时刻阻力会明显下降
［１６］
，在

ＡＤＡＭＳ仿真过程中创建传感器，控制机械手在变速箱
滑动齿轮入位后停止运动。

图 ７　拖拉机驾驶机器人换挡机械手虚拟样机模型

Ｆｉｇ．７　Ｖｉｒｔｕａｌｐｒｏｔｏｔｙｐｅｏｆｔｒａｃｔｏｒｄｒｉｖｅｒｒｏｂｏｔ’ｓ

ｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ
　

假设离合器输入输出轴为刚体，建立离合器接

合过程的动力学模型
［１７］
。

同步之前，离合器处于滑摩阶段，其动力学模型

为

Ｊｅｎ
·

ｅ＝Ｔｅ－Ｔｃ

Ｊｃｎ
·

ｃ＝Ｔｃ－Ｔ{
ｒ

（２０）

式中　Ｊｅ———离合器的主动轴惯量

Ｊｃ———离合器从动轴惯量，包括变速器、轮
胎、整车的等效转动惯量

ｎｅ———离合器主动轴转速，也是发动机转速
ｎｃ———离合器从动轴转速
Ｔｅ———离合器主动轴动力矩，也是发动机输

出扭矩

Ｔｃ———离合器滑摩扭矩
Ｔｒ———离合器从动轴阻力矩

Ｔｅ是油门开度 α和发动机转速 ｎｅ的非线性函
数。

Ｔｅ＝Ｔｅ（α，ｎｅ） （２１）
Ｔｒ是整体拖拉机质量 Ｍ、道路滚动阻力系数 ｆ、

Ⅰ挡速比 ｉ１、主减速器速比 ｉ０、轮胎半径 Ｒ的函数。
Ｔｒ＝Ｔｒ（Ｍ，ｆ，ｉ０，ｉ１，Ｒ） （２２）

同步后，ｎｅ＝ｎｃ，此时动力学方程为

（Ｊｅ＋Ｊｃ）ｎ
·

ｃ＝Ｔｅ－Ｔｒ （２３）
在有离合器操作和无离合器操作两种状态下

仿真机械手的运动过程。机械手运动速度、加速

度随时间的变化曲线如图 ８所示，由仿真曲线和
动力学计算曲线可知：离合器的动作会直接影响

到齿轮啮合力的大小和同步时间，换挡时有离合

器操作与无离合器操作相比，机械手末端执行器

的运动速度、加速度抖动较小，曲线的平滑性也更

好，曲线的拟合程度较高。由于变速杆端部在套

筒中运动呈现一定的非线性以及动力学模型建立

时简化物理量，导致计算曲线和仿真曲线在换挡

初始时刻和入位时刻有一定误差，仿真结果验证

了动力学公式的正确性，该结果为机器人的优化

设计提供了依据。

图 ８　机械手动力学仿真曲线

Ｆｉｇ．８　Ｄｙｎａｍｉｃｓｓｉｍｕｌａｔｉｏｎｃｕｒｖｅｓｏｆｍａｎｉｐｕｌａｔｏｒ
　

３　换挡机械手优化设计与运动仿真分析

为提高换挡平顺性，对机械手进行优化设计。
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综合考虑本文的优化设计变量、约束条件及目标函

数，应用 ＡＤＡＭＳ对机械手进行参数化建模。将机
械手两端点的 Ｘ、Ｙ坐标一共 ４个变量作为设计变
量，对其进行优化分析

［１８］
，由于本文设计变量较少，

可同时考虑各个设计变量，对其进行仿真分析，得出

优化结果。

采用 ＡＤＡＭＳ建立一个 Ｍｅａｓｕｒｅ，测量变速杆
端部和套筒相对运动速度，为保证机械手运动平

顺性最佳，设置机械手末端执行器在变速杆上的

抖动速度绝对值最小为优化目标
［１９］
，即优化目标

函数为

ｆ（Ｘ）＝ｍｉｎ｛｜ｖ｜｝ （２４）
机械手末端执行器套筒的长度为 ８０ｍｍ，换挡

过程中变速杆不能脱离套筒约束，故设置约束条件

为套筒距变速杆端部的位移小于 ５０ｍｍ，编写功能
函数，变量选择为：Ｄ１，机械手前端点的 Ｘ坐标值；
Ｄ２，机械手前端点的 Ｙ坐标值；Ｄ３，机械手后端点的
Ｘ坐标值；Ｄ４，机械手后端点的 Ｙ坐标值。采用序列

二次（向前差分）规划法
［２０］
进行优化计算。优化前

后参数如表２所示。
根据表２及两点间距离公式

Ｓ＝ （Ｄ１－Ｄ３）
２＋（Ｄ２－Ｄ４）槡

２
（２５）

　　

表 ２　优化前后参数值

Ｔａｂ．２　Ｐａｒａｍｅｔｅｒｖａｌｕｅｓｂｅｆｏｒｅａｎｄａｆｔｅｒｏｐｔｉｍｉｚａｔｉｏｎ

参数 Ｄ１ Ｄ２ Ｄ３ Ｄ４
初值／ｍｍ ２１８９３ ３９００１ ００９ ３８９７４

优化后／ｍｍ ２２０１５ ３９２８０ ０１６ ３９３２５

变化率／％ ０５８ ０７２ ７７７８ ０９０

确定了换挡机械手长度 Ｓ约为２２００ｍｍ，末端高度
约为３９３２５ｍｍ。

优化前后目标函数变化曲线如图９ａ所示，位移
和加速度变化曲线分别如图９ｂ和９ｃ所示。各次迭
代过程中求解得到的最小速度如图１０所示，从仿真
分析结果可看出，设计变量对目标函数的影响很大，

优化前机械手末端套筒在拖拉机变速杆上的抖动较

大，位移变化较大，最大达到 ４０２ｍｍ，加速度在
２３ｓ时刻达到 ２７００１ｍｍ／ｓ２，换挡稳定性较差；优
化后抖动明显减小，变速杆在套筒内位移最大不超

过２０ｍｍ，加速度也无较大冲击变化，保证了换挡平
顺性。由图１０知，经过３次迭代运算，ＡＤＡＭＳ找到
一个最优解，使得目标函数由 １０８６ｍｍ／ｓ减小到
７８０ｍｍ／ｓ，减小了 ２８１８％，并自动生成新的样机
模型。优化前后位移、速度、加速度的峰值和平均值

变化率见表３。

图 ９　机械手优化前后的动力学仿真结果

Ｆｉｇ．９　Ｄｙｎａｍｉｃｓｉｍｕｌａｔｉｏｎｒｅｓｕｌｔｓｏｆｍａｎｉｐｕｌａｔｏｒｂｅｆｏｒｅａｎｄａｆｔｅｒｏｐｔｉｍｉｚａｔｉｏｎ
　

图 １０　各次迭代过程的速度最优解

Ｆｉｇ．１０　Ｏｐｔｉｍａｌｓｏｌｕｔｉｏｎｏｆｉｔｅｒａｔｉｖｅｐｒｏｃｅｓｓ
　

表 ３　优化前后位移、速度和加速度的对比

Ｔａｂ．３　Ａｖｅｒａｇｅｖａｌｕｅａｎｄｐｅａｋｖａｌｕｅｏｆｄｉｓｐｌａｃｅｍｅｎｔ，

ｖｅｌｏｃｉｔｙａｎｄａｃｃｅｌｅｒａｔｉｏｎｂｅｆｏｒｅａｎｄａｆｔｅｒｏｐｔｉｍｉｚａｔｉｏｎ

参数
位移／ｍｍ 速度／（ｍｍ·ｓ－１） 加速度／（ｍｍ·ｓ－２）

均值 峰值 均值 峰值 均值 峰值

优化前 １９８６ ４０８５ １０８６ ３５５７ １２２０ ２７２３７

优化后 １００２ １６２５ ７８０ １２０１ ５８５ ４９９５

变化率／％ ４９５５ ６０２２ ２８１８ ６６２４ ５２０５ ８１６６

４　换挡机械手样机实验

根据优化参数研制了拖拉机驾驶机器人换挡机

械手的原理样机，并在 ＪＩＮＭＡ３００Ｅ型拖拉机上进
行了换挡实验，拖拉机驾驶机器人在拖拉机上的安

装如图１１所示。
分别在拖拉机静止状态和行驶状态下进行换挡

实验，换挡过程中拖拉机驾驶机器人利用离合器机

械腿将离合踏板踩到底，通过换挡机械手将变速杆

从空挡换到高挡，然后离合器机械腿回收，放松离合

踏板，完成一次换挡动作，由高挡换到低挡时，离合

器机械腿进行两次分离离合器的操作，再由机械手

进行换挡动作，实验用拖拉机换任一挡位时都需将

变速杆回归空挡。静止状态实验不配合驾驶机器人

油门机械腿的运动，由空挡到其余各挡位和由其余
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图 １１　安装有换挡机械手的实验拖拉机

Ｆｉｇ．１１　Ｅｘｐｅｒｉｍｅｎｔａｌｔｅｓｔｅｄｔｒａｃｔｏｒｍｏｕｎｔｅｄ

ｗｉｔｈｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ
　
各挡位回归空挡的换挡力实验曲线如图 １２ａ所示，
在大约０８ｓ，当机械手末端套筒带动拖拉机变速杆
运动时，在齿轮啮合力和自锁装置阻力作用下换挡

力开始上升，逐渐到达峰值，拖拉机静止状态时机械

手由低挡到高挡的换挡时间约为 １８ｓ，从高挡到低
挡的换挡时间约为 ２ｓ。拖拉机行驶状态实验需同
时配合驾驶机器人油门机械腿和离合器机械腿的运

动，换挡力实验曲线如图 １２ｂ所示，在大约 １ｓ时换
挡力开始上升，由于拖拉机运动时的振动，机械手换

挡力较拖拉机静止时换挡力抖动略大，但换挡力趋

势和拖拉机静止时保持一致，低挡到高挡、高挡到低

挡的换挡时间约为 ２１ｓ。由图 １２可见，换挡机械
手可提供足够力矩控制变速杆在不同挡位之间变

换。在选挡位置固定时，机械手换挡动作分推和拉

两种运动状态，在各挡位力峰值和变速杆入位点均

不固定的情况下，机械手可稳定控制拖拉机变速杆

完成换挡动作，重复性好，当变速杆入位后，采用合

适的控制方法使机械手末端执行器回移固定距离，

其端部在套筒内自由运动，模拟驾驶员换挡完成后

对变速杆的松手动作，此时力传感器检测到的力信

号为零，末端套筒的柔性化设计使得换挡过程具有

近似人手的平顺性。实验验证了换挡机械手设计的

可行性和合理性。

５　结论

（１）对小型拖拉机换挡机构换挡操控难的问题
进行了剖析，并进行换挡阻力的测试研究；针对小型

图 １２　换挡机械手换挡实验结果

Ｆｉｇ．１２　Ｓｈｉｆｔｔｅｓｔｒｅｓｕｌｔｏｆｇｅａｒｓｈｉｆｔｍｅｃｈａｎｉｃａｌａｒｍ
　

　　

拖拉机变速箱的特殊性及换挡阻力呈现时变、非线

性等特征，提出一种拖拉机驾驶机器人换挡机械手，

详述了机械手的工作原理和结构设计，采用 Ｄ Ｈ
方法给出机械手运动学正解和逆解，并将机械手结

构简化，采用拉格朗日动力学公式建立机械手动力

学方程，通过仿真验证了动力学模型的正确性。

（２）通过 ＡＤＡＭＳ对机械手进行运动仿真，设置
机械手末端执行器与拖拉机变速杆端部间位移小于

５０ｍｍ为约束条件，相对速度绝对值最小作为目标
函数进行参数优化，优化结果表明当换挡机械手长

度为２２００ｍｍ、末端高度为３９３２５ｍｍ时目标函数
达到最优，变化率为 ２８１８％，同时，位移和加速度
平均值变化率分别为 ４９５５％和 ５２０５％，位移、速
度和加速度的峰值变化率分别为 ６０２２％、６６２４％
和８１６６％，优化后机械手运动平稳，运动平顺性
好。

（３）通过实验验证了换挡机械手可实现拖拉机
变速杆不同挡位的换挡动作，重复性好；当变速杆入

位后，采用合适的控制方法控制机械手回移能够有

效模拟人工换挡后的松手动作，具有良好的工程和

应用价值。
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