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Abstract. The article describes a mathematical model of dynamics of electromechanical drive 
with elastic transmission gear. A motor is connected to the tripod actuating links by self-sustaining 
transmission. The analytical conditions of drive dynamic seizure absence have been obtained. 
Keywords: tripod, electric drive, worm reducer, self-sustaining, elasticity, dynamic seizure. 

1. Introduction 

The tripod shown in Fig. 1 is designed to carry out handling operations. The tripod mechanism 
includes three controlled actuating links 1, 2, 3 ends of which are fixed with the help of special 
two-movable hinges on a swiveling base 5. Opposite ends of the links are connected with a special 
hinge joint 6 allowing geometric axis of these links to cross in one point that prevents bending 
moments from external loads from appearing in them. The handled item is attached to a rigid 
suspension which is fastened to a joint 6 [1] via cylindrical hinge. 

Tripod design is reinforced that ensures high accuracy of program motions [2]. However, 
deformations in drive mechanisms can have a significant impact on parameters of dynamic 
accuracy and dynamic loads values. 

Fig. 1. Tripod on a swiveling base 
 

Fig. 2. Design model of a tripod  
on a swiveling base 

1.1. Tripod dynamics 

To simplify the differential equations describing the tripod dynamics the real mechanism is 
replaced with dynamically equivalent one which contains two lumped masses: ݉  in a grip 
attachment point (point ܯ) and ݉஺ in point ܣ of a swiveling base (Fig. 2) [3]. 

In this case a differential equations system describing tripod motion established through 
Lagrange`s equations of the second kind [4] is written as follows: 
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ሷݔ݉ = ଵܨ ଵݔ݈ + ଶܨ ݔ − ଶ݈ܤܱ + ଷܨ ݔ + ଷ݈ܤܱ ሷݕ݉, = ଵܨ ݕ + ܣܱ ⋅ sin݈߮ଵ + ଶܨ ଶݕ݈ + ଷܨ ሷݖ݉ ,ଷݕ݈ = ଵܨ ݖ − ܣܱ ⋅ cos݈߮ଵ + ଶܨ ଶݖ݈ + ଷܨ ଷݖ݈ − ݉݃, ߶ሷ ⋅ ݉஺ܱܣଶ = ଵܨ ݕ)ܣܱ ⋅ cos߶ + ݖ ⋅ sin߶)݈ଵ + ସܨ ܭܦ)ܣܱ ⋅ sin߶ − ܭܱ ⋅ cos߶)݈ସ + ݉஺ܱ݃ܣsin߶. 
(1)

where Cartesian coordinates of point ܯ (Fig. 2) (ݐ)ݖ ,(ݐ)ݕ ,(ݐ)ݔ in absolute coordinates system ܱݖݕݔ (Fig. 2) and base rotation angle φ were taken as generalized coordinates of the tripod; ܨ௞, ݇ = 1,…,4 – drive control force in tripod links. 
Length of actuating links ݈௞(ݐ), ݇ = 1,…,4 are expressed in terms of generalized coordinates 

of the tripod as follows [5, 6]: ݈ଵ(ݐ) = ඥݔଶ + ݕ) + ܣܱ ⋅ sin߶)ଶ + ݖ) − ܣܱ ⋅ cos߶)ଶ,݈ଶ(ݐ) = ඥ(ݔ − ଶ(ܤܱ + ଶݕ + (ݐ)ଶ,݈ଷݖ = ඥ(ݔ + ଶ(ܤܱ + ଶݕ + (ݐ)ଶ,݈ସݖ = ඥ(ܱܭ − ОА ⋅ sin߶)ଶ + ܣܱ) ⋅ cos߶ + .ଶ(ܭܦ (2)

Geometrical parameters ܱܭܦ ,ܭܱ ,ܤܱ ,ܣ of the tripod base and points of its attachment on a 
swiveling base are shown on Fig. 2. 

1.2. Drive dynamics 

Each actuating link of the tripod (Fig. 3) consists of separately excited DC electric motor, 
irreversible worm reducer and screw gear. 

 
Fig. 3. Structural diagram of a driving mechanism of the tripod actuating link; 1 – rod;  

2 – program controller; 3 – electric motor; 4 – worm reducer; 5 – screw gear;  
6 – feedback transmitter; 7 – feedback controller 

Mechanism of motion transmission from a motor to moved mass is considered to be a 
three-mass system consisting of an electric motor rotor with a worm, worm wheel ܿ ⁄ݓ  a screw 
and a nut with a rod. In this case a model has three degrees of freedom. As generalized coordinates ݇ of a drive the following is selected: rotation angle ߙଵ௞ of an output motor shaft (worm), rotation 
angle ߙଶ௞ of a worm wheel and rotation angle ߙଷ௞  of a screw at the inlet of a slave cylinder nut. 
Due to transmission yielding they differ by the value of angular deformation. 

Dynamic characteristic of a separately excited DC drive motor is written as [7]: ߬ ሶܶ௞ + ௞ܶ = (ݐ)௞ݑݎ − ,ଵ௞߱ݏ (3)
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where ௞ܶ  – motor shaft torque; ߬  – electromagnetic time constant; ݎ ݏ ,  – motor parameters-
dependent coefficients; ݑ௞(ݐ) – control voltage; ߱ଵ௞ – angular velocity to a motor shaft. 

Differential equations of rotational motion of a worm with electric motor rotor, a worm wheel 
with an electro cylinder screw of and forward motion of a nut with an actuating link rod are written 
as: ܫଵ ሶ߱ ଵ௞ = ௞ܶ − ܿଵఝ ቀߙଵ௞݅ − ଶ௞ቁߙ − ௖ܶଵ ⋅ sign߱ଵ௞, ଶܫ(4) ሶ߱ ଶ௞ = ܿଵఝ(ߙଵ௞݅ − ߟ݅(ଶ௞ߙ − ܿଶఝ(ߙଶ௞ − (ଷ௞ߙ − ௖ܶଶsign߱ଶ௞, (5)݉ଷ݈ሷ௞ = ௞௔௫ܨ − ௞, (6)ܨ

where ܫଵ, ܫଶ – inertia moments of a worm with a rotor and a worm wheel with a screw; ሶ߱ ଵ௞, ሶ߱ ଶ௞ 
– angular acceleration of an electric motor rotor and a worm wheel; ଵܶ௞, ଶܶ௞ – torques applied to 
a worm and to a reducer worm wheel; ௖ܶଵ, ௖ܶଶ – constant torques of resistance forces applied to a 
worm and a worm wheel shaft; ߟ – reducer efficiency factor; ݅ – gear ratio of a worm reducer; ܿଵఝ 
– unit stiffness of elastic linkage between motor shaft and worm wheel; ܿଶఝ – screw rigidity in 
torsion; ݉ଷ – mass of a nut with an actuating link rod; ܨ௞௔௫ – axial moving force; ܨ௞ – rod force 
determined by load when tripod is in operation Eq. (2). 

In case of a lead worm ܿଵథ(ߙଵ௞ ݅⁄ − (ଶ௞ߙ > 0  and efficiency factor equals to  ߟ = tgߚଵ tg(ߚଵ + ⁄(ଵߩ . Here ߚଵ  – ascending angle of worm screw line; ߩଵ  – modified friction 
angle. If ܿଵథ(ߙଵ௞ ݅⁄ − (ଶ௞ߙ < 0, motion is impossible due to reducer irreversibility. In this case 
dynamic seizure in mechanical transmission will occur [8]. 

Torque on a guide rotating screw is connected to axial force acting on a nut with a rod by the 
expression: 

ܿଶఝ(ߙଶ௞ − (ଷ௞ߙ = ௞௔௫ܨ0.9 ݀ଷ2 tg(ߚଷ + ,(ଷߩ (7)

where ߚଷ, ߩଷ – ascending angle of a screw line and modified friction angle respectively; ݀ଷ – 
average diameter of screw thread. 

Angular screw speed is connected to linear speed of actuating link motion by the relation: 

ሶଷ௞ߙ = ݊݌ߨ2 ݈ሶ௞. (8)

From the system consisting of 32 algebraic and differential Eq. (1-8) based on the laws of 
control voltage variation ݑ௞(ݐ)  in energizing winding of drive electric motors and initial 
conditions 32 unknown functions can be found: generalized coordinates of the tripod ݖ ,ݕ ,ݔ, ߮, 
length of actuating links ݈௞(ݐ), force in these links ܨ௞  and ܨ௞௔௫, as well as electric motor shaft 
torque moments ௞ܶ and angular coordinates ߙଵ௞, ߙଶ௞, ߙଷ௞, (݇ = 1-4). 

Torque moment on an electric motor shaft can be calculated via simultaneous solution of 
Eq. (4-8): 

௞ܶ = ଵܫ ሶ߱ ଵ௞ + 0.45݀ଷtg(ߚଷ + ߶ଷ)݉ଷܫଶܿଶథ݅ߟ ሸ݈௞(ݐ) + ቆ ߟ݅݊݌ߨ2 ଶܫ + 0.45݀ଷtg(ߚଷ + ϕଷ)݉ଷ݅ߟ ቇ ݈ሷ௞(ݐ)       + 0.45݀ଷtg(ߚଷ + ߶ଷ)݅ߟ ௞ܨ + 0.45݀ଷtg(ߚଷ + ߶ଷ)ܫଶܿଶథ݅ߟ ሷ௞ܨ + ௖ܶଵsign߱ଵ௞ + ௖ܶଶ݅ߟ sign߱ଶ௞. (9)

Given program motion equations ݈௞௣௥(ݐ) and introducing dynamic error ߰ = ݈௞(ݐ) − ݈௞௣௥(ݐ), 
allows for going over to a disturbed motion equation. 
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No-dynamic seizure conditions are obtained from Eq. (4): 

௞ܨ ≥ − ௖ܶଶ0.45݀ଷtg(ߚଷ + ߶ଷ) − ݈ሷ௞ ൬݉ଷ + ଶܫ ଷߚ)ଷtg݀݊݌0.45ߨ2 + ߶ଷ)൰, ߱௞ > 0, ௞ܨ(10) ≤ ௖ܶଶ0.45݀ଷtg(ߚଷ + ߶ଷ) − ݈ሷ௞ ൬݉ଷ + ଶܫ ଷߚ)ଷtg݀݊݌0.45ߨ2 + ߶ଷ)൰, ߱௞ ≤ 0. (11)

Therefore, expression Eq. (9) determines a permissible value of electric motor shaft torque. 
When there is a violation of conditions Eqs. (10, 11) dynamic seizure will occur in transmission 
that can entail unstable operation of a drive and even its malfunction.  

1.3. Simulation results 

In order to determine model parameters experimental and numerical research were conducted 
to study dependence of tripod grip motion in plane ݖܱݕ when one (the first) slave cylinder is in 
operation while the control voltage was varied according to rectangular waveform ݑଵ(ݐ) = const, ݐଵ > ݐ ≥ (ݐ)ଵݑ ,0 = ݐ ,0 ≥ ଵݐ  For out of service actuating links worm rotation angle ߙଵ௞  was 
taken as zero and warm shaft torque was taken as ௞ܶ = ܿଵఝߙଶ௞. Grip load amounts to 420 N. In 
the process of calculations, the no-dynamic seizure conditions were monitored. A tripod control 
system is equipped with current sensor ACS712 designed for measuring electric drive current 
consumption proportional to torque developed by an electric motor [9]. 

In Fig. 4 presents experimental and theoretical dependences of the moment equivalent ଵܶ(ݐ), 
on an electric motor shaft for two modes of tripod grip motion, namely the first cylinder extension 
(curve 1, 2), the first cylinder retraction (curve 3, 4), as well as experimental dependence of the 
first cylinder stroke length change while extending (curve 5) and retracting (curve 6). 

 
Fig. 4. Dependence of torque equivalent developed by electric motor of tripod actuating link drive:  

1, 3 – experimental curves, 2, 4 – theoretical and experimental dependence of change  
of the first link stroke length at extending (curve 5) and retracting (curve 6) 

2. Conclusions 

The developed mathematical model of tripod dynamics allows for solving the issues regarding 
determination of electric motors torques required to perform program motions and dynamic loads 
in kinematic pairs of the tripod, as well as for determining dynamic errors caused by influence 
transmission elasticity and mechanism dynamic exert on electric motor operation.  
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