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Abstract. Some features of a new design of clamping mechanism drive for auto-
matic fixing of cylindrical objects in metalworking machines are considered. One
of the proposed design features is a rotating input link, which receives input energy
in the form of rotational motion. The presented drive’s operation is considered a
part of the clamping mechanism with a collet chuck. Furthermore, the clamping
mechanism’s interaction with a drive of themainmovement of a lathe is described.
The dynamic model is presented as a system with lumped parameters, consisting
of rigid bodies connected by inertialess elastic-dissipative links. The stages of the
backlash elimination and conversion of the mechanism elements’ kinetic energy
into the system’s stressed state’s potential energy are considered separately. The
obtained results can contribute to the development of methods for calculating this
type’s structures’ parameters. They can be helpful in the determination of more
optimal geometric-mass parameters of the elements of these structures.
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1 Introduction

It is known that the productivity of processing on metalworking machines can be
improved by increasing the cutting modes. That is, it is necessary to increase the rate of
chip removal or chip load. Increasing the spindle assembly’s rotation speed (SA) requires
improving the dynamic characteristics of its design and the ability to balance accurately
and more [1, 2]. Increasing the feed during machining increases the cutting forces acting
on the object fixed (tool or workpiece) and requires an increase in the clamping forces for
effective fixation. Providing the required parameters for clamping workpiece or cylindri-
cal tool inmetalworkingmachines depends on the clampingmechanism (CM) operation,
which is part of the SA. One of the main and largest subsystems of the CM is its drive
(actuator) ACM. For eliminating these shortcomings and improving the conditions of
workpiece processing, a new ACM design [3] was developed.

2 Literature Review

Several scientific papers present mathematical models and studies of spindle assem-
blies’ characteristics as a single system without singling out clamping mechanisms.
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The operation principles of new clamping mechanisms of the CNC lathe are described
in [4]. Mathematical models of trajectories spindle with lumped parameters have been
developed [5]. In [6], ultra-precision spindle’s dynamic properties at different speeds
are investigated using experimental impact tests. Machine tool dynamics is modeled
using the finite element approach [7]. Using the design matrix, a flow-chart for the
dynamics design method coupled with multisource information was obtained in [8]. In
[9], carbon fiber reinforced plastic is described as a promising material for enhancing
machine tools’ spindle performance. The paper [10] covers diagnostics and monitoring
CNC machine tools, industrial robots, and production lines. The paper [11] proposes an
alternative method of balancing motorized spindles based on the real-time position data
of CNCmachine tools to reduce the costs associated with external balancing instruments
and improve the dynamic balancing process’s efficiency. The method of estimation the
cutting forces and vibrations at the milling tool from accelerometers mounted on the
spindle housing is presented in [12]. A specific electromagnetic excitation device is
used to measure the Frequency Response Function of the spindle at high speeds, and the
evolution with the speed of the eigenfrequencies and the radial stiffness is analyzed in
[13]. In the paper [14] an experimental approach based on accurate characterizations of
the dynamic behavior for different spindle conditions (repaired or damaged) is proposed.
For improving the spindle system during the design and predict the tool dynamics, the
paper [15] proposes modeling of spindle-holder assembly and presents an investiga-
tion on the contact characteristic under clamping and centrifugal forces. The paper [16]
examines the influence of different clamping chucks on energy consumption parameters,
tool wear, and surface qualities, thereby focusing on important sustainability indicators
in machining operations. In [17], clamping force-deformation characteristics are plotted
for implementing a corrective clamping mechanism to control workpiece deformations.
In the study [18], experimental studying has been carried out for discussing dynamic
characteristics of spindle imbalance, which induces forced oscillations and the impact on
surface generation during diamond turning. For minimizing the duration of the clamping
and unclamping processes, it is necessary to ensure the high speed of the CM and, as
a result, significant acceleration of its elements. This shows the feasibility of analyzing
the dynamic characteristics of the CM structures.

3 Research Methodology

The developed model (Fig. 1), which describes the CM’s work with the new ACM,
is a system with lumped parameters, comprising perfectly rigid bodies interconnected
by inertial elastic-dissipative elements. The pliability and dissipative forces of internal
friction in the material of only the most strained elements and the losses due to sliding
friction in their conjugations were taken into account to simplify the dynamic model. For
example, it does not take the spindle and rotor’s torsional stiffness into account because
they are much larger than other elements to neglect their torsional pliability.

The creation of the clamping force in CM with the presented ACM occurs with the
torque’s participation from the main motion drive (spindle rotation). The SA receives
a rotational motion with torque Msh and angular velocity ωsh from the main electric
motor through a set of gears that form a kinematic connection of the main drive with
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Fig. 1. The dynamic model of the new ACM [3] as a part of CM of the lathe.

a total gear ratio ikz and damping characteristics (dissipation) and stiffness kkz and ckz
respectively. The main electric motor drive’s stator interacts with the rotor with a mass
mp1 through an electromagnetic fieldwith a damping factor ked1 and stiffness ced1, which
ensures its rotation with torqueMd1 and angular velocity ωd1. Thus, the rotor’s rotation
angle of the main motor drive φd1 and the spindle φsh are related by the dependence
φsh = φd1, ikz ± θkz and φd = φsh + φ.

At the rear end of the spindle with mass msh (Fig. 1) there is a threaded surface with
a diameter d1 and pitch h on which the rotor of the motor ACM with the outer diameter
d2, mass mp and moment of inertia Jp is screwed. The threaded surfaces of the spindle
and rotor form a self-braking screw-type gear with a transmission ratio ign. The ACM
rotor interacts with the stator through an electromagnetic field with damping ked and
stiffness ced characteristics, which allows the ACM rotor to rotate to the machine body
with torqueMd and angular velocityωd that differs fromωsh. The forces of friction in the
screw self-braking gear determine its damping characteristics kgn and create the braking
torqueMT

g . The resultant of torquesMsh andMd cause the rotor’s rotation relative to the
spindle with force Fa1 speed ωΔ = ωd − ωsh, and axial movement of the rotor ACM
approximately equal to the movement value x

′
T of the output link-rod to transmit force to

the clamping chuck (Fig. 1). The moments of inertia of rotation of the elements rotating
together with the spindle relative to its axis are reduced to the flywheel with the moment
of inertia J nshu.

The transmission of axial force Fa1 to the clamping chuck occurs after backlash
elimination Δ�p appears in the CM as a specific feature of the installation, adjustment,
and wear. This reduces the magnitude of the axial movement of the input link of the
clamping chuck by the value xm = x

′
m −Δnp. The axial force Fa1 is transmitted through

a set of transmission links with total stiffness c�p and damping knp to the output link-rod,
collet chuck and workpiece with masses mT , mc and mπ respectively. The movement
of these masses in the axial direction is counteracted by friction forces STT , which occur
mainly in the contacts of the surfaces of the spindle and the link-rod. This interaction is
characterized by the damping coefficient KT.

The processes that take place in the clamping chuck (in Fig. 1. the area is indicated
by a dashed line) are presented in a simplified form. Axial movement xT is transmitted
with force Fa1 from the link-rod to the clamping elements of the collet chuck through
the petals with the coefficient of tensile deformation c�c (Fig. 1). This causes the force
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interaction in the wedge mechanism of the collet with the gear ratio iu. The clamping
elements of the collet with the mass mze is also moving in the radial direction by the
value, which is counteracted by the force of elastic deformation of the collet petals
with a coefficient cγ

�c. When the clamping elements are moving in the radial direction,
it causes the backlash elimination (mainly between the surfaces of the workpiece and
the clamping elements) with the total value Δk , and the workpiece is clamping with
effort Fγ 2. The contact characteristics of the clamping elements with the spindle and
the workpiece and the size of the gaps are described by the coefficient of elasticity ck ,
damping Kk , and the size of the gap ΔK = (dc − d�), where dc, d� are the diameters
of the collet hole and the workpiece, respectively.

The rotation of the ACM rotor in the opposite direction to the spindle rotation can
be obtained when the ACM engine is running in the mode of electric machine brake.
One of the recommended modes is regenerative braking, which provides certainty of the
rotor speedωd , which it seeks to achieve due to braking – synchronous motor frequency.
This improves the conditions for regulation the work of ACM – obtaining the required
value ωΔ. The maximum torque Md on the rotor ACM in this mode is slightly higher
than in the driving mode due to resistance losses in the stator, which in the driving mode
leads to a decrease in torque, and in the generator – to additional use (consumption) of
the external driving torque, ie. braking.

Two variants of the initial operating conditions of the ACM can be distinguished at
ωd = ωsh, (ωΔ = 0): SA is stopped ωsh = 0; the SA rotates ωsh �= 0. When at the initial
stage SA rotates (ωΔ = 0, ωsh �= 0), there are two ways to ensure the difference ωΔ in
angular velocities of the rotor and spindle (ωd �= ωsh) for the ACM operation:

1. The ACM motor is only switched on during clamping or unclamping processes.
Outside these processes, the magnetic field’s influence on the rotor ACM is absent,
so it rotates with the spindle under the action of the moment Msh from the drive of
the main motion. The process of switching on the ACM motor can be accompanied
by negative effects in the CM which is associated with transients.

2. TheACMmotor idles during spindle rotation and provides rotation of the rotor under
the influence of torqueMπ with a frequency identical to the spindle speed ωd = ωsh
(ωΔ = 0). This requires constant monitoring of the actual speeds of the spindle
and rotor ACM and their coordination. For performing clamping (unclamping), the
current characteristics U, I, V are changed by the controller device to ensure rotation
of the rotor with an angular velocity ωd that differs in modulus or direction from the
angular velocity of the spindle ωsh by a given value ωΔ = ωd − ωsh.

Depending on the parameters of the CM’s elements with ACM, control system, and
method of obtaining ωΔ. the number of stages of its work may be different. In the most
general case, we can distinguish two stages of the CM:

1. Transients in ACM during its uncontrolled acceleration from the state of rest and the
absence of resistance forces on the output link to the output axial force’s appearance.
This stage is characterized by the beginning of the movement and active acceleration
ofmovingmasses duringbacklash eliminationΔ�p andΔK without the emergenceof
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deformations of links and tension in the system. Energy is also spent on overcoming
friction forces. There is an increase in the kinetic energy of the CM

2. The value of the axial force on the output link increases from zero to the maximum
steady-state, which is accompanied by the appearance of elastic deformations of the
links of the CM (the appearance of the stress state of the system). The kinetic energy
of the motion of the CM links is transformed into the potential energy of the stress
state of the system. The engine ACM rotor rotation speed rapidly approaches the
spindle rotation speed, which ends with self-braking in the screw-type gear.

The nature of the transients during the operation of the CM depends on the features
of its design. Backlashes θKZ , 	�p and 	K which exist in the kinematic pairs of the
CM, are expressed in the form of a conditional resulting angular gap which is reduced
to the input link and can determine the features of operating the CM at the initial stage.
If this angular backlash’s magnitude is significant, then the transient electromagnetic
process associated with the ACM motor’s start can be considered completed during the
backlash elimination. It means that before the ACM motor starts work under the load
from the resistance torque, there is the process of some free run with non-zero initial
speed and torque. In the mathematical model, this can be expressed by other initial
conditions and the appearance of an additional equation of motion. In the case of small
gaps in the kinematic pairs, we can assume that the torque of resistance applies to the
rotor ACM at the initial moment of start-up and remains invariant for some time. Self-
braking transmission with a gear ratio igπ conditionally divides the elastic-deformable
torsional system of the MR into two sections. In the absence of action Md (the ACM
motor is switched off), the torque of elastic deformation Mc = f

(
φ, c�p, c�c, c

γ
�c, cK

)

forces can unscrew the elements of the transmission of the ACM in the opposite direction
to what it was during the clamping. The self-braking screw gear transmission remains
locked if elastic forces’ moment does not exceed the moment of friction forcesMT

g in the
transmission created during the clamp. Under these conditions, after the ACM engine
shutdown, its rotor performs decaying oscillations due to the action of the CM links’
elastic forces (czm) and dissipative factors with damping coefficient Kzm (Fig. 1). If the
maximum value of the torque from elastic forces exceeds the self-braking torque MT

g ,
there is braking-off (release) of the system,which reducesworkpiece clamping forces and
reduces ACM work reliability. To unclamp the workpiece, the condition braking-off the
ACMMd > MT

g must bemet. TheACMmotor creates peak torque at the initial stage due
to statical friction forces. Dynamic displacements caused by the elastic characteristics
of the CM links (czm) (Fig. 2) can be considered as forced oscillations (torsional) of
the multi-mass system near the “equilibrium” motion of the system elements with rigid
links. Oscillations are caused by the action of active forces and forces of inertia.

When the rotor’s rotation speedwith themoment of inertia Jp is changing by the value
ωΔ, there is a dynamic torqueMJp = Jp

dωΔ

dt = Jpφ̈(t) . The rotation of the rotor relative
to the spindle is also associated with the movement in the axial direction of lumped
massesmp,mT,mc,mπ, so the action of inertia of these links must be reduced to the rotor
in the form of a moment of inertia JPp = f

(
mp, mT, mc, m�, mze, ig�, ic

)
, which

corresponds to the torque MP
p = JPp

dωΔ

dt = JPp φ̈(t). As a result of the force interaction
of the rotor with the spindle through the links of the CM (Fig. 2) with elastic-dissipative
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Fig. 2. Interaction of CM with other subsystems of the machine.

characteristics czm and Kzm there are torques from the action of elastic forces Mc =
f
(
φ, c�p, c�c, cγ

�c, ck
)
and dissipative forces Mk = f

(
t, φ, Kπp, KT, KK

)

that counteract the rotation of the rotor relative to the spindle during clamping of a
workpiece. Thus, the torquesMd andMJp arising on the rotor of the ACMmotor during
the clamp are counterbalanced by the torque of resistance MR = MK + MC + MP

Jp
applied to the rotor from the CM.

Md − MJp = MK + MC + MP
Jp (1)

The electromagnetic torque Mπ in the mode of high deceleration ωd → ωsh under the
actionMR can be represented as a function of speed and supply voltageMd = f

(
φ̇d , U

)
,

and the condition of providing the required value of the clamping forces Fγ 2 is presented
asMmaxR

d . IfMd = 0, the expression implies the condition of the clamp due to the action
of inertia.

At the final stage of the clamp, the kinetic energy of motion of the CM elements is
converted into the stress state’s potential energy, so when the rotor slows down under
the action of active forces (MK and MC) the value dωΔ

dt became negative and torques
MJp and MP

Jp change direction. Overcoming the torque MR of resistance of the rotor
rotation relative to the spindle due to the action on the rotor of the torques Mπ andMJp

causes the appearance of equal in modulus and opposite in direction reactive torque
MR

w = M∂ − MJp on the spindle.
The torqueMd1 from the main drive motor is transmitted to the SA through the gears

with the common gear ratio ikz and characteristics of damping KKz and stiffness ckz . In
the steady-state mode of rotation of the spindle at a constant speed, ωsh = ωd1 · ikz it is
counteracted by the torque Msh that arises as a result of the action of dissipative factors,
so it fulfilled equality Md1 · ikz = Msh. The influence of the torque MR

sh that occurs
during the ACM operation causes a change in the speed of rotation of the SA and causes
the appearance of a dynamic torqueMP

Jsh = Jπ
shu

dωsh
dt , which also counteractsMd1. Thus

the mathematical equality is fulfilled.

Md1 · ikz = Msh + MR
sh + MP

Jsh (2)
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The dynamic qualities of this system, which contains the drive of the main motion and
the CM with the new ACM, can be approximately estimated by the transients’ duration.
During the transition process, the torques Msh and MR

sh are constant values, the time dt
corresponding to the change of the angular velocity dωsh can be determined from the
equation of motion by the formula.

dt = J nshu
dωsh

Md1 · ikz − Msh − MR
sh

(3)

The transient processes that appear in the spindle drive resulting from operation ACM
cause the change of spindle rotation speed from ωsh to ωsh + ωR

sh. They can be found by
integrating the previous expression.

t =
∫ ωsh+ωR

sh

ωsh

Jπ
shu · dωsh

Md1 · ikz − Msh − MR
sh

= Jπ
shu · ωR

sh

Md1 · ikz − Msh − MR
sh

(4)

This system’s tendency to oscillations, and, as a consequence, the margin of stability
can be characterized by the maximum value of the torque on the spindle (Msh + MR

sh)
relative to the steady-state value Msh after the transition process.

G =
(
Msh + MR

sh

) − Msh

Msh
= MR

sh

Msh
(5)

4 Results

The mathematical description of the processes occurring during the work the CM with
the new ACM and their influence on the main motion drive of the machine can be
reduced to a system of equations with a description of the motion of two sections of
the system – the main electromotor with transmission and the SA which are connected
by elastic-deformable connection with the characteristics Kkz , cKZ and iKZ (Fig. 1, 2).
The torque of the engine of the drive of the main movement Mπ1 is counteracted by the
moments of active forces MKZ

C , MKZ
K and MJp1 = Jp1

dωd1
dt = Jp1φ̈dt(t) forces of inertia.

Thus, the torque MKZ
C is counteracted by the torques Msh and MR

sh the dynamic torque

MP
jsh = J nshu

dωsh
dt = J nshuφ̈sh(t).

Therefore, the change in the rotation speedsωd1 of themain drive andACMelements
depends on the magnitude of the driving moments Md1 andMd . The control of the CM’s
characteristics with the new ACM can be performed by adjusting the values Md and
ωd , which also affects ωd1 due to changes in the load on the motor of the main motion
drive. The magnitude of the change ωd1 depends on the stiffness of the mechanical
characteristics of the motor of the main motion drive, which reflects the nature of the
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change in the angular velocity of the engine Δωd1 with a change in torque ΔMd1,
β = ΔMd1

Δωd1
. Therefore ωd1 = f (Md , β) .

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Md1 − Mkz
C − Mkz

K = Jp1
dωd1

dt
= Jp1φ̈d1(t);

Mkz
C − Msh − MR

sh = J nshu
dωsh

dt
= J nshuφ̈sh(t);

Mkz
C = ckz(φsh − φd1 · ikz ± θkz);Mkz

K = Kkz
dφdt
dt ;

ωd1 = ωsh
ikz

;φsh = φd1 · ikz;ωΔ = ωd − ωsh;
Msh = Md1

ikz
;MR

sh = Md − MJp = MK + MC + MP
Jp;

MC = f
(
φ, cnp, cnc, crnc, ck

);MKf
(
t, φ̇, knp,KT ,Kk

);
Md = f (φd ,U );φd = φsh + φ;
MJp = JpdωΔ

dt = Jpφ̈(t);MP
Jp = JPp

dωΔ

dt = JPp φ̈(t).

(6)

After substituting the second equation of the system for the first one we obtain

Md1 −
(
J nshu

dωsh

dt
+ Md1

ikz
+ Md − MJp

)
− Mkz

K = Jp1
dωdt

dt

Md1

(
1 − 1

ikz

)
− Kkzωd1 − ω̇d1

(
Jp1 + J nshu, ikz + Jp · ikz

) = Md − Jpω̇d (7)

5 Conclusions

The identified dependencies show the patterns of influence of the characteristics of
themachine’s main driver on the CM’s operation with the new ACM. A dynamic model
is compiled, andmathematical dependences are presented,which describe the geometric-
mass, kinematic, and force characteristics of the CM operation. The peculiarities of the
stages of the CM with the new ACM depending on the size and presence of gaps,
characteristics of the elasticity of kinematic connections, the mass of elements, and
specifics of control are revealed. The use of the obtained dependences promotes the
development of the parametric synthesis of this type’s structures.
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