
OBRABOTKA METALLOV

Vol. 23 No. 3 2021

MATERIAL SCIENCE OBRABOTKA METALLOVEQUIPMENT. INSTRUMENTS

Vol. 23 No. 3 2021

Synergetic approach to improve the effi ciency of machining process control 
on metal-cutting machines

Vilor Zakovorotny a, Valery Gvindjiliya b, *

Don State Technical University, 1 Gagarin square, Rostov-on-Don, 344000, Russian Federation

a  https://orcid.org/0000-0003-2187-9897,  vzakovorotny@dstu.edu.ru, b  https://orcid.org/0000-0003-1066-4604,  sinedden@yandex.ru

Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science. 2021 vol. 23 no. 3 pp. 84–99
ISSN: 1994-6309 (print) / 2541-819X (online)
DOI: 10.17212/1994-6309-2021-23.3-84-99

Obrabotka metallov - 
Metal Working and Material Science

Journal homepage: http://journals.nstu.ru/obrabotka_metallov

A RT I C L E  I N F O

Article history:
Received: 29 June 2021
Revised: 17 July 2021
Accepted: 30 July 2021
Available online: 15 September 2021

Keywords:
Processing effi ciency
Self-organization and evolution
Synergetics of reconciling external and 
internal dynamics

Funding
This study was performed with fi nan-
cial support of RFBR grants: “Devel-
opment of the theory of analysis and 
synthesis of controlled self-organiza-
tion in a dynamic cutting system during 
processing on the example of manu-
facturing parts on lathes”, No. 19-08-
00022; “Development of methods for 
analysis and synthesis of a dynamic 
cutting system based on the criterion of 
minimizing the reduced manufacturing 
costs”, No. 20-38-90074.

Acknowledgements
Research were conducted at core facil-
ity “Structure, mechanical and physi-
cal properties of materials”.

A B S T R A C T

Introduction. The effi ciency of processing on metal-cutting machines is evaluated by the reduced cost 
of producing a batch of parts while ensuring the required quality. In modern production, parts are usually 
made on CNC machines. Today the CNC program and the trajectories of the machine tool actuators match 
each other with high accuracy, which, however, does not yet guarantee quality and effi ciency of production. 
The defi nition of the CNC program is based on the knowledge base of rational modes, tools, coolant and 
etc. during processing. This base refl ects some averaging over the set of machines, tools and processing 
conditions, and does not take into account changes in the properties of the dynamic system in the process 
of cutting. Subject. The paper deals with the synergistic matching of external control (CNC programs) and 
cutting dynamics (internal control). The internal control factors can be set a priori, as well as determined 
as a result of the infl uence of irreversible energy transformations in the cutting zone. The purpose of the 
work is to determine the law of controlling the trajectories of the machine’s executive elements in such 
a way that, with changing properties of the dynamic cutting system, the required surface quality of the 
part and minimizing the intensity of tool wear are ensured during the processing of the part. Method and 
methodology. Mathematical simulation of the controlled dynamic system, which properties change due to the 
a priori set laws of variation of subsystem parameters, as well as changes in the cutting properties conditioned 
by the power of irreversible energy transformation is presented. Consideration of the power of irreversible 
energy transformations is necessary for predicting back-edge wear, changes in dynamic coupling parameters, 
and evolutionary restructuring of cutting dynamics. Results and Discussion. The regularity of matching the 
CNC program with the changing properties of the cutting process, which allows increasing the processing 
effi ciency while ensuring the required quality of parts, is disclosed. A number of properties of the dynamic 
cutting system caused by changing trajectory of the longitudinal feed rate of the tool during processing of the 
shaft, the stiffness change of which is given, are revealed and analyzed.
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cutting machines. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2021, vol. 23, no. 3, 
pp. 84–99. DOI: 10.17212/1994-6309-2021-23.3-84-99. (In Russian).
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Introduction

Currently, the system-synergetic paradigm of analysis and synthesis of complex systems has been 
formed [1–4]. It is used in controlling technical systems [5–8], including machining processes on machine 
tools [9–13], and in studying the dynamics of systems interacting with different environments [14–16]. 
When determining CNC programs that specify trajectories of executive elements (TEE), the knowledge 
base, based on various ideas about the influence of technological parameters on machining, is used [16–24]. 
It is shown that the wear intensity is influenced by the power released in the cutting zone. It is estimated, 
as a rule, by temperature [25–32]. Various techniques have been developed for correcting control programs 
that depend on information exchanges in subsystems [33–38]. One effective method for ensuring part qual-
ity is to control the elastic deformations of the tool relative to the workpiece [39]. This method has gained 
recognition especially in cases where the workpiece stiffness varies along the machine’s TEE [40–44].  
It has also been shown that the machining output characteristics depend on the state of the dynamic system 
(DS) [45–54]. Machining modes, as a rule, remain unchanged. Changes in DS properties, such as power 
path-dependent irreversible energy transformations by performed work, are not taken into account [55–58]. 
The next step, aimed at increasing the machining efficiency, is the synergistic coordination of the CNC 
program with the cutting DS. Firstly, it is necessary to coordinate the technological modes and the cor-
responding CNC programs with the cutting system. Secondly, it is necessary to ensure this coordination 
with the changing properties of the system in the course of evolution. The aim of the research is to develop 
algorithms, mathematical tools and methods of matching the CNC program with the changing properties of 
the cutting DS along the tool trajectory.

Research methodology

State space

Let’s consider the space in which we will place the workpiece and consider the tool tip movement tra-
jectories consisting of the machine tool tip (3)

1 2 3{ , , }= ∈ℜTL L LL  and deformation displacement trajecto-

ries (4)
1 2 3{ , , , }= ∈ℜT

XX X X YX , in which we will distinguish the deformation displacements of the tool tip 
(3)

1 2 3{ ( ), ( ), ( )}= ∈ℜT
XX t X t X tX(t)  relative to the machine carrier system and the deformation displacements 

of the workpiece ( )Y t  in the direction normal to its axis. The origin of the space coordinates is placed in the 
right rotation center of the workpiece (Fig. 1). In addition, we will set the trajectory of its rotation  
( 4/ ,W = α α =d dt L ). Space (3)ℜX is movable. Its motion is constrained to trajectories L . The orientation of 

space coordinates (3)ℜX  is shown in Fig. 1. Vectors L  and X  correspond to its velocities 
(4)

1 2 3 4{ , , , }= ∈ℜTV V V VV(t)  and (4)
,1 ,2 ,3 ,4{ , , , }= ∈ℜT

X X X Xv v v vXv . At that, 4 = π WV D . The set of L(t)  and 

V(t)  is defined by the CNC program. Let us also consider the trajectories of the form-forming motions 

1 2 3 4{ , , , }= Tl l l ll(t)

	 ,= −l(t) L(t) X(t) 	 (1)

as well as its velocities (4)
1 2 3 4{ ( ), ( ), ( ), ( )}= ∈ℜTv t v t v t v tv(t) , that is = ∫l(t) v( d

t

0
)ξ ξ . If l(t)  is set, then the 

skeletal geometrical topology ⊂(l) (0)Ψ Ψ  of the surface formed by cutting [10–12] is also defined, from 
which it is possible to determine the geometry estimates used in engineering practice without taking into 
account the influence of independent physical processes accompanying processing on the surface. Condi-
tion
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	 ∈ ⊂t (l) (0)l( ) Ψ Ψ 	 (2)

defines the requirement for the quality of the surface formed by cutting. This condition is considered to be 
achievable on a machine tool if the TEEs L(t)  are controlled. However, in the case of evolution, the 

condition ⊂(l) (0)Ψ Ψ  may become unattainable.
We will rely on the synergetic principle of “expansion-compression” of the state space dimension [6–8]. 

As applied to machining, it reveals the interaction between the tool and the workpiece through the medium 
formed by the cutting process.

Let us limit ourselves to the mechanical interactions of the three tool faces

	 ) ,= + + ÂF t t t t(( ) F( ) ( ) ( )Σ Φ Φ 	 (3)

where (3)
1 2 3{ ( ), ( ), ( )}= ∈ℜTF t F t F tF(t)  – forces formed in the interface area of the front face of the tool, 

{ } (3)
1 2 3( ), ( ), ( ) Tt t t= Φ Φ Φ ∈ℜ(t)Φ  – forces formed in the interface area of the main back face of the tool 

and its auxiliary face { }( ) ( ) ( ))
1 2 3( ), ( ), ( )

TB B Bt t t= Φ Φ Φ( (t)Φ Â . It is necessary to represent it in coordinates 

of state and control. In the areas of interface of faces, the work 1 2 3{ , , }TÀ À À=À(t)  and power of irreversible 

Fig. 1. Scheme of interaction between the spindle rotation and feed drives of the 
slide, as well as the formation of a dynamic connection of the cutting process
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energy transformations 1 2 3{ , , }= TN N NN(t)  are considered. The phase trajectory ( À(t) – )N(t)  is the 
generator of all evolutionary changes in the cutting process [55–58].

Model of interactions

A system is defined if the interactions between the subsystems are disclosed. The interactions between 
the tool and the workpiece through the medium formed by the cutting process are formed by the intersection 
of the tool body and the workpiece. Parameters, characterizing the intersection, are modes (feed, depth and 
cutting speed): { ( ), ( ), ( )}TP P PS t t t V t=(t)Τ . It is related to V(t)  and Xv (t)  by the relations

	

2 ,2

3 ,3 1 ,1 ,4
0

( ) ( ) ( ) ;

( ) ( ) ( ); ( ) / 2 ( ) ( ) ( ) ,

−

= ξ − ξ ξ  

= − = − ξ − ξ − ξ ξ  

∫

∫

t

P X
t T

t

P X P X X

S t V v d

V t V t v t t t d V v v d

	 (4)

where 1( ) ñonstT −= W =  – time of a turn in [ ]S . We suppose that there is no torsional deformation of the 
workpiece and the workpiece of constant diameter is being processed, and the system is undisturbed. It fol-
lows from (4) that interactions only exist when the tool moves relative to the workpiece. For example, the 
feed rate ( )PS t is determined by an integration operator of the total feed rate in the time window determined 
by the frequency of W . If in (4) there are no deformations and all velocities are constant, we will use the 
values for the modes: (0)

ÐS , (0)
Ðt , (0)

ÐV .

We will rely on the studies [55, 56] to determine the deformations, 

	 ( , , ),Σ+ + = P P PS t V
2

2
d X dXm h cX F

dtdt
	 (5)

where , , ,[ ], , : , 0, : , , 1, 2, 3s k s k s km m m m s k m s k s k= = = = ≠ =ïðè ïðè , 4,4 0 ( )=m m L  в 2kgs / mm , 

,[ ],= s kh h  ,4 4, 0, 1,2,3= = =s sh h s в kgs/mm , ,[ ], , 1,2,3,4= =s kc c s k , ,4 4, 0, 1,2,3= = =s sc c s  in kg/mm  are 

symmetric, positively determined matrices of inertial, velocity, and elastic coefficients. The parameters of 
the workpiece subsystem ( 4,4 0 ( )=m m L , 4,4 ( )h L , 4,4 ( )c L ) depend on L . The force projections in space (3)ℜ  

are determined by the coefficients χi  satisfying the conditions of 
3

2

1
( ) 1

=

=
χ =∑

i
i

i
. In this case 4 1= −F F . When 

machining a part of complex geometry, the coefficients χi  and matrices c  change depending on the trajec-
tory. The possibility of considering the deformation displacements of the workpiece as a scalar model is 
justified by the fact that its cross section is circular. Then any orthogonal system of coordinates, normal to 
the axis of rotation, is the main one. We will take into account the dependence F  on the area S, the cutting 
speed ( )PV t  and take into account the delay of forces in relation to variations of S. Then

	 (0)
1 2 3 1( ){ , , , } ,= χ χ χ χ TF tF(t) 	 (6)

where ( ){ } { }(0)(0) (0) (0)
3 ,3 1 2 ,2/ 1 exp ( ) ( ) ( ) ;

−

 + = r + µ −ζ − − − ξ − ξ ξ     ∫
t

X XP
t T

T dF dt F V v t t X Y V v d
 
 r – pres-

sure in 2[kg/mm ]; ζ  – steepness parameter of forces in [s/mm] ; µ  – dimensionless coefficient; (0)T  – pa-
rameter that determines the delay of forces.
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The model of forces Ф(t) is presented in state coordinates. The modulus of these forces depends on the 
convergence of the back faces to the workpiece, that is, on the back angle ( )Σα t  (Fig. 1). This angle is 
defined by the sum of 

	 ( ) ( ),Σα = α + ∆αt t 	 (7)

where α  is the value of the back angle; its increment 2 ,2

3 ,3

( )
( )

àrctg
− 

∆α =  − 

X

X

V v t
V v t

. Similarly, the angle between 

the trailing edge and the workpiece (1) (1) (1)( ) ( )Σα = α + ∆αt t  changes. Since ( )Σα t  and (1) ( )Σα t  are small  
values, it is true for the forces t( )Φ . 

	

(1)
1 0 2 ,2 1

(0)
2 0 1 2

3 1 2

( ) exp ( ) ;

( ) ( ) exp ( );

[ ],

t

X
t T

p

T

V v t dt t

t X t Y t t

k

Σ
−

Σ

    Φ = r − α α  ∫    
 

  Φ = r − − α α  

Φ = Φ + Φ

	 (8)

where 1α , 2α  is a slope coefficient; 0r  is a parameter, which has the sense of stiffness; Tk   – coefficient of 
friction in the contact of the tool face with the workpiece.

System (8) augmented by (2–6) allow to study X , F , Ф and the power of irreversible energy 
transformations. It changes if the parameters of the dynamic coupling and V(t)  vary. The dependences also 
make it possible to calculate the power 2 ( )N t  and work of the forces 

	 [ ]1 ,1 2 2 ,2 1 2 4 ,3( ) ( ) ( ) ( ) ( ) ( ) ( ) .X X T XN t t v t t V v k t t V v t= Φ + Φ − + Φ + Φ −       	 (9)

Consideration of power 2 ( )N t  is necessary for predicting back-edge wear, changes in dynamic coupling 
parameters and evolutionary restructuring of cutting dynamics. In this paper, we limited ourselves to 
considering the power of irreversible transformations in the interface area of the back face of the tool and 
the workpiece, because when cutting with carbide tools, the prevailing wear is observed exactly at its back 
face.

Alignment of trajectories with varying stiffness

In the paper, the problem of synergistic matching of machine TEEs with an a priori specified law of 
variation 0 ( )m L , 4,4 ( )h L , 4,4 ( )c L  is considered. The problem is solved in three stages. 

At the first stage, a set of phase trajectories 2 2( )V L  is defined at which the diameter deviation 

12( ) const∆ = + =D X Y . The function 4,4 2[ ( )]ñ L t  is assumed constant within the impulse response of the 

system. Then to determine the relation ∆D  and 2V  we can use the system

	 1 const,Σ
∆ + ∆

+ = = ∆ =
∆

X Y 1X Y 	 (10)

where 

1,1 1 0 2 2,1 3,1 1 0 2

1,2 2 0 2 2,2 3,2 2 0 2

1,3 3 0 2 2,3 3,3 3 0 2

1 0 2 4,4 2 1 0 20 0 ( )

+ χ r χ r 
 + χ r χ r ∆ =
 + χ r χ r
 χ r + χ r  

c V T c c V T
c V T c c V T
c V T c c V T

V T c L V T

;      [ ]{ }0 31 exp ( )r = r + µ −ζ V ;
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1 2,1 3,1 1 0 2

2 2,2 3,2 2 0 2(0)
0 2

3 2,3 3,3 3 0 2

1 4,4 2 1 0 20 0 ( )

χ χ r 
 χ χ r = r
 χ χ r
 χ + χ r  

P

c c V T
c c V T

t V T
c c V T

c l V T

1X∆ ;

1,1 1 0 2 2,1 3,1 1

1,2 2 0 2 2,2 3,2 2(0)
0 2

1,3 3 0 2 2,3 3,3 3

1 0 2 10 0

+ χ r χ 
 + χ r χ = r
 + χ r χ
 χ r χ 

P

c V T c c
c V T c c

t V T
c V T c c

V T

Y∆ .

The speed 2V  is considered averaged over the periods of rotation of the workpiece in determining 

2 2( )V L , and its variation of 2V  should not exceed the allowable values based on the requirements for 
surface roughness.

At the second stage, asymptotically stable trajectories are selected from this set 2 2( )V L . For this purpose 

it is necessary to calculate the equilibrium points 1 2 1 1{ , , , }∗ ∗ ∗ ∗ ∗= TX X X YX  and 0
∗F , and after substitution of 

variables ∗= +X(t) X x(t)  and 0 0( ) ( )∗= +F t F f t  determine the equation in variations, linearize it and 
investigate by known methods [55–58]. The linearized equation in variations corresponding to (5) and (6) 
in the neighborhood of equilibrium is given in (11)

	 ,+ + =2 2Md z(t) / dt Hdz(t) / dt Cz(t) 0 	 (11)

where 

{ }1 2 3( ), ( ), ( ), ( ), ( )= Tx t x t x t y t f tz(t) ;    
0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 0

 
 
 
 =
 
 
  

m
m

m
m

M ;

( ) ( )

1,1 2,1 3,1

1,2 2,2 3,2

1,3 2,3 3,3

0

(0) (0)
1(0) (0)

1 3
3

0 0

0 0

0 0

0 0 0 0

0 0 exp( ) 0 P P
P P

h h h

h h h

h h h

h

kS t X
t X S V

V

∗
∗

 
 
 
 
 =  
 
 −
 −r − ςµ −ς
  

H  ;

{ } { } { }

1,1 2,1 3,1 1

1,2 2,2 3,2 2

1,3 2,3 3,3 3

4,4 2 1

(0) (0) (0)
3 3 1 3

0

0

0

0 0 0 ( )

1 exp( ) 1 exp( ) 0 1 exp( ) 1P P P

ñ ñ ñ

ñ ñ ñ

ñ ñ ñ

ñ L

V S V t X V S∗

−χ 
 

−χ 
 −χ=  
 −χ
 
  r + µ −ς r + µ −ς − r + µ −ς  

Ñ

.

 

The synthesis procedure is illustrated by the example of turning a fuel system nozzle shaft made of  
steel 45. Length (0)

2 120 mm=L , diameter 20 mm, modes: (0)  2.0 mm≤pt , 3  2.0 mm/s=V . The parameters of 

the matrix of velocity coefficients and the dynamic coupling are given in Table 1 and Table 2, respectively. 
The generalized masses: 3 2 0.5 10  kg s /mm−= ⋅ ⋅m , generalized mass 0m  and coefficient 4,4h  change when 
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varying 4,4ñ  so that the natural frequency and damping coefficient of the workpiece subsystem remain 

constant.
The trajectories of stiffness 4,4 2( )ñ L , deformation displacements 2( )Σ∆ L , and velocity 2 2( )V L  providing 

2( ) constΣ∆ =L  are given as example in Fig. 2.
Depending on the parameters, the image point in Fig. 2 may intersect the figurative line. Then the 

trajectory 2 2( )V L  becomes unstable.

The loss of stability also depends on 2V  changing along 2L , that is tool wear. It is necessary to change 

the parameters of subsystems by design methods or to correct the cutting speed (0)
3=PV V  and the 

corresponding feed rate 2V  to ensure condition (10). Fig. 3 shows that with increasing speed, the stability 

T a b l e  1

Parameters of the matrix of velocity coefficients and elasticity

1,1h 2,2h 3,3h 1,2 2,1=h h 1,3 3,1=h h 2,3 3,2=h h 4,4h

0.25 0.15 0.15 0.1 0.08 0.08 0.18

1,1ñ 2,2ñ 3,3ñ 1,2 2,1ñ ñ= 1,3 3,1ñ ñ= 2,3 3,2ñ ñ= 4,4ñ

1000 800 800 200 100 100 200...300

T a b l e  2

Parameters of the dynamic link

2, [kg/mm ]r , m/sς 0 , ñT µ

500 0.1 0.001...0.005 0.5

Fig. 2. Changing the properties of the system along the axis L2: 
a – trajectory of radial stiffness change 4,4ñ  (1) and rational feed rate trajectory V2 (2); b – error caused by 

elastic deformations Σ∆ at (1) – constant feed, at (2) – constant force, at (3) – feed rate control

                                        a                                                                                  b
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Fig. 3. Areas of stability of the “frozen” system at different values of wear w0:
1 – w0 = 0.05; 2 – w0 = 0.1; 3 – w0 = 0.15

                                            a                                                                                b

area always expands. It was previously shown that, as the speed increases, parametric self-excitation is also 
observed in the system [11–13]. Therefore, when the velocity increases, there is its range, in which the 
stability margin is maximum.

At the third stage, the trajectories that provide a minimum tool wear intensity are selected from the  
set L( )Ψ . It is taken into account [29–32] that as the work is done, there is an evolutionary restructuring of 
the properties of the cutting process, including the intensity of tool wear. Moreover, each evolutionary 
diagram is unique. It depends on the initial parameters, modes and perturbations. Therefore, even its small 
variations correspond to excellent diagrams of wear and changes in the geometric characteristics of the 
workpiece surface formed by cutting.

Results and discussion

During cutting, there are changes in the properties of the dynamic system, determined by two reasons. 
Firstly, changes in the parameters of interacting subsystems: its stiffness, variations of the allowance, etc. 
These factors are a priori given. Secondly, the change in the properties of the dynamic coupling formed by 
cutting, which combines the subsystems, as well as the development of tool wear. These factors are 
determined by the capacity of irreversible transformations of the energy supplied to the cutting. It is 
important to emphasize that the properties of the dynamic cutting system during processing change even 
when the parameters of the subsystems (matrix of m, h and c ) remain unchanged. Therefore, it is necessary 
to coordinate the TEE of the machine (the CNC program) with the changing cutting properties.

Depending on a priori set laws of variation of the system parameters, it is possible to determine the set 
of desired TEEs of the machine, at which the output requirements to the cutting process are provided and 
to select from this set asymptotically stable, i.e. attractors. The given example of selecting the trajectory of 
the longitudinal feed rate when processing a shaft, the change in the stiffness of which is set, allowed us to 
identify a number of properties.

1. If the dynamic cutting system is unperturbed and stiffness variations are the only parameter varying 
in space, the elastic strain displacements can be stabilized by software methods with high accuracy. In this 
case, stabilization of cutting forces leads to even larger diameter errors than uncontrolled machining at 
constant modes (Fig. 3). This is due to the self-regulating properties of the cutting process, in which the 
generated forces, represented in the state coordinates, play the role of an internal regulator of the machining 
diameter with negative feedback formed by the cutting process itself. If the main variable parameter is 
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allowance variation, then force stabilization by feed variation can fully compensate the effect of allowance 
variation on diameter accuracy. In all cases, it is necessary not to stabilize cutting forces, but to ensure the 
constancy of elastic deformations on the basis of its coordination with the law of cutting properties change 
and a priori specified disturbances. 

2. The possibilities of controlling the accuracy of parts by varying the feed rate are limited. It follows 
from (4) that variations in the feed rate ( )PS t , which affects the cutting forces, depend both on the time 
window T  in which the feed rate is integrated and on the velocities of ,2 ( )Xv t . Usually, the natural 

frequencies of oscillatory loops, which are formed in the subsystems on the tool and workpiece side, are at 
least an order of magnitude greater than the rotation frequency of the workpiece. Then, when considering 
deformation displacements, we can limit ourselves to elastic reactions, and with this in mind, analyze the 
transformation of the feed rate into its value in the frequency domain. It is not difficult to obtain the 
amplitude-phase frequency response of 2 ( )V t  the transformation in ( )PS t  view of (10). First, let us give an 
expression for the transfer function

	 [ ]
[ ],

2

1 exp( )( ) 1 exp( )( ) 1 ,
( ) 1 1 exp( )

− − − −
= = − + − − 

P
V S

A pTS p pTW p
V p p A pT

	 (12)

where 
(0)

0

0

r
= PtA

c
 is the dimensionless parameter of the influence of the cutting system on the transformation 

2 → PV S ; 0ñ = 2X∆

∆
; 

2
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 χ r χ + χ r  

X

c V T c V T
c V T c V T
c V T c V T
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. 

Or after the obvious transformations we have

	 { }{ },
sin( ) 1 cos( )( ) ( ) ( ) ,ω − ω

ω = − ω + ω
ω ωV S

T TW j j R jI 	 (13)

where 

[ ]
[ ] [ ]2 2 2
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1 2 (1 )(1 cos( )1 cos( ) sin ( )

ω ω
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+ + − ω+ − ω + ω

A T A TI
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.

Examples of changes , ( )ωV SW j  in the dimensionless frequency function W = ωT  are given at Fig. 4. 

The analysis of (13), as well as Fig. 4. allow to draw the following important conclusions. First, at varia-
tions in velocity 2 ( )V t  with the frequency of rotation of the workpiece, the deformation displacements of 
the tool relative to the workpiece are uncontrollable. Second, in the low-frequency region (up to a frequen-
cy of 0,1W), the feed variations ( )PS t  differ from the velocity 2 ( )V t  by a constant “T” factor. Then, there is 

rapid phase rotation and periodic, with monotonic decay of the maximum amplitude, variation of ( )PS t . 
The phase rotates between “0-π”, which affects the dynamic properties, including stability. Third, the dy-
namic properties of the conversion 2 ( )V t  to forces depend not only on the properties of the drives, but also 
on the stiffness parameters of the tool and workpiece subsystems, as well as on the parameters of the dy-
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Fig. 4. Frequency conversion characteristics 2 → PV S : 
а – А = 0; b – А = 0.5

                                         а                                                                     b

namic coupling formed by the cutting process. For example, a decrease in the reduced stiffness causes an 
increase in the transient time. In Fig. 4 this is reflected in a decrease in the bandwidth of the system. Thus, 
when designing the desired feed path, its values should be averaged over several periods of rotation of the 
workpiece using sliding average algorithms.

Finally, the transformation 2 → PV S  that affects the cutting forces also depends on the rotational speed 
of the workpiece that sets the cutting speed, which is chosen on the basis of minimizing the intensity of tool 
wear.

Conclusions

When machining parts of complex geometry and having a priori set law of changing the stiffness of 
the workpiece, when determining the CNC program, it is necessary to perform its coordination with the 
changing properties of the system. An effective way of such coordination can be based on the synergistic 
paradigm of ensuring the coherence of external control with the changing internal dynamics of the cutting 
system. The proposed algorithm for such coherent control includes determining the desired trajectory and 
ensuring its asymptotic stability while minimizing the tool wear intensity. At the same time, the conditions 
of control feasibility, disclosed in the paper, which depend on the features of the dynamic cutting system, 
are taken into account.
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