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Abstract – The process of electrical discharge 
profiling of diamond tool is regarded as a stochastic 
control object from the point of view of the analysis of 
factors affecting its productivity. The selection of 
optimal modes can significantly improve the quality 
indicators of this process. For this improvement, a 
model of electrical discharge profiling is developed 
using the example of diamond grinding wheels, which 
allows making an informed selection of optimal control 
modes for this process. The main factor that reduces 
productivity is the insufficient average power released 
in the interelectrode gap during electrical discharge 
machining of the workpiece. The dependence of the 
indicated power on the size of the interelectrode gap 
and on the frequency and amplitude of technological 
pulses is extreme, which determines the choice of 
approach to optimizing the process. To ensure extreme 
power control, it is proposed to use the Gauss-Seidel 
coordinate descent method for two parameters: the size 
of the interelectrode gap and the amplitude of the pulse 
generator. The search algorithm for the extremum of 
the static characteristics of the inertial object for each 
coordinate is performed with the help of the recursive 
least squares method.  
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1. Introduction

Electrical discharge profiling is widely used in 
various machine building industries, though it has a 
significant drawback: insufficient productivity [1]. 
The selection of optimal operating modes will largely 
overcome it. 

In order to obtain more complete information on 
the nature of the power behavior in the interelectrode 
gap during electrical discharge profiling, 
experimental studies were conducted on the influence 
of the size of this gap on the average power released 
in it (Figure 1.) for various values of the duty cycle 
of technological pulses q. 

Figure 1. Dependences of the average power released in 
the interelectrode gap on the size of this gap 

Figure 1. shows that in section 1-2 the power 
released in this gap increases sharply from zero to a 
maximum with an increase in the interelectrode gap. 
This is explained by the fact that with an increase in 
the gap, the number of short circuit pulses sharply 
decreases, and the number of working pulses that 
remove material from the workpiece during profiling 
increases. A sharp decrease in the number of short 
circuit pulses is associated with more intensive 
removal of conductive erosion products from the 
interelectrode gap. With an increase in the number of 
working pulses, the average voltage of the pulses 
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also increases, which leads to an increase in the 
average power released in the interelectrode gap. 

In the extremum section, the number of working 
pulses reaches its maximum, which leads to an 
increase in average power. 

Further increase in the interelectrode gap, in 
section 2-3, leads to an increase in the number of 
“idle” pulses, at which there is no spark breakdown 
of the interelectrode gap, and the average value of the 
amplitude of the discharge current drops to zero. In 
this regard, the value of the average power also falls 
to zero. 

On the basis of the studies, the conclusion can be 
drawn that it is necessary to conduct the process of 
electrical discharge profiling at the maximum power 
released in the interelectrode gap to achieve 
maximum productivity. 

The use of extreme control is constrained by the 
fact that the process of electrical discharge 
machining is stochastic. This is particularly true for 
the process of diamond wheels profiling. The 
complex microrelief of the machined surface, the 
presence of non-conductive inclusions, the 
undesirability of graphitization of diamond grains 
under the influence of the electric current, and the 
high accuracy of profiling place high demands on the 
control system of the process of electrical discharge 
machining [2], [3], [4]. 
 
2. Formulation of the Problem 
 

 Consideration of the technology of the electric 
discharge machining process allowed establishing 
that the determining factor affecting the 
technological indicators is the optimal maintenance 
of the interelectrode gap [1]. The considered process 
is also significantly affected by the rational choice of 
the parameters of the working pulses of the 
generator, which affects the productivity of the 
process of electric discharge machining of diamond 
grinding wheels [5].  

For this fact, the following targets were set: 
 

 building a model of electrical discharge profiling 
of diamond grinding wheels, which allows 
making an informed selection of algorithms and 
control modes for this process to increase its 
productivity; 

 development of a noise-resistant high-speed 
algorithm for finding the extremum of the static 
characteristics of an inertial object, which allows 
increasing the accuracy of the technological 
process in extreme type objects of various 
inertia, operating in conditions of strong noise; 

 
 

 synthesis and analysis of the structure of the 
extreme control system of the electrical 
discharge  

 

 
3. Mathematical Modelling of the Process of the 

Electrical Discharge Profiling for Diamond 
Grinding Wheels 

 
The main difficulty in controlling the process of 

the electrical discharge profiling for diamond 
grinding wheels lies in unforeseen changes in a wide 
range of characteristics of external influences and 
properties of controlled objects, as well as in the 
incompleteness of information on these 
characteristics and properties. Furthermore, the 
electrical discharge machining process is 
insufficiently formalized in view of the complexity 
of the interaction of technological indicators and 
output values. 

For this task, it is proposed to develop a 
generalized model of the process of the electrical 
discharge profiling of diamond grinding wheels. As a 
result of the analysis of the technological process, the 
generalized model can be divided into three 
submodels: the model of external disturbances, 
taking into account the topology of the electrode 
surfaces and diamond grinding wheels, based on the 
singular value decomposition of the profile of these 
surfaces; the electromechanical model of electric 
drives of an electrical discharge machine built on the 
basis of a generalized theory of electrical machines; 
and the electrical model of the interelectrode gap, 
which describes the physical processes in the 
interelectrode gap of an electrical discharge machine 
during profiling. 

The process of electrical discharge profiling is 
studied in detail, the effects of various technological 
modes of machining on the productivity, accuracy, 
and quality of the machined surfaces, as well as tool 
electrode wear are revealed. However, in view of the 
complexity of the interconnections between the 
modes of the profiling process and its technological 
characteristics [6], recommendations for selection of 
the parameters of discharge pulses are based, first of 
all, on practical experience and the results of 
experimental studies. 

To identify the profile of the working surface, it 
was scanned with the profilograph “Seytronik PSH8 
SS-4” in a plane passing through the axis of the 
diamond wheel and perpendicular to the cutting 
speed vector. Figure 2. shows typical profilodiagrams 
of the working surface. 
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a)                            b) 
Figure 2. Profilograms of the working surface of diamond grinding wheel with grain size: (a) 80/63 μm; (b) 50/40 μm 
 
To model the working surfaces of diamond 

grinding wheels, it is proposed to use the distinction 
of trend and periodic components of numerical series 
within the method of singular value decomposition 
(SVD-method) that is decomposition of a material 
matrix in order to put it into canonical form. This 
method does not provide knowledge of the 
parametric model of the series and allows working 
with noisy non-stationary time series. In particular, it 
allows distinguishing amplitude-modulated harmonic 
components and, due to this, compares favourably 
with the methods based on the Fourier decomposition 
[7]. As a result of it, harmonic components were 
revealed; no trend components were found in the 
profilograms. 

One of the important parameters for SVD is the 
selection of the window length L required for the 

formation of the initial decomposition matrix. Since 
the initial numerical series of the experimental 
profilogram contain periodic components, it was 
proposed to select the window length multiple of the 
maximum period of such component. To distinguish 
periodic components, synchronous storage method 
was used. 

As a result of SVD, 10 eigenvectors for a diamond 
wheel with a grain size of 80/63 μm and 12 
eigenvectors for a diamond wheel with a grain size of 
50/40 μm were selected. 

The eigenvectors were grouped in pairs (by 
frequency), the formed pairs were summed, and the 
results were subjected to harmonic analysis. The 
numerical results of the analysis are given in the 
Tables 1. and 2.; the graphic results are given in the 
Figures 3. and 4. 
 

Table 1. Numerical results of the harmonic analysis of eigenvectors 
 

Number of pairs 
of harmonic 

Grain size of diamond powder 80/63 μm 
Amplitude A Period T Phase φ Standard deviation 

1 7.4 470.6 5.94 0.6486 
2 5.7 1077.1 5.94 0.8581 
3 3.2 344.8 4.64 0.6582 
4 - - - - 
5 2.1 92.7 2.5 0.0219 

 
Table 2. Numerical results of the harmonic analysis of eigenvectors 

 

Number of pairs 
of harmonic 

Grain size of diamond powder 50/40 μm 

Amplitude A Period T Phase φ Standard deviation 

1 7.5 387.5 4.62 0.203 
2 5 1000 6.28 0.1068 
3 3.8 227 4.24 0.0702 
4 - - - - 
5 2.2 178.5 3.02 0.009 
6 2 115.6 3.4 0.0131 

 

0 500 1000 1500 2000 2500 3000
-25

-20

-15

-10

-5

0

5

10

15

20

l
0 500 1000 1500 2000 2500 3000

-30

-20

-10

0

10

20

30

l

z,
 μ

m
 

z,
 μ

m
 

l, μm l, μm



TEM Journal. Volume 9, Issue 2, Pages 527‐540, ISSN 2217‐8309, DOI: 10.18421/TEM92‐14, May 2020. 

530                                                                                                                       TEM Journal – Volume 9 / Number 2 / 2020. 

 

 

                       

 

a)                 b) 

 

                      

 

c)             d) 

 

  

 

 
e) 

 

Figure 3. Graphic results of the harmonic analysis of 10 eigenvectors with SVD of the profilogram of the working 
surface of a diamond grinding wheel with a grain size of 80/63 μm 
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a)        b) 

 
 

                      
 

c)                d) 

 

           

 
e)       f) 

 

Figure 4. Graphic results of the harmonic analysis of 12 eigenvectors with SVD of the profilogram of the working 
surface of a diamond grinding wheel with a grain size of 50/40 μm 
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According to the results of harmonic analysis, the 
fourth harmonic is excluded from the analysis results. 
Figures 5. and 6. show the results of the 

decomposition of the initial profilograms into 
periodic and random components. Experimental 
profilograms have dash-dotted line. 

 

 

 

           

 
Figure 5. Periodic and random components for a diamond grinding wheel with a grain size of 80/63 μm 

 

 

                 

 

Figure 6. Periodic and random components for a diamond grinding wheel with a grain size of 50/40 μm 
 
The model of the random component is 

represented by the model of the stationary and 
ergodic random process obtained by the shaping 
filter method. Parameter identification of the shaping 
filter was conducted using the recursive least squares 
method [7].  

The downfeed electric drive of the profiling 
electrode was modelled on the basis of a generalized 
electric machine theory. The mechanical part of the 
drive is a dual-mass elastic-dissipative model. 

The parameters of the equivalent electrical circuit 
of the interelectrode gap were determined according 
to the oscillograms of currents and voltages 
experimentally measured at different values of the 
interelectrode gap with their subsequent processing 
using the System Identification Tool package 
included in Matlab. As a result of this, the parameters 
of the T-shaped equivalent circuit are obtained, 
taking into account the total output resistance of the 
working pulse generator and the interelectrode gap. 

Since the current in the interelectrode gap has a 
pronounced oscillatory component, the equivalent 
circuit includes an oscillatory RLC circuit, shown in 
the Figure 7. 

 

 
 

Figure 7. Periodic and random components for a 
diamond grinding wheel with a grain size of 50/40 μm 

 
Differential equation system of the transition 

process occurring in the T-shaped equivalent circuit 
has the following form: 
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Table 3. Parameters of the T-shaped equivalent circuit 

 

N R1, Ohm R2, Ohm L1, µH L2, µH C, µF 
short circuit 3.76 0 153 73 12 

3 μm 3.76 0.23 154 77 13 
5 μm 3.76 1.91 152 81 15 

 
Table 3. shows that the resistance of the 

interelectrode gap R2 nonlinearly depends on its 
value. Since at a given generator voltage U there is a 
limit value of the interelectrode gap z at which an 
electric discharge does not occur, this dependence 
can be approximated by the following formula: 

 

𝑅 ,   (2) 
 

where a and b are the approximation coefficients 
found by the least squares method, depending on the 
amplitude of the working pulse generator and the 
electrical parameters of the equivalent circuit. 

Modelling of the process of electrical discharge 
machining is reduced to calculating both electric 
(current, voltage, and power in the interelectrode 
gap) and mechanical (gap, position of the diamond 
wheel, and its rotation speed) [8]. However, the 
selection of the optimal parameters of the pulse 
generator also depends on the characteristics of the 
diamond wheel; therefore, the creation of a 
topological surface of the wheel is also required. The 
block diagram of a dynamic model of the process of 
electrical discharge profiling of diamond grinding 
wheels is shown in the Figure 8. 

 

 
 

d is the delivery; 
R is the diamond wheel surface; 
z is the interelectrode gap; 
Un is the voltage in the interelectrode gap; 
In is the current in the interelectrode gap; 
S is the removal of the ligament material from the diamond wheel; 
P is the power in the interelectrode gap 

 
Figure 8. Block diagram of the Simulink model of a dynamic model of the process of electrical discharge profiling of 

diamond grinding wheels with a system of automatic control of the interelectrode gap value 
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This model consists of the following blocks: 
 

1) «Pulse Generator» block is a rectangular pulse 
generator; 

2) «Drive» block is a feed electric drive feeding a 
profiling tool electrode; 

3) «Surface» block is a model of the diamond wheel 
surface, consisting of periodic and random 
components. 

4) «ERS» block is the block of modelling of the 
electrical discharge machine on the basis of an 
electromechanical model. 

 
Figure 9. shows the oscillograms obtained in Simulink; models, values of the gap, voltage, and power in 

relative units. 
 

 
a)                          b) 

 

      

c)                d) 
 

Figure 9. Oscillograms of the electrical discharge machining process obtained in Simulink. Models: a) interelectrode 
gap; b) amplitude of the discharge current; c) amplitude of the voltage pulses; d) amplitude of the power pulses 

 
The idle mode was selected for the gap unit, i.e. 

when current pulses do not pass between the tool and 
the workpiece. The maximum values are selected for 
a unit of current, voltage, and power. A comparative 
analysis of the results obtained from the Simulink 

model with experimental data shows a difference of 
no more than 14%.  

Figure 10. shows the dependence of the average 
power on the frequency of the technological pulse 
generator and the electrode gap in the instant period. 
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a)        b) 
 

Figure 10. Dependences of average power in an instant period of time: a) on the frequency of the technological pulse 
generator; b) on the interelectrode gap 

 
Figure 11. shows the dependences of the average 

power on the interelectrode gap on its resistance. To 
construct these curves, the recorded dependences of 
power at specific time periods were averaged. 

 

  
 

 

Figure 11. Dependences of average power on: a) size of the interelectrode gap; b) resistance of the interelectrode gap 
 
As a result of modeling, the extreme dependence 

of the average power released in the interelectrode 
gap on the size of this gap was confirmed (Figure 12. 
a); the extreme dependence of the average power 
released in the interelectrode gap on the resistance of 
this gap was also established (Figure 12. b). 

Studies conducted on the developed model, 
allowed establishing the following: 

 

 increase in the roughness of the diamond wheel 
leads to a decrease in the extreme value of 
power, without changing the position of the 

extremum equal to half of the maximum gap, at 
which discharges still occur (Figure 12. a); 

 inconsistency of the internal active resistance of 
the technological pulse generator and the active 
resistance of the gap leads to a decrease in the 
power released in the gap, and a decrease in the 
extremum without change in its value (Figure 12. 
b). 

Therefore, in order to output maximum power to 
the gap, it is necessary to choose the amplitude of the 
discharge pulses in such a way that the interelectrode 
gap is equal to half of its limit value (Figure 12. c). 
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Figure 12. Shift of the extreme static characteristics: characteristic for various roughnesses Ra of the wheels (a); 
characteristic for various values of the voltage amplitude of the generator of working pulse U (b); combined curve (c) 
 

4. Development of the Extremum Search 
Algorithm 

 
Now we are going to consider a one-parameter 

extreme object defined by its extreme equation, in 
which we suppose that the unknown function J 
depends on only one indefinite parameter α [9]. 

 

𝑌 𝐽 𝑈, 𝛼  
 
Then the identification algorithm of extreme 

control consists of the following operations: 
identification of the parameter α; calculation of the 
optimal value of the control parameter U based on  

 

0, 

 

the solution of the equation  and the movement of the 
object towards the extremum through the application 
of the optimal value of the control parameter U. 

The drawback of the identification algorithm is the 
difficulty in identifying the unknown parameter α, 
which can lead to significant errors in calculating the 
optimal value of the control parameter U and the 
“yaw” of the extreme control system. 

Therefore, in addition to the identification 
algorithm, search or step-by-step algorithms are used 
for searching the extremum of the objective function 
J(U,α). 

According to the step algorithm, the control 
parameter U is calculated on the basis of the 
recursive procedure: 

 

𝑈 𝑘 1 𝑈 𝑘 𝑏 𝐽 𝑈 𝑘 𝛥𝑈, 𝛼 𝐽 𝑈 𝑘 𝛥𝑈, 𝛼 , 𝑘 0,1,2, … 
 
 

The main problem in real-time realization of such 
algorithms is ensuring the stability of calculations of 
the solution of a system of linear algebraic equations 
in identification [10]. 

It is proposed to solve a system of linear algebraic 
equations and average the calculation results on the 
basis of the recursive least squares method [11]. The 
effectiveness of the proposed optimization algorithm 
is studied by the method of statistical testing. 

Now we are going to consider a model of an object 
consisting of a series-connected extreme link 
(nonlinear part) with a priori unknown characteristics 

 

u=f(x) 
 

a pure delay link with a known delay value τ, and a 
linear part described by n-order difference equation 
with corresponding initial conditions and time-
dependent coefficient: 

 

𝑦 𝑘 𝑎 𝑘 𝑦 𝑘 𝑖 𝑏 𝑘 𝑢 𝑘 𝑗 𝑠 𝑒 𝑘  

 

where y(k) is the output of the model (time series) at 
the k period of time; {ai(k), i = 1, n} are the 
parameters of autoregression; {bj(k), j = 1, m} are the 
parameters of the moving average; s is the discrete 
delay. 

It is assumed that the channel for measuring the 
output of the object is affected by the noise e(k), 
which is a centered random process with zero 

expected value and specified dispersion (white 
noise). 

The value of the transfer coefficient and its sign 
can be determined using the recursive least squares 
method. 

The algorithm of the recursive least squares 
method can be represented as follows [12]: 
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𝜃 𝑘 1 𝜃 𝑘 𝛾 𝑘 𝑒 𝑘 1 ;
𝛾 𝑘 𝜇 𝑘 1 𝑷 𝑘 𝜙 𝑘 1 ;
𝒆 𝑘 1 𝑦 𝑘 1 𝛹 𝑘 1 𝜃 𝑘 ,

 

 

where 𝜃 𝑘 1 𝑎 , … 𝑎 , 𝑏 , … 𝑏  is the vector 
of model parameters; 𝛹 𝑘  

𝑦 𝑘 1 , … 𝑦 𝑘 𝑛 , 𝑢 𝑘 𝑑 1 , …
𝑢 𝑘 𝑑 𝑚  is the data vector;  

𝜇 𝑘 1
𝑷

 is the correction 

vector; 

𝑷 𝑘    is the weighting matrix;  

𝑷 𝑘 1 𝑰 𝛾 𝑘 𝛹 𝑘 1 𝑷 𝑘  is the 
weighting matrix calculated in the next step; 
𝝓 𝒌 𝟏 𝜳 𝒌 𝟏 ; 𝜽 𝟎 𝟎; 𝑷 𝟎 𝜶𝑰 are 
the initial values of variables. 

The coefficient kо is calculated on the basis of the 
theorem on the final value of the discrete transfer 
function: 

 

𝑘 𝑙𝑖𝑚
→

𝑏 𝑏 𝑧 . . . 𝑏 𝑧
1 𝑎 𝑧 . . . 𝑎 𝑧

∑ 𝑏 𝑘
∑ 𝑎 𝑘

 

 

The zero of the coefficient kо can be determined 
using one of the known methods: dichotomy method, 
method of golden section, Newton method, etc. 
 
5. Synthesis and Analysis of a System With an 

Extreme Controller 
 

To ensure two-coordinate control, it is proposed to 
use the method of coordinate raising (Gauss-Seidel 
method): this is the modification of the gradient 
method with a constant step, which allows reducing 
the total amount of calculations with a slight increase 
in the number of members of the minimizing 
sequence through the less amount of calculations 
[13], [14]. Each of the coordinates is calculated using 
the recursive least squares method. The structure of 
the extreme system of two-coordinate control is 
shown in the Figure 13. 

 

 
 
(1)  is the control loop of the interelectrode gap; 
(2)  is the control loop of the amplitude of the voltage of the technological pulse generator. 

 

Figure 13. System structure using two-coordinate control 
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Figure 14. Two-coordinate control model 
 

 
 

Figure 15. Modelled values of the interelectrode gap, the voltage amplitude of the technological pulse generator, and 
the average power released in the interelectrode gap 

 
The analysis of the oscillograms shown in Figure 

15. allows to conclude that even when exposed to 
strong noise, the level of which is comparable with 
the level of the input signal, the extreme control 

system keeps the coordinates of the object in the 
range of extreme values of its objective function. 

Figure 16. shows the phase trajectory of the 
extreme control system in the coordinate space of a 
nonlinear link. 
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Figure 16. Modelled values of the interelectrode gap, the voltage amplitude of the technological pulse generator, and 
the average power released in the interelectrode gap 

 
The phase trajectory is located in the vicinity of the 

point at which the objective function reaches an 
extremum (maximum). In spite of the high level of 
noise, the deviation of the system from the extremum 
point does not exceed 24%, which confirms the 
effectiveness of the proposed algorithm. 

Experimental studies were conducted on the 
proposed modes with circular feed of the profiling 

electrode on condition that the average power 
released in the interelectrode gap reaches the 
maximum value, as well as with the average value of 
the circular feed. Studies showed that profiling with 
extreme two-coordinate control provides an increase 
in machining accuracy up to 23% (Figure 17.). 

 

 
 

Figure 17. Dependence of the error of profiling of diamond wheels with various grain sizes of 100% concentration on 
the inclination angle of the local normal line with a circular feed of the electrode: 1 – on condition that the average 
power released in the interelectrode gap reaches the maximum value; 2 – with the average value of the circular feed 
 
The following studies also showed that the 

productivity of the extreme system of electrical 
discharge profiling with two-coordinate control 
increased by 22%. 
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6. Conclusion 
 

The process of electrical discharge profiling of 
diamond grinding wheels is an insufficiently 
formalized stochastic control object, the main 
drawback of which is low productivity. The selection 
of optimal processes significantly improves the 
quality indicators of this process. For this fact, we 
develop a generalized model of electrical discharge 
profiling of diamond grinding wheels. 

An analysis of theoretical and experimental data 
allows concluding that the main indicator that 
reduces productivity is the low average power 
released in the interelectrode gap during electrical 
discharge profiling of diamond grinding wheels, 
which has an extreme dependence on the size of the 
interelectrode gap, and on the frequency and 
amplitude of technological pulses. 

As a result, an algorithm was developed to search 
for the extremum of the static characteristic of an 
inertial object on current measurements of its input 
and output using the recursive least squares 
procedure, which assesses the transfer coefficient of 
the object, and then zero is found using direct 
methods of finding the function zero. As a result of 
modelling the algorithm operation, it was found that 
it provides convergent assessment values of the 
transfer coefficient, keeping the objects in the 
vicinity of the extremum point, even when exposed 
to strong interferences. 

It is showed that profiling with extreme two-
coordinate control provides an increase in machining 
accuracy up to 23%, and the productivity of electrical 
discharge profiling process increased by 22%. 
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