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Abstract. The stereotype of cows’ machine milking and this process efficiency largely depend on the static and 

dynamic stability of the vacuum mode in the vacuum line of milking plants. Value destabilization of the 

underside vacuum, pulsation frequency and the stroke ratio, the nature of the effect of the nipple rubber on the 

nipple of the udder due to fluctuations of the main vacuum lead to a decrease in the rate of milking, a decrease in 

the productivity of animals, the disease of animals mastitis and other negative consequences. Analysis of the air 

flow dynamics by the vacuum system and the vacuum regulator makes it possible to predict the operation of the 

milking unit in a malfunctioning state and take timely measures to exclude such operating modes. The research 

range was controlled by the coefficient of dynamic stability of rarefaction at an unfavorable point (the ratio of 

the length of the curve of the actual change in rarefaction to the projection of this curve on the time axis). The 

group of simultaneously operating milking units was evaluated by the ripple frequency stability coefficient. 

Sensitivity of various controlled parameters (air flow rate by the system, air flow rate by the vacuum regulator, 

sum and difference of these flows, mathematical expectations and dispersion of these parameters) to main 

failures of the vacuum system is established (vacuum system depressurization, pipeline clogging, technology 

compliance by cow milking operators, milking apparatus performance, vacuum pump capacity, etc.). The 

possibility of preliminary formation of control action to exclude operation of the vacuum system with vacuum 

mode disorders is shown. 
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Introduction 

The dairy industry, among other agricultural sectors, is most socially important for strengthening 

and developing rural areas in all regions [1; 2]. A smart farm is a highly automated farm [2; 3]. In such 

a farm, thanks to the intellectual component in the design and management of machines, farmers can 

combine the data obtained from sensors with the knowledge of specialists [3; 4]. According to foreign 

experts [4-6], a “smart” farm should provide owners of modern dairy farms with a decision support 

tool and automation technologies that will seamlessly combine equipment, services and the intellectual 

component (knowledge) to improve milk quality, manage the herd, and increase productivity and 

profitability [1]. In a milking installation, it is important to provide static or dynamic stability of the 

vacuum regime [7; 8]. For early warning of the operation of the vacuum system of the milking unit 

with deviations of the parameters from the norm, timely information is needed. Therefore, the paper 

discusses the dynamics of changes in the air flow rates by the vacuum system and the vacuum 

regulator in the operating mode of the milking unit with a stable vacuum mode. 

Materials and methods 

The object of study are milking machines: УДЕ-М(2x6), (equipment for twelve machines); 

ADM-8A-100; AD-100. We used a recording device for testing the “Tensor 7” milking machines 

(measurement accuracy %5.1± ). The flow rate was measured with a diaphragm-type constricting 

device. Diaphragm modules m for different flow ranges are summarized in Table 1. 

Table 1 

Diaphragm modules for different flow ranges  

(at a pressure in the pipeline of 50 kPa and 100 kPa) 

Q·10
-3

, m
3
·s

-1
 56.5  11.11  67.16  22.22  78.27  33.33  

P = 50, kPa 26.0  47.0  64.0  64.0  64.0  70.0  
m 

P = 100, kPa 18.0  35.0  49.0  61.0  69.0  70.0  

Air rate by the system Qs(t) is a random, stationary, ergodic process with constant mathematical 

expectation, dispersion, and a correlation function [7; 9]. Our studies have shown that it will be more 

accurate to represent it as the sum of two random processes 

 )()()(
21

tttQ sss ξξ += ,   (1) 
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where  t – milking unit operating time, s; 

 ξs
1
(t) – random time function with zero expectation, m

3
·s

-1
; 

 ξs
2
(t) – random time function with non-zero expectation, m

3
·s

-1
. 

The first random process ξs
1
(t) has zero mathematical expectation and is due to the imposition of 

the pulsating costs of individual milking machines, the synchronism and asynchrony of their work. 

The second random process ξs
2
(t) has a non-zero mathematical expectation and is a function of the 

technical condition of the vacuum line, adherence to technology by operators, the number of milking 

machines working simultaneously. 

Since the air flow by the vacuum regulator Qr(t) is a distorted mirror image of the dynamics of the 

air flow rate by the vacuum system Qs(t), it can also be represented by the sum of two random 

processes  

 )()()(
21

tttQ rrr ξξ += ,   (2) 

where ξr
1
(t) – random time function with zero expectation, m

3
·s

-1
; 

 ξr
2
(t) – random time function with non-zero expectation, m

3
·s

-1
. 

A comparison of the dynamics of the air flow rates of the vacuum system Qs(t) with the dynamics 

of the air flow rates of the vacuum regulator Qr(t) allows us to evaluate the stability of the working 

vacuum in the vacuum system [9; 10]. Omitting the intermediate transformations, it is easy to show 

the equality 

 )()()()()()()(
2121

ttttttQtQ rrssss ξξξξξ =−−+=− ,   (3)  

where ξ(t) – some time function characterizing the stability of the vacuum regime, m
3
·s

-1
. 

Using this function as a controlled parameter increases the efficiency of monitoring the vacuum 

regime of milking units. The coefficient of sensitivity kξ of the function ξ(t) to a change in the 

magnitude of the vacuum in the system is greater than the sensitivity coefficients kQi of individual air 

flow rates Qi(t). Sensitivity coefficients are determined by dependencies 

 )(/)( tQtPk iQi
∆∆=  )(/ tPk ξξ ∆∆= ,   (4) 

where  ΔP(t) – pressure change, Pa; 

 ΔQi(t) – change in corresponding air flow rates, m
3
·s

-1
; 

 Δ ξ(t) – change in the difference between the air flow rates of the system and the air flow 

 rates of the vacuum regulator, m
3
·s

-1
. 

The dynamics of the air flow by the vacuum regulator Qr(t) depends on the dynamics of the air 

flow by the vacuum system Qs(t). The most probable value of the mathematical expectation of the 

ratio of sensitivity coefficients tends to a value of 0.5. 

 [ ] [ ] )(/)()(/)(/)(/)(/ ttQtQtPttPkk iiQi
ξξξ ∆∆=∆∆∆∆= .  (5) 

The left side of equation (3) is a composition of two paired compositions of random processes. 

The rules of probability theory and mathematical statistics allow us to represent the right side of 

equation (3) as a composition of two random processes 

 )()()( 21 ttt ξξξ += ,    (6) 

where ξ1(t) – random time function with zero expectation, m
3
·s

-1
; 

 ξ2(t) – random time function with non-zero expectation, m
3
·s

-1
. 

The mathematical expectation of the second random process correlates with the actual capacity of 

the vacuum pump and the magnitude of the depressurization of the vacuum system [10]. The 

dispersion of the first random process depends on the clogging of the pipeline [11; 12]. As a rule, 

clogging is determined by the trend of the statistical coefficient associated with the actual coefficient 

of resistance of the pipeline λ. The statistical coefficient has a complex nature and hardware definition. 

By methods of regression analysis, a linear dependence of the trend of the statistical coefficient 

relative to the square root of the resistance coefficient was established λ [7].  
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The correlation function of the first random process is proportional to the pulsation frequency of 

milking machines. The dispersion of the second random process depends on the observance of the 

technology by the operators when setting and removing milking cups (the ratio of the number of leaks 

to the total number of installations of milking cups). In essence, the goal of control is reduced to the 

task of distinguishing between two random processes ξ1(t) and ξ2(t) their characteristics.  

The experimental studies consisted of twelve experiments. They varied by the number of 

simultaneously working milking machines; ripple frequency; the ratio between the numbers of milking 

machines working with different frequencies in one group. The study relied on the requirements for 

the parameters of milking machines [13]. 

The first three experiments were carried out with a pulse frequency of 1.00 Hz at a load of six, 

eight and ten milking machines, respectively. The following three experiments were carried out with a 

frequency of 1.33 Hz at a load of six, eight and ten milking machines, respectively. Three more 

experiments were carried out with a frequency of 1.8 Hz at a load of six, eight and ten milking 

machines, respectively. In the tenth experiment, five devices worked with a pulse frequency of 1 Hz 

and five with a frequency of 1.33 Hz; in the eleventh, half with a frequency of 1 Hz and half with a 

frequency of 1.8 Hz; in the twelfth, five with a frequency of 1.8 Hz and five with a frequency of 1.33 Hz.  

The sensitivity coefficients of mathematical expectations and dispersions of controlled parameters 

were determined as follows: 

to change of pulsation frequency  

 fQQ ii ∆− /)(
minmax  , fDD ii ∆− /)(

minmax ;   (7) 

to change of stability of pulsation frequency 

 iQQ ii ∆− /)(
minmax  , iDD ii ∆− /)(

minmax ;   (8)   

to change in vacuum line load 

 fQQ ii ∆− /)(
minmax  , fDD ii ∆− /)(

minmax ;   (9)   

where  Qi
max

, Qi
min

 – maximum and minimum value of mathematical expectation 

 corresponding controlled parameter, m
3
·s

-1
;  

 Di
max

, Di
min

– maximum and minimum dispersion values of the respective 

 controlled parameters, m
6
·s

-2
;  

 Δf– increment of pulsation frequency of group of simultaneously operating milking 

 devices, Hz;  

 Δi – increment of the number of milking units operating simultaneously;  

 kf
s 
– ripple frequency stability factor. 

Stability factor of pulsation frequency of group of simultaneously operating milking machines is 

determined by dependence 

 fi

s

fk ψϕ ⋅= ,    (10) 

where φi – proportion of milking machines, operating at high frequency, in total number of  

 milking machines;  

 ψf  – proportion of actual frequency increment from its nominal value. 

Results and Discussion 

The results of the experiment on the effect of the frequency of pulsations of the group of 

simultaneously operating milking machines and the load of the vacuum line on the estimated air flow 

rates are processed by mathematical statistics methods and presented in Table 2. 

The mathematical expectation of the sum QΣ of air flow rates by the vacuum system Qs and 

regulator Qr is practically unchanged.
 
It is not possible to say this about the dispersion DΣ of the sum 

of the air flow rates Qs by the vacuum system and the air flow rates Qr by the vacuum regulator. With 

increase in load of the vacuum system the functional dependence on the frequency of pulsations is 

shown, and the sensitivity is from 0.24·10
-6

 m
6
·s

-2
 (with the minimum frequency of pulsations) up to 

0.12·10
-6

 m
6
·s

-2
. 
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Table 2 

Values of estimated flow rates depending on frequency  

of milking apparatus pulsations and vacuum line load 

Qs, m
3
·s

-1
 Ds, m

6
·s

-2
 Qr, m

3
·s

-1
 Dr, m

6
·s

-2
 Qξ, m

3
·s

-1
 Dξ, m

6
·s

-2
 QΣ, m

3
·s

-1
 DΣ, m

6
·s

-2
 

1.94·10
-3

 3.52·10
-6

 15.64·10
-3

 1.35·10
-6 

13.72·10
-3

 9.21·10
-6

 17.58·10
-3

 0.53·10
-6

 

3.64·10
-3

 0.53·10
-6

 15.72·10
-3

 0.56·10
-6

 12.08·10
-3

 1.31·10
-6

 19.19·10
-3

 0.60·10
-6

 

4.58·10
-3

 0.34·10
-6

 14.69·10
-3

 0.42·10
-6

 10.17·10
-3

 1.31·10
-6

 19.36·10
-3

 0.10·10
-6

 

3.22·10
-3

 0.39·10
-6

 16.28·10
-3

 0.12·10
-6

 13.08·10
-3

 0.94·10
-3

 19.5·10
-3

 0.086·10
-6

 

4.11·10
-3

 0.28·10
-6

 15.47·10
-3

 0.19·10
-6

 11.36·10
-3

 0.61·10
-6

 19.58·10
-3

 0.33·10
-6

 

5.25·10
-3

 0.17·10
-6

 14.78·10
-3

 0.19·10
-6

 9.53·10
-3

 0.45·10
-6

 20.03·10
-3

 0.26·10
-6

 

3.56·10
-3

 1.11·10
-6

 15.25·10
-3

 0.66·10
-6

 11.69·10
-3

 3.41·10
-6

 18.81·10
-3

 0.12·10
-6

 

5.03·10
-3

 0.14·10
-6

 14.39·10
-3

 0.10·10
-6

 9.36·10
-3

 0.29·10
-6

 19.42·10
-3

 0.17·10
-6

 

6.56·10
-3

 1.00·10
-6

 13.42·10
-3

 0.07·10
-6

 6.89·10
-3

 1.54·10
-6

 19.72·10
-3

 0.61·10
-6

 

5.00·10
-3

 0.7 8·10
-6

 15.36·10
-3

 0.56·10
-6

 9.81·10
-3

 4.14·10
-6

 19.81·10
-3

 0.12·10
-6 

5.69·10
-3

 0.53·10
-6

 14.14·10
-3

 0.19·10
-6

 8.44·10
-3

 1.22·10
-6

 19.83·10
-3

 0.24·10
-6

 

6.33·10
-3

 0.72·10
-3

 13.28·10
-3

 0.18·10
-6

 6.94·10
-3

 1.14·10
-6

 19.58·10
-3

 0.45·10
-6

 

Here, Qs, Qr, Qξ, QΣ – mathematical expectation of flow rates of the vacuum system, the regulator, 

differences and the sums between them respectively, m
3
·s

-1
; Ds, Dr, Dξ, DΣ – dispersions of flow rates 

of the vacuum system, the vacuum regulator, differences and the sums between them, respectively, 

m
6
·s

-2
.  

Sensitivity of mathematical expectation of values of the air flow rates Qs of the vacuum system is 

20-30 % more (approximately in 1.3-1.5 times), than sensitivity of mathematical expectation of the air 

flow rates Qr of the vacuum regulator, fluctuate ranging from 0.54·10
-3

 up to 0.75·10
-3

 m
3
·s

-1
  

(0.39·10
-3

-0.53·10
-3

 m
3
·s

-1
 – for the air flow rates of the vacuum regulator). Dispersion Ds of the air 

flow rates Qs of the vacuum system 70 % more (approximately by 3,4 times) sensitivity of dispersion 

Dr of the air flow rates Qr of the vacuum regulator, but fluctuations are more considerable – from 

0.054·10
-6

 m
6
·s

-2
 to 0.80·10

-6
 m

6
·s

-2
 (0.015·10

-6
-0.23·10

-6
 m

6
·s

-2
 – for dispersion Dr of air flow rates of 

the vacuum regulator). 

The coefficient of sensitivity of mathematical expectation Qξ of a difference between the air flow 

rates (0.89·10
-3

-1.19·10
-3

 m
3
·s

-1
) is 2-6 times higher than sensitivity of mathematical expectation QΣ of 

the sum of air flow rates; in 1.5-1.8 times higher than sensitivity of mathematical expectation of air 

flow rates Qs by the vacuum system; in 1.7-2.7 times higher than sensitivity of mathematical 

expectation Qr of air flow rates of the vacuum regulator.  

The coefficient of sensitivity of the dispersion Dξ of difference between the flow rates Qξ varies 

considerably. The coefficient of sensitivity of the dispersion Dξ of difference between the flow rates Qξ 

exceeds the values of the coefficient of sensitivity of dispersion DΣ of the sum of flow rates QΣ by 2-6 

times. The coefficient of sensitivity of the dispersion Dξ of difference between the flow rates Qξ 

exceeds the values of the coefficient of sensitivity of dispersion Ds of flow rates Qs of the vacuum 

system by 2 times. The coefficient of sensitivity of the dispersion Dξ of the difference between the 

flow rates Qξ exceeds the values of the coefficient of sensitivity of dispersion Dr of flow rates Qr of the 

vacuum regulator more than 5.5 times (Some results are shown in the figure). 

1.2 1.4 1.6 1.8

1. 10
6

2. 10
6

3. 10
6

4. 10
6

a

0.5 1.0 1.5 2.0

5. 10
7

1. 10
6

1.5 10
6

2. 10
6

2.5 10
6

b
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Fig. 1. Dependence of dispersions of controlled parameters on frequency of pulsations f (a) and 

on coefficient kf
s
 of stability of frequency of pulsations of group of simultaneously operating 

milking apparatus (b): 1 – Ds; 2 – Dr; 3 – Dξ; 4 – DΣ 

The mathematical expectation of the sum of flow rates QΣ does not depend on the frequency of 

pulsations and on the load on the vacuum line. We cannot say that about dispersion DΣ. The minimum 

value of the coefficient of sensitivity of the dispersion DΣ of the sum of flow rates QΣ is  

0.52·10
-6

 m
6
·s

-2
·Hz

-1
, high – 0.79·10

-6
m

6
·s

-2
·Hz

-1
. More sensitive mathematical expectation of air flow 

rates Qs by the vacuum system and air flow rates Qr by the vacuum regulator (1.75·10
-3

- 

3.42·10
-3

 m
3
·s

-1
·Hz

-1
 and 1.61·10

-3
-2,19·10

-3
m

3
·s

-1
·Hz

-1
, respectively), as well as their dispersions Ds, Dr 

(0.49·10
-6
-9.49·10

-6
·10

-6
 m

6
·s

-2
·Hz

-1
 and 0.43·10

-6
-3.70·10

-6
·10

-6
 m

6
·s

-2
·Hz

-1
, respectively). 

With an increase in the load on the vacuum line to ten milking machines, the variability of the 

mathematical expectation of the difference in the flow rates Qξ from the pulsation frequency increases. 

The value of the sensitivity coefficient reaches 4.11·10
-3

 m
3
·s

-1
·Hz

-1
, which is higher than the 

corresponding sensitivity coefficient of the sum of the flow rates QΣ by 5.3 times, the air flow rates Qs 

by the vacuum system – by 1.7 times and the air flow rates Qr by the vacuum regulator – by 2.7 times. 

The large scatter of values is explained by the peculiarity of the work of a group of milking 

apparatus on one vacuum line - the synchronism of some and the asynchrony of others. An analysis of 

the dependences of the studied parameters on the stability of the pulsation frequency kf
s
 revealed an 

insignificant sensitivity of the mathematical expectation of the total flow QΣ (0.14·10
-3 

m
3
·s

-1
), a 

slightly greater sensitivity of the mathematical expectation of the air flow rates Qs by the vacuum 

system (0.69·10
-3

 m
3
·s

-1
) and the maximum sensitivity of the air flow rates Qr by the vacuum regulator 

(1.53·10
-3

 m
3
·s

-1
) and the difference between the flow rates Qξ (1.42·10

-3
 m

3
·s

-1
). The sensitivity 

coefficient of dispersion Dξ of the difference between the flow rates Qξ significantly exceeds the 

coefficient values for the remaining parameters (0.59·10
-6

 m
6
·s

-2
 versus 0.25·10

-6
-0.36·10

-6
 m

6
·s

-2
) 

(Figure).  

Conclusions 

Analysis of the dynamics of changes in the air flow rate by the vacuum system and the vacuum 

regulator allows us to predict the operation of the milking unit in a malfunctioning state and take 

timely measures to exclude such operating modes. Greater sensitivity is achieved by using an 

estimated function as a controlled parameter in the form of a composition of the air flow rate of the 

vacuum system and the air flow rate of the vacuum regulator. The coefficient of sensitivity of 

mathematical expectation of a difference between the air flow rates is 2-6 times higher than sensitivity 

of mathematical expectation of the sum of the air flow rates; in 1.5-1.8 times higher than sensitivity of 

mathematical expectation of the air flow rates by the vacuum system; in 1.7-2.7 times higher than 

sensitivity of mathematical expectation of the air flow rates of the vacuum regulator. The coefficient 

of sensitivity of the dispersion Dξ of difference between the flow rates Qξ exceeds the values of the 

coefficient of sensitivity of dispersion DΣ of the sum of the flow rates QΣ by 2-6 times. The coefficient 

of sensitivity of the dispersion Dξ of difference between the flow rates Qξ exceeds the values of the 

coefficient of sensitivity of dispersion Ds of the flow rates Qs of the vacuum system by 2 times. The 

coefficient of sensitivity of the dispersion Dξ of the difference between the flow rates Qξ exceeds the 

values of the coefficient of sensitivity of dispersion Dr of the flow rates Qr of the vacuum regulator 

more than 5.5 times. 
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