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Abstract. It is known that automatic balancing devices are capable of reducing vibrations in rotary 
systems in a superresonance velocity zone. However, the effectiveness of automatic balancing 
devices is related to the necessity of accelerating compensating masses. To ensure the acceleration 
of compensating masses from standstill to the operating speed of the rotor, they need to be 
provided some initial velocity. The value of this velocity is influenced by the parameters of the 
elastic suspension of the rotor, the geometrical parameters of the automatic balancer, the 
coefficient of rolling friction between the housing and the compensating mass, etc. The work is 
devoted to the study of a horizontal rotor model with an automatic balancer with one compensating 
mass, in particular the issue on the influence of the coefficient of viscous friction on the value of 
the area of attraction of the auto-balancing mode. 
Keywords: automatic balancing device, operating regime, ball, rotor, area of attraction. 

1. Introduction 

Reducing the vibration of an unbalanced rotor in the superresonance frequency band can be 
accomplished by installing an automatic balancing device (ABD) on the rotor, while the amount 
of imbalance can be variable, such as in grinding machines, centrifuges, etc. When installing a 
ball-type ABD on a horizontal rotor, the problem arises of acceleration of compensating masses 
(CM) and stability of the auto-balancing mode due to the influence of gravity on the motion of 
CM. As noted in [1], the effect of gravity causes additional resonance during acceleration of the 
rotor with an ABD. In addition, the action of gravity leads to the multimode of the ABD in the 
transient acceleration mode of CM to the operating speed of the rotor. The influence of the rotor 
suspension parameters on the acceleration of the CM in a ring of a rectangular cross section of an 
ABD and the influence of resistance forces on the accuracy of automatic balancing are considered 
in [2, 3]. Therefore, it is of interest to consider the influence of the value of internal friction in an 
ABD on the area of attraction of the auto-balancing mode. 

It is of interest to construct the amplitude-frequency characteristic and the area of attraction of 
the auto-balancing mode of the rotor system at various values of internal friction in an ABD for 
the analysis of a range of application of an ABD with a horizontal axis of rotation. In the case 
when an ABD loses auto-balancing mode and goes into another mode, the rotor has increased 
vibrations [4, 5]. The results of the work can be used in the design and calculation of parameters 
of a ball-type ABD for rotary systems with a horizontal axis of rotation. 

The aim of the work is to study the area of attraction of the auto-balancing mode of a horizontal 
rotor with a ball-type ABD with one CM. The work is a continuation of works [6, 7] related to the 
study of acceleration of CM in an automatic balancing device and is based on experimental tests 
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of the rotor with an ABD [8]. 

2. Design model and mathematical model of a rotor with an ABD 

The paper deals with a symmetric horizontal rigid rotor on an elastic-dissipative suspension 
and with an ABD. The ABD housing is made in the shape of a ring with radius 𝑅 on the average 
circumference, into which one compensating mass in the shape of a ball of radius 𝑟 and mass 𝑚 
is placed. A viscous friction force with a viscous friction coefficient 𝑏଴ acts on the compensating 
mass. The rotor of mass 𝑚௥ has a static eccentricity 𝑒, and it is mounted to the suspension with 
stiffness and viscous friction coefficients c and b, respectively. The ABD housing is concentrically 
mounted on the rotor and rotates along with it with angular velocity 𝜔 = const. 

The design model of the rotor with an ABD, shown in Fig. 1. The compensating mass begins 
its movement from the position and velocity, which are set by the initial conditions. 

 
a) 

 
b) 

Fig. 1. Design model of a rotor system with an ABD 

The rotor system has three degrees of freedom, so the mathematical model consists of three 
differential equations of motion, given in a dimensionless form with respect to 𝑟𝑝ଶ: 𝑥ሷ = െ𝑏௥𝑥ሶ െ 𝑥 ൅ 𝑚଴ 1𝑟଴ ቀ𝜔଴ ൅ 𝜓ሶ ቁଶ cos൫𝜑 ൅ 𝜓൯ ൅ 𝑚଴ 1𝑟଴ 𝜓ሷ sin൫𝜑 ൅ 𝜓൯      ൅ሺ1 െ 𝑚଴ሻ𝑒଴𝜔଴ଶ𝑐𝑜𝑠ሺ𝜑ሻ െ ሺ1 െ 𝑚଴ሻ𝑔଴, (1) 

𝑦ሷ  = െ𝑏௥𝑦ሶ െ 𝑦 ൅ 𝑚଴ 1𝑟଴ ቀ𝜔଴ ൅ 𝜓ሶ ቁଶ sin൫𝜑 ൅ 𝜓൯ െ 𝑚଴ 1𝑟଴ 𝜓ሷ  cos൫𝜑 ൅ 𝜓൯      ൅ሺ1 െ 𝑚଴ሻ𝑒଴𝜔଴ଶ sinሺ𝜑ሻ, (2) 75 𝜓ሷ = 𝑥ሷ 𝑟଴sin൫𝜑 ൅ 𝜓൯ െ 𝑦ሷ 𝑟଴ cos൫𝜑 ൅ 𝜓൯ െ 𝑏௕ 𝜓ሶ ൅ 𝑔଴ 𝑟଴ sin൫𝜑 ൅ 𝜓൯. (3) 

The calculations were made at the following values of dimensionless parameters of the rotor 
system: 

𝑏௥ = 𝛽௥𝑝 = 0,2,   𝑏௕ = 𝛽௕𝑝 = ሺ2,875 … 11,50ሻ ∙ 10ିଷ,   𝑟଴ =  𝑟𝑅 = 0,0575, 𝑒଴ =  𝑒𝑟 = 0,08696,   𝑔଴ = 9,81𝑟𝑝ଶ = 8,53,   𝑚଴ = 𝑚𝑀 = 0,005,  

where: 

𝛽௥ = 𝑏𝑀,   𝛽௕ = 𝑏଴𝑚 ,   𝑝ଶ = 𝑐𝑀 ,   𝜑 = 2𝜋𝜏 ൅ 𝜑଴.  
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The results of the calculations are obtained in the form of dimensionless accelerations, 
velocities and coordinates of the rotor system, having the following form: 

𝑥ሷ = 𝑥ሷ𝑟 𝑝ଶ ,   𝑦ሷ = 𝑦ሷ𝑟 𝑝ଶ ,   𝜓ሷ = 𝜓ሷ𝑝ଶ ,   𝑥ሶ = 𝑥ሶ𝑟 𝑝 ,   𝑦ሶ = 𝑦ሶ𝑟 𝑝 ,   𝜓ሶ = 𝜓ሶ𝑝 ,   𝑥 = 𝑥𝑟 ,   𝑦 = 𝑦𝑟 ,   𝜓 = 𝜓.  

3. Results of the research of the mathematical model 

The system of differential equations of motion Eqs. (1-3) of a rotor system with the ABD with 
one CM was investigated using the SPRING program [9]. 

In the work, the impact of the viscous friction coefficient inside the ABD on the value of the 
area of attraction of the auto-balancing mode is considered. The initial position of 𝜓 and the initial 
velocity of the CM in the circular direction of the balancer 𝜓ሶ = 𝜓ሶ /𝑝 was determined when the 
CM returns to the auto-balancing mode. When building the area of attraction of auto-balancing 
mode, the parameters of the fixed point, corresponding to a stable rotary system motion mode, 
were determined from the amplitude-frequency characteristic (AFC). The parameters of the fixed 
point are given in Table 1.  

Researches were conducted at various fixed values of the dimensionless viscous friction 
coefficient in the automatic balancing device 𝑏௕ = 2,875×10-3 and 𝑏௕ = 11,50×10-3. The mass of 
the CM was accepted depending on its radius and was determined by the formula:  𝑚 =7,812×10-3∙4𝜋𝑟3/3 kg.  

In Fig. 2 and Fig. 3, the AFC graphs of the rotor system are constructed for two values of 
viscous friction in the ABD (black color marks the branch of periodic stable solutions, grey color 
branches of unstable solutions). The graphs show that, along with the main periodic 
auto-balancing mode (mode 𝐴௉ଵௌ  ) there are also modes of superharmonic vibrations P2 and P3 in 
the system, and non-periodic modes in which the CM is moving relative to the housing of the 
ABD, while the rotor has increased amplitudes of vibrations. 

 
a) 

 
b) 

 
c) 

Fig. 2. AFC of a rotor with an ABD in the direction of the axis 𝑦 at 𝑏௕ = 2,875×10-3: a) 𝐴௉ଵௌ  – stable 
auto-balancing mode; 𝐵௉ଵௌ  – stable mode in the absence of automatic balancing, 𝐴௉ଵ௎  – unstable mode,  

b) mode of superharmonic vibrations Р2, c) mode of superharmonic vibrations Р3 

Fig. 4 shows the areas of attraction of the main P1 auto-balancing mode with the value of the 
dimensionless rotor speed 𝜔 = 3 for two fixed values of the viscous friction coefficient inside the 
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ABD (𝑏௕ = 2,875×10-3 and 𝑏௕ = 11,5×10-3). The grey color indicates the area of the initial values 
of speed, and coordinates for CM, at which the system returns to the motionless point, which 
corresponds to the auto-balancing mode. 

 
a) 

 
b) 

 
c) 

Fig. 3. AFC of a rotor with an ABD in the direction of the axis 𝑦 at 𝑏௕ = 11,5×10-3: a) 𝐵௉ଵௌ  – stable auto 
balancing mode, 𝐴௉ଵௌ  – stable mode in the absence of automatic balancing, 𝐵௉ଵ௎  – unstable mode,  

b) mode of superharmonic vibrations Р2, c) mode of superharmonic vibrations Р3 

 
a) 

 
b) 

Fig. 4. Area of attraction of the main P1 (grey area) auto-balancing mode at dimensionless rotor velocity 𝜔 = 3 and viscous friction coefficient: a) 𝑏௕ = 2,875×10-3, b) 𝑏௕ = 11,5×10-3 (the white area  
is the area of attraction of superharmonic and non-periodic oscillations of the rotor system) 

If we assign the initial values of the speed and coordinates for the CM outside the area of 
attraction (white area), the rotor system will not return to the auto-balancing mode. In this case, 
either the nearly periodic or superharmonic oscillation mode of the CM is realized (white area in 
the graph). Thus, the CM moves with a delay with respect to the housing or rolls down the housing 
of the ABD, while the rotor performs oscillations exceeding the oscillations in the auto-balancing 
mode. 

An increase in the viscous friction coefficient inside the ABD somewhat expands the area of 
attraction of the main auto-balancing mode (see Fig. 4(a)) and (b)), however this expansion does 
not cause a significant effect on the operation of the ABD in the auto-balancing mode. 
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Table 1. Parameters of the fixed point of the auto-balancing mode 
Marking Viscosity coefficient, 𝑏௕  𝑥 𝑥ሶ  𝑦 𝑦ሶ  𝜓 𝜓ሶ  𝐴௉ଵௌ  2,875×10-3 −8,486083 −4,18×10-4 8,226738×10-5 8,958×10-3 3,141004 −0,116446 𝐵௉ଵௌ  11,50×10-3 −8,486086 −5,47×10-4 1,23×10-4 8,949×10-3 3,14054 −0,116446 

4. Conclusions 

The calculations of the mathematical model of a horizontal rotor with a ring-shaped ABD 
housing concentrically fixed on it with one compensating mass allowed concluding that the 
amplitude-frequency characteristic essentially depends on the value of the viscous friction 
coefficient inside the ABD. Depending on the initial conditions of motion of the rotor system at 
the changes of the angular velocity of the rotor, various stable motion modes can be realized within 
it. These include nearly periodic, superharmonic modes of motion with a period of P2 and P3. At 
the same time, an increase in the viscous friction coefficient in ABD narrows the range of 
existence of nearly periodic and superharmonic modes of motion of the rotor system. 

Reducing the coefficient of viscous friction in the ABD slightly reduces the area of attraction 
of the main auto-balancing mode and expands the area of existence of superharmonic and nearly 
periodic regimes motion modes of the CM. This circumstance can make it difficult for the ABD 
to enter the required operating mode. At the same time, it is of interest to further develop the 
mathematical model of a horizontal rotor with an ABD with two or more CM taking into account 
the collisions between them. 
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