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Abstract. A modified mathematical model of an asynchronous electric drive of the rotor – a drill string – a bit –  

a rock is considered and implemented, which develops and generalizes the results of previously performed studies. 

The model includes the following subsystems: a model of an asynchronous drive with vector control; a model of 

formation of the resistance moment at the bottom of the bit, taking into account the peculiarities of the interaction  

between the bit and the rock; a model of a multi-mass mechanical part that takes into account the deformation of 

the drill string; subsystem for the  drilling rig energy-technological parameters formation. The integrated model 

makes it possible to calculate and evaluate the selected drilling modes, taking into account their electro-mechanical, 

energy and technological efficiency and the dynamics of drilling processes. The performed computer simulation of 

drilling modes confirmed the possibility of a stick-slip effect accompanied by high-frequency vibrations during bit 

stops, which may change the direction of rotation of the bit, its accelerated wear and unscrewing of the drilling tool. 

Long bit stops lead to a significant decrease in the average bit rotation speed, which can explain the decrease in the 

ROP and increase in energy consumption when drilling in the zone of unstable bit rotation. The model can  be used 

as a base for further improvement of rotary drilling control systems.  
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efficiency 
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Introduction. The drilling rig rotor with electric drive is distinguished by a complex mechanical 

part (Fig.1). The rotation of the motor rotor through the transmission device is transmitted to the rotor 

of the drilling rig and through the drill pipes column (DPC) – to the bit. By drilling rig rotor moment, 

applied to the top of the string, and the bit moment of resistance, applied to the bottom of the string, 

drill pipes are deformed and twisted at a certain angle, the value of which depends on the length, 

diameter and elastic properties of the string and can reach tens of revolutions. During the drilling 

process, the twist angle can remain practically unchanged, while the bit rotates uniformly. When the 

angle of twist changes during the drilling process, an uneven, unstable rotation of the bit occurs (stick-

slip effect) with long stops, immersions in the rock and bit breaks, as well as the appearance of tor-

sional and longitudinal self-oscillations of the drilling tool [1]. This mode occurs when working with 

PDC bits of the cutting-attrition type especially often (more than 50 % of the drilling time). Unstable 

bit rotation modes can prevail during well drilling [2, 3], reducing the energy efficiency of drilling 

and accelerating the drilling tools wear [4, 5]. This work is dedicated to creation a complex model of 

a drilling rig with an asynchronous electric drive of the rotor – a drill string – a bit – rock, simulating 

the main processes of electric rotary drilling, with a set of characteristics for analyzing the electro-

mechanical, energy and technological efficiency of drilling modes. The results of the work develop 

the earlier studies results [6-8].  
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Methodology. Modeling of the asynchronous the drilling rig 

electric drive was carried out in the Matlab Simulink environ-

ment. The block diagram of the base model is shown in Fig.2. The 

model includes the following main subsystems: IM-Subsystem – 

a model of an asynchronous motor with a vector control system 

based on PI flux linkage, speed and current controllers; Meh-Sub-

system – a model of the mechanical part of the electric drive, in-

cluding a motor rotor, a drilling rig rotor, transmission mecha-

nisms and a drill string; dual-mass model of the rotor drive me-

chanical part is shown in Fig.3; Tb0-Subsystem, Tb1-Subsystem, 

Tb-Subsystem – subsystems of the drag moment model on the bit; 

ETP-Subsystem – a subsystem for the formation of energy-tech-

nological drilling parameters.   

The main nominal parameters of the AFD series rotor drive 

asynchronous motor are as follows: power 1000 kW; voltage 

660 V; current 1075 A; torque 9620 N·m; speed 993 rpm.  

“Motor modeling was carried out in coordinates (x, y), the 

rotation speed of which is equal to the rotation speed of the stator 

field (ωк = ω1), with the base voltage vector (uSx = U1; uSy = 0)” 

[7]. The mathematical model of the engine is represented by the 

following system of equations in operator form*:1 
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1* German-Galkin S.G. Matlab & Simulink. Design of machatronic systems on PC. St. Petersburg: Korona-Vek, 2020, p. 368. 
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Fig.1. Drilling rig scheme 

1 – rotor drive; 2 – transmission devices;  

3 – drilling rig rotor;  4 – drill pipe string; 

5 – column bottom layout; 6 – drilling bit 

Fig.2. Structural diagram of the drilling rig rotor with asynchronous drive 
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where ω1 = 104.7 s–1 is the synchronous speed; p = 3 is the 

pole pairs number; ωm – motor shaft speed; ψRx, ψRy – rotor 

flux linkage along the axes x, y; ψSx, ψSy – stator flux link-

age along the axes x, y; iRx, iRy – rotor currents along the 

axes x, y; iSx, iSy  – stator currents along the axes x, y; Tm – 

motor moment; s – operator; RR, RS – rotor and stator active 

resistances; Lm, LR, LS – rotor and stator mutual and self-

inductance; TR = LR/RR – rotor time constant;   /S ST L r   – 

stator time constant; r = RS + + 2

r Rk R ; kr = Lm/LR; SL = LS – 

– 2

mL /LR. 

The parameters included in the equations of system 

(1) are as follows: RR = 0.00267 Ω; r = 0.939 Ω; kr = 

= 0.939; SL = 0.00034 H; ST  = 0.068 s; ТR = 1.064 s. 

Determination of motor parameters – active re-

sistances, inductances and time constants, as well as para-

meters of PI controllers – was carried out according to the 

following methods [8-10]. In the parallel form of writing 

the transfer function expression, the parameters of the flux 

linkage PI controller were Рψ = 410, Iψ = 14. The PI control-

lers parameters of speed and current, tuned to the technical 

optimum were: Рω = 166, Iω = 16.5 (for speed controller) 

and PI = 3, II = 10 (for current controller). 

The mechanical part of the electric drive is implemented in the form of multi-mass (from two to 

four masses) equivalent systems in the Meh-Subsystem block. The initial data for modeling corres-

pond to a drilling rig of the BU-5000/320 type. The length of the drill pipe string is assumed to be 

3000 m, the pipe diameter dt = 0.127 (wall thickness 0.09 m), the layout of the bottom of the DPC is 

made of UBT pipes 203×80 (90 m), the bit diameter dt = 0.295 m (PDC bit 295.3FD257M-A27). The 

mathematical model of a dual-mass mechanical system in operator form is represented by the follo-

wing system of equations: 

 12
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where ωb(t) – bit rotation speed, rad/s; Tr1 – moment of resistance of the first mass, N·m;  

Tb – moment of resistance applied to the second mass (torque on the bit), N·m; Tr1 – first mass re-

sistance moment, determined by the product of the external viscous friction  coefficient on engine 

speed ωm.  

Estimated moments of inertia of the two-mass system elements: J1 = 66.5, J2 = 12.5 kg·m2;  

stiffness factor с12 = 22.8 N·m/rad; viscous friction coefficient 12 = 0.06 N·m·s/rad; external viscous 

friction coefficient  = 0.5 N·m·s/rad. 

The formulation of operator equations for a three- and four-mass system also does not cause 

difficulties. Estimated three-mass system elements moments of inertia are: J1 = 55, J2 = 17,  

J3 = 7 kg·m2; stiffness coefficients с12 = 25, с23 = 263 N·m/rad; viscous friction coefficients: 12 =  

= 23 = 0.03 N·m·s/rad. Estimated four-mass system elements moments of inertia are: J1 = 55, J2 = 8.5,  

J3 = 8.5 kg·m2; stiffness coefficients с12 = 50, с23 = 50, с34 = 263 N·m/rad; viscous friction coefficients 

12 = 23 = 34 = 0.02 N·m·s/rad. All parameters of the mechanical system are given to the motor 

rotation speed.  

 Load 

Tm 

ωm 

с12 12 

Tb 

1 J1 

2 
J2 

ωb 

Drilling bit 

Fig.3. Dual-mass model of rotor drive  

mechanical part 
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The determination of the moment Tb is implemented in three blocks: Tb0-Subsystem; Tb1-Sub-

system and Tb-Subsystem. Modeling of the bit resistance moment is carried out in the Tb0-Subsystem 

block according to the following expression [1]: 

 
 

 2

0

0

7.25
0.4 1 ψ

ω δ
b b b

b

T t ad P t
t

 
    

,                                              (2) 

where а – empirical coefficient; P – axial load on the bit, N; ωb(t) – bit rotation speed, rad/s; δ0 = 1 – 

correction, rad/s; ψ(tb) – a function that takes into account the change in torque during drilling as the 

bit wears out over time tb, h.  

The parameters were determined taking into account the resistance of rocks to destruction during 

well drilling [11, 12]. 

According to the source [1], ψ(tb) function can be represented by the following relationship: 

ψ(tb) = 1 + 0.002tb +0.000051tb
2. 

The maximum axial load on the bit during modeling can reach P = 200 kN; the value of the 

empirical coefficient for soft rocks а = 1, for hard rock а = 0.5; maximum bit rotation speed  

ωb = 21 rad/s (200 rpm). 

The transition from the static moment of resistance Tb0(t) to the moment Tb(t), which takes 

into account frictional changes in the moment when passing through zero, is carried out in the  

Tb1-Subsystem block (according to the Stribeck model [13, 14]): 

Tb1(t) = Tb0(t),                                                                  (3) 

where  = 1signωb; |ωb| > 0.001;  = 1.1signωb; |ωb|  0.001. 

In subsystem Tb-Subsystem the presence in the drill string of not only torsional, but also lon-

gitudinal vibrations, which change the axial load on the bit during drilling, is taken into account; 

modeling of such oscillations was carried out according to the harmonic law [15]. The formula for 

determining the resulting drag moment on the bit is [8] 

Tb = Tb1(1 + hsinvt) + ξ(t), 

where h – coefficient that takes a value from 0 to 1; v – angular frequency of longitudinal oscillations 

corresponding to values from 0.5 to 3 Hz; ξ(t) – white noise function to take into account longitudinal 

random oscillations with an amplitude value of 3 kN·m. 

Calculation of the instantaneous (at time t) power Pm(t) on the motor shaft and power on the bit 

Pb(t) is carried out based on the values of the moments Tm(t), Tb(t) and velocities ωm(t), ωb(t)  

in Pm-Subsystem and Pb-Subsystem blocks:  

Pm(t) = Tm(t)ωm(t);  Pb(t) = Tи(t)ωи(t). 

In the ETP-Subsystem block, the energy and technological parameters of the drilling rig are 

calculated. The total energy consumption of the electric drive and the energy on the bit during drilling 

time T are determined by the following expressions:  

   
0

;
T

m mE T P t dt       
0

.
T

b bE T P t dt   

The ratio of energy costs on the bit and on the engine determines the energy efficiency factor of 

the drive 
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b
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m

E T
k T

E T
   

Energy and technological characteristics are linked through indicators of the specific energy 

intensity of various rocks – Mechanical specific energy (MSE) [16, 17]. According to energy log-

ging data, which may be included in modern geological and technological studies, the values of 
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specific energy consumption for the rock destruction (Table 1), depending on the energy intensity 

class of the rock, can vary from several units to several thousand kW·h/m3 [18]. Specific еsp (MSE) 

and general Еb(t) energy intensity on the bit allow you to determine the mechanical speed of drilling 

Rate of penetration (ROP) 

 

spsp

,
b b

meh

b b

E T P
v

e TF e F
    

where Fb – bit area, m2; 
bP   average power on the bit (integral estimate over time T), kW.  

 

Table 1 

Drilling power consumption indicators [18] 

Rock class Energy intensity 
Specific energy consumption 

еsp, kW·h/m3 

I 

II 

III 

Minimal Up to 15.6 

15.6-31.2 

31.2-62.5 

IV 

V 

Low 62.5-125 

125-250 

VI 

VII 

Avarage 250-500 

500-1000 

VIII 

IX 

High 1000-2000 

2000-4000 

Х Maximal Over 4000 

 

The value of the mechanical drilling speed allows you to determine another characteristic indi-

cator of rotary drilling – a deepening per one revolution of the bit 

 1 ,
ω

meh

b

v
h k

T
  

where k = π/1800 – dimension factor.  

In drilling, the reciprocal of h1 is also used, called the Rate of penetration index (RPI). 

Along with the specific energy consumption on the bit, necessary for the destruction of the rock, 

it is proposed to introduce an indicator of the total specific cost of the rotor electric drive 

 
sp.

m m
m

meh b meh b

E T P
e

v TF v F
  ,  

where 
mP   average value of the electric drive power (integral estimate for the time T), kW.  

The energy of the electric drive includes the energy on the bit, as well as the energy spent on idle 

rotation of the DPC, and energy losses due to friction, including the friction of the string against the 

borehole walls. Therefore, the total specific energy consumption for drilling significantly exceeds the 

specific energy consumption for rock destruction 
sp. spme e . In this case, the parameter еsp.m easier to 

determine in practice during drilling.  

Thus, a modified complex model is proposed: an asynchronous electric drive of the rotor – a drill 

string – a bit – a rock. The model is a nonlinear feedback system, which makes it possible for self-

oscillations to appear in the system [19, 20]. The main input parameters of the model are WOB Pref  

(Weight on bit – WOB) and rotation speed nref , rpm (Revolution per minute – RPM) [21-24], and 

output – electromechanical parameters of the drive (speeds, torques, currents, powers), as well as 

energy and technological characteristics of the drilling rig [18, 25-28]. Parameter (WOB×RPM) com-

bination determines the drilling modes, and the output parameters allow you to evaluate the selected 
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drilling modes from the standpoint of their electromechanical, energy and technological efficiency 

and taking into account the dynamics of drilling processes [29-31]. 

Results disscution. Some simulation results for the indicated drilling rig, initial data and drilling 

modes are presented in Table 2.  
 

Table 2 

Results of simulation of electric driven rotary drilling modes 

Mode 
number 

Parameters 

WOB×RPM, 

kN·rpm 
Pm, kW Pb, kW Kb – m vmeh, m/h 

h1, 

mm/rev 
еsp.m, kW·h/m3 

1 20×20 30.2 2.3 0.078 0.07 0.10 6237 

2 40×30 59.8 5.5 0.096 0.17 0.14 5073 

3 80×50 143.1 15.3 0.108 0.45 0.21 4491 

4 120×70 255.1 29.8 0.117 1.25 0.27 4116 

5 160×90 374.4 45.8 0.123 1.33 0.30 3933 

6 200×110 523.2 65.3 0.125 1.90 0.34 3857 

7 20×70 103.3 12.7 0.123 0.38 0.08 3919 

8 60×90 198.1 26.3 0.133 0.77 0.14 3625 

9 100×110 313.6 42.9 0.137 1.26 0.18 3525 

10 120×130 450.4 62.4 0.139 1.83 0.23 3474 

11 180×150 603.0 84.8 0.141 2.49 0.27 3426 

12 20×120 202.4 21.6 0.107 0.63 0.08 4521 

13 40×130 265.3 30.4 0.115 0.89 0.10 4199 

14 80×150 396.0 50.1 0.127 1.47 0.15 3805 

15 120×170 547.0 72.6 0.133 2.13 0.19 3621 

16 120×30 82.0 5.1 0.062 0.14 0.21 7816 

 

One of the main tasks in drilling operations is the analysis of drilling modes in the coordinates 
(WOB×RPM) [32-35]. The first six modes refer to modes of unstable bit rotation and, as shown in 
Fig.4, in the coordinates (WOB×RPM) separating the zone of bit uniform rotation from the zone of 

non-uniform rotation with long stops. In the con-
sidered modes, a low level of mechanical drilling 
speed is noted, which is explained by the large  
diameter of the bit and the rather high energy in-
tensity of class VII rock (accepted 750 kW·h/m3). 
For a bit with a diameter of 0.128 m, when drilling 
rocks of II-III energy intensity classes, the me-
chanical drilling speed reaches several tens of me-
ters per hour. The given values of the bit depth are 
quite large, in the literature, you can find lower 
values of the depth limit, but the calculation is car-
ried out per the rotation of the engine rotor, rather 
than the bit, the ratio of which is determined by 
the gear ratio. 

Based on the analysis of the modes (1-15), 

it can be concluded that according to the energy-

technological characteristics it is difficult to 

single out the modes of non-uniform rotation 

(NUR) of the bit if they are close to the zone of 

uniform rotation (UR). So, according to all 

characteristics, modes 4 (on the border of 

zones) and 9 (inside the UR zone) are close. The 

further the NUR mode is from the UR zone, for 

example, mode 16, the easier it is to establish 

 

200 

100 

0 100 200 

RPM, rpm 

WOB, kN 

LT zone 

UR zone 

NUR border 

IP zone 

NUR zone 

Fig.4. Rotary drilling modes 

NUR – non-uniform rotation of the bit; UR – uniform  

rotation of the bit; IP – insufficient parameters; 

LT – lateral torsion 
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the fact of unstable bit rotation using the given characteristics. For modes inside the NUR zone is 

typical a clear decrease in ROP and an increase in energy costs. The bit and the drilling rig rotor speed 

curves for mode 16 are shown in Fig.5, a. For comparison, Figure 5, b shows bit and rotor speed 

graphs for the mode of bit uniform rotation at point 9, in which bit speed fluctuations are much smaller 

and there are no bit stops. It should be noted that in both cases, the drive motor was started without 

load, with the clutch between the motor and the drilling rig rotor disconnected, and with a smooth 

increase in the set speed. Long bit stops lead to a significant decrease in the average bit speed, which 

can explain the decrease in the ROP and increase in energy consumption when drilling in the NUR 

zone. In the process of drilling, wear of the bit occurs, which, according to equation (2), affects the 

moment of resistance of the bit, while the boundary of the zone of uneven rotation of the bit moves 

to the right, increasing the NUR zone area of the bit. On the other hand, the size of the zone of uneven 

rotation is also affected by the diameter of the bit, when it decreases, the boundary of the zone of 

uneven rotation of the bit shifts to the left, reducing the NUR zone area of the bit.  

Along with the zones of uniform and non-uniform rotation of the bit, Figure 4 shows a zone of 

insufficient drilling parameters (insufficient parameters) [20], where drilling is inefficient due to low 

ROP. The UR zone can also be divided, in its upper part (mode 11) the mechanical drilling speed 

is maximum, but in this case, accelerated wear of the bit occurs and a mode of impacts of the string 

against the borehole wall occurs – lateral vibrations (backward whirl) [21]. 

In the unstable non-uniform rotation modes of the bit, as can be seen from Fig.5, a, there are 

stops of the bit lasting several seconds. In modes 1-6, at the border of non-universal rotation, the stops 

are minimal and increase as the operating point moves deeper into the NUR zone, reaching ten se-

conds. When the figure is scaled up, it can be seen that at the stopping intervals, the process of changing 

the speed decays [9]. As shown in Fig.6, a, the speed “freezes” from small positive and negative 

initial values, tending to zero. There are high-frequency oscillations (up to 3000 Hz) – torsional  

vibration, which reduces the resource of the bit. The conversion of high-frequency velocity oscilla-

tions into accelerations made it possible to obtain a vibration curve in the units of measurement 

adopted in drilling – shocks. The calculated graph of the bit vibration, presented in Fig.6, b, confirms 

in practice the possibility of dangerous vibrations, reaching several tens of shocks [25, 34]. 

It has been established that in the fading intervals, the bit is affected by positive and negative 

moments exceeding 80 kN·m, which correspond to the forces acting on the cutters (teeth) of the bit 

up to 15-20 kN, which is consistent with the critical force at which chipping of a reinforcing plate of 

the tooth can occur [26, 27]. In addition, the achieved value of the moment acting on the bit exceeds 

the recommended unscrewing force of the threaded connection of the bit. For a threaded connection 

up to 185.7 mm, it is 21.7 kN·m, which is much less than the moment values achieved on the bit. This 

confirms the possibility of accelerated wear and loss (unscrewing) of the bit and the inexpediency of 
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Fig.5. Rotor (1) and bit (2) speed curves in mode 16 of non-uniform bit rotation with long stops (a) and in mode 9  

of uniform rotation (b) 
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the bit operation in stick-slip modes [27, 32]. Particularly rapid wear of the bit at high-frequency 

torsional vibrations is due to a change in the direction of bit rotation, in which the reaction force of 

the rock is directed not towards the bit teeth, but tangentially to them, causing chipping of the rein-

forcing plates of teeth and pulling out the teeth from the bit body sockets [33, 34]. Taking into account 

the design of PDC bits, it is more reasonable to model the frictional changes in the moment on the bit 

Tb(t) when the speed passes through zero using a model that differs from model (3) by an upward 

shift along the y-axis. A possible variant of such a model is presented in the work [35]. The calcula-

tions have shown that such a shift leads to an increase in the risk of a stick-slip effect.  

Conclusion. A modification of the complex model of asynchronous electric drive of the rotor – 

drill string – bit – rock is proposed, which makes it possible to calculate and evaluate the selected 

drilling modes, taking into account their electromechanical, energy and technological efficiency 

[36-38] and dynamics of drilling processes [29, 30, 39]. Simulation results are consistent with rotary 

drilling practice [40-42]. The performed computer simulation of drilling modes confirmed the possi-

bility of the stick-slip effect occurrence, accompanied by high-frequency vibrations during bit stops, 

during which it is possible to change the direction of rotation of the bit, its accelerated wear and 

unscrewing of the drilling tool. The model can be used as a base for further improvement of the 

control of the rotary [43-45] and other [46-49] drilling methods.  
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