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Abstract - This paper presents a tubular reciprocating translational motion permanent magnet 

synchronous motor for percussive drilling applications for offshore oil & gas industry. The motor 

model and rock model are built up by doing force analysis of the motor and analyzing the physical 

procesof impact. The optimization of input voltage waveforms to maximize the rate of penetration 

is done by simulations. The simulation results show that the motor can be utilized in percussive 

drilling applications and achieve a very large impact force. Simulation results for optimization also 

show that second harmonic input voltage produces a higher rate of penetration than the sine wave 

and fourth harmonic input voltages. 
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1. Introduction 
 

There is clear evidence that percussive drilling can 

sometimes increase the Rate of Penetration (ROP) in hard-

rock formations. Percussive drilling (even without rotation) 

can often produce bigger ROP than conventional means such 

as rotary drilling or diamond drilling, especially in some hard-

rock formations such as siliceous granite, sandstone, 

limestone, dolomite, etc. It has been demonstrated that in a 

medium-hard granite, with the same RPM and the weight on 

drill bit, the percussive-rotary method is 7.3 times faster than 

the conventional rotary method, while at the best operational 

conditions for both methods, percussive-rotary has a 2.3 times 

advantage in ROP [1],[2]. For the time being, there are two 

dominant driving methods in percussive drilling of down-the-

hole (DHL) applications in the market: one is the pneumatic 

hammer, another is the hydraulic hammer or water powered 

hammer [3],[4]. The main disadvantage of pneumatic 

hammers is low energy utilization. A natural disadvantage of 

water powered hammers is the need for relatively large 

amounts of preferably high quality water to drive the hammer, 

occasionally leading to waste disposal problems. The water 

powered hammer also has another disadvantage of large 

pressure fluctuations in the feed water line caused by 

discontinuous consumption of water. This will decrease the 

reliability of the whole system. The DTH hammer driven by a 

tubular reciprocating translational motion permanent magnet 

synchronous motor (RTPMSM) [5] is a good option for 

overcoming the aforementioned problems. The RTPMSM 

will be working in oscillation mode. The huge impact force 

converted from the electric power source by the RTPMSM 

during the oscillations will be used to crush rock. The electric 

energy is directly transmitted to the hammer bit by the 

RTPMSM without any gears or other media. Therefore, the 

tubular RTPMSM can provide more efficient power 

transformation with higher reliability for the oil & gas 

industry under the high temperature and high pressure 

operating conditions than the existing solutions.  

2. Tuburar Rtpmsm System and its Model 

 

The system configuration in this work and its equivalent 

model are shown in Fig. 1 and Fig. 2, respectively. The 

tubular RTPMSM consists of an inner oscillatory subsystem 

and an outer oscillatory subsystem. The inner subsystem 

consists of a movable secondary with laminations of 

permanent magnets and iron, two gas springs inside of each 

end of the casing, and a viscous damper between the moving 

secondary and casing. The outer subsystem consists of a 
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casing with a primary winding, an external spring connecting 

with the drill cylinder, and the viscous damper between the 

casing and drill cylinder. The alternating electromagnetic 

force is produced by the interaction between the permanent 

magnets and the primary winding carrying alternating current. 

This force drives the moving secondary back and forth in a 

forced resonant mode oscillation. The casing is driven by the 

reaction force from the inner subsystem. The casing impacts 

the hammer bit at its peak velocity when the moving 

secondary oscillates up and down. The hammer bit transfers 

all the impact energy from the casing to the rock. A top force 

TF  is needed at the top of drill cylinder in order to make the 

hammer bit contact the rock during the drilling process. 

The following assumptions have also been made for the 

purpose of simplification before building up the mathematic 

model of the tubular RTPMSM:  

    

Fig. 1.Topology of DTH hammer driven by tubular  RTPMSM 

 

Fig. 2. Equivalent model of DHT hammer system 

 No magnetic saturation; 

 No fringing of the magnetic circuit; 

 Eddy currents and hysteresis effects are neglected;   

 No gas leakage between two gas chambers;  

 Gravity force is neglected. 

The force analysis for the moving secondary and casing is 

based on Newton‘s second law of motion. The mathematical 

model of the RTPMSM motion is described by (1) and (2) [6]:  
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where mms and mc , xms(t)  and xc(t) are the mass 

and the displacement of the moving secondary and casing, 

respectively. Kie and Koe, cie and coe are the stiffness 

coefficients and viscous damping coefficients of the inner 

subsystem and outer subsystem, respectively. fem(t) is the 

electromagnetic force, fh(t) is the counter force on the casing 

from the hammer bit due to impacts. 

The mathematical model of electrical and 

electromechanical parts of the tubular RTPMSM is described 

by (3), (4), (5) and (6): 
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where Rp is the resistance of primary winding; vd(t) 

and vq(t) , id(t) and iq(t), Ld and Lq are voltage, current 

and inductance in d- and q-axis, respectively; ω e(t),ω ms(t)

and vms-c(t) are the electrical speed, mechanical speed and 

relative translational velocity of the moving secondary; τ is 

pole pitch; and npis the number of pole pairs. 

3. Rock Model 
 

A visco-elastic-plastic model of the rock is shown in Fig. 

3[7]. The rock model consists of the mass of the hammer bit 

(mhb), linear spring (Kr), viscous damper (cr) and coulomb 

friction element with a threshold force (Fthr). The linear 

spring and viscous damper represent the visco-elastic nature 
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of hard rock before fracture and the Coulomb friction element 

(Fthr) is the crushing threshold force of the rock medium. 

When a positive impact force (fh(t)) is applied to the hammer 

bit, spring force (frs(t)=Krxhb(t)) builds up in the visco-

elastic zone but no penetration movement of the hammer bit 

is achieved as long as the spring force (frs(t)) does not exceed 

the rock threshold force. When the spring force exceeds the 

threshold, the rock begins to fracture and the threshold 

friction element moves to emulate  

  

hbm

hbx

 hf t

Casing

Hammer bit

ptrx

rK

scm
rc

thrF
Rock Model

 

Fig. 3. Rock model  

the rock, deforming plastically as the rock is crushed. 

During this plastic deformation of the rock, it is assumed that 

all cuttings are removed instantly from the crushed surface. It 

is also assumed that, when the net force of the linear spring 

exceeds Fthr , the threshold friction element instantly 

achieves the same velocity as the hammer bit. 

According to the amplitude of impact force, its expression 

in one impact cycle can be written as a piecewise function as 

follows in (7): 

 

     

   

 

0

0 0

r c r c r c thr

h thr r c r c thr

c

K x t c x t K x t F

f t F c x t K x t F

x t

  


  
 

 (7) 

Different rocks have different stiffness coefficients of 

spring, viscous damping coefficient, and different threshold 

forces. The force and energy analysis for (7) is shown below: 

 When the impact force is less than the threshold force, 

the impact force does not crush the rock and the rock 

behaves as a spring connected with a damper in parallel. 

A part of the impact energy dissipates in the viscous 

damper and the rest of the energy is returned to the 

system.  

 When the impact force is bigger than the threshold force, 

the impact force crushes the rock. All of the kinetic 

energy of the casing is delivered to the rock. The bigger 

the impact force is; the higher the ROP is.  

 When the casing moves up, there is no impact force.  

The mathematic model of the whole system including 

rock model is thus given by (1)-(7).  

4. Control Analysis 

 

The first control objective for the tubular RTPMSM is to 

oscillate the casing in order to make the hammer bit crush the 

rock. The system is a mass-spring oscillatory system so that 

the trajectory of the driving force (electromagnetic force) 

should be a function of the alternating waveform and its 

frequency should be equal to the natural frequency of the 

oscillatory system. The natural frequency of the outer system 

is given by (8) 

2
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(9)The second control objective for the system is to provide 

an impact force, which is high enough to crush the rock, i.e. 

the impact force produced by the casing should meet the 

following expression (9): 

 

   h thr r cf t F c x t 
           (9)

 

For certain rock, the bigger the impact force is, the higher 

the ROP is. On the other hand, if we increase the impact force, 

the losses will be higher due to higher copper losses in the 

primary winding and the system efficiency will be lower. 

Therefore, a trade-off between the ROP and system efficiency 

exists in the real system. 

The third objective is to optimize the input voltage in 

order to maximize the ROP and minimize the losses. Different 

input voltages with the same amount of energy input, such as 

cosine, rectangular, and harmonic waveforms can be used to 

supply the necessary power to drive this oscillatory system. In 

order to obtain a certain ROP in the presence of differing 

levels of the different efficiency, different input voltages can 

be examined. The system characteristics with three different 

harmonic input voltages will be analyzed by simulation 

results. 

If the rock properties are known in advance, it is possible 

to develop a variable voltage variable frequency (VVVF) 

open loop control scheme for the tubular RTPMSM with a 

short stroke as previously reported in [8]. The simulation 

results show that VVVF control can achieve the expected 

performance. If the three-phase tubular RTPMSM with long 

stroke is utilized in the DTH hammer drilling system, self-
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sensing (sensorless) control is necessary because of the harsh 

conditions of high temperature and pressure. 

 

5. Simulation Results 

Simulation results are shown in Fig. 4-Fig. 7.  
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Fig. 4. Force amplification with a cosine wave input voltage 
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Fig. 5. Impact force and ROP with cosine wave input voltage 
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Fig. 6. Energy analysis 
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Fig. 7. Input voltage and input current 

Fig. 4 shows the force amplification with a cosine wave 

input voltage. The electromagnetic force is amplified five 

times by the system. It means that only a small force is 

needed in order to drive the casing when employing such a 

tubular RTPMSM. Fig. 5 shows that a 14 mega Newton 

impact force is achieved at the instant of impact while the 

electromagnetic force is at 0.08 mega Newton. The system 

gets a 0.42mm penetration at each impact. There are second 

impacts after each main impact.  The reason for these 

phenomena is because the rock model has the effect of a 

spring. A fraction of the energy is reflected to the casing by 

the rock at the instant of impact. This reflected energy 

introduces a second impact to the rock. However, the second 

impact does not contribute ROP because of its low energy, 

which is not enough to crush the rock.  

The energy transfer from the RTPMSM to the rock is 

shown in Fig.6. The kinetic energy and potential energy of 

subsystems periodically change their values from zero to their 

maximum value, respectively. A part of total energy stored in 

the RTPMSM is delivered to crush the rock at the instant of 

impact. The reason for this is that only the kinetic energy of 

the casing is delivered to the rock. The kinetic energy and 

potential energy are still there as long as the velocity and 

relative displacement of the moving secondary are not zero.  

Fig.7 shows that the amplitude of the input voltage and 

current is always changing from cycle to cycle at steady state. 

The phase sequence is also changing at zero crossing points 

of the electromagnetic force. The reason for this is that the 

force command is a sinusoidal waveform. The amplitude and 

frequency of the current vector are dependent on the force 

command. 

6. Optimization of Input Voltage 

 

Different input voltage waveforms can achieve the same 

ROP on rock possessing the same properties, but with 

different losses. Therefore, the optimization of the input 

voltage waveforms is included in this work. Based on Fourier 

series theory, a perfectly periodic input voltage can be 

decomposed into simple oscillating functions which are 
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harmonically related, but different frequencies. Only the 

fundamental harmonic contributes to the oscillation of the 

RTPMSM and all the other components will produce the 

losses and have little or no contribution, or less contribution, 

to the oscillation.  Therefore, a pure sine (cosine) waveform 

will be the best option for maximizing the oscillation and 

minimizing the losses. Three different input voltages are used 

to drive the RTPMSM: 
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Fig. 8 shows that three different input voltages with the 

same amount of energy in each cycle are causing the tubular 

RTPMSM to oscillate. The system driven by different 

waveforms of input voltage shown in  

Fig. 8 has different ROPs, although each waveform draws 

the same amount of energy from the electric source.  The 

reference signal 
*

2qv producing the least losses and the biggest 

ROP can be a good option of reference for the RTPMSM.  
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Fig. 8. System performance with three different 

 

input 

7. Conclusion 

The percussive drilling application of an RTPMSM and its 

mathematic model are presented in this work. The RTPMSM 

draws and stores energy during most of each oscillatory cycle 

and delivers it to the rock at the instant of impact. The huge 

impact force produced by the RTPMSM is delivered to crush 

the rock. Simulation results show that RTPMSM is suitable 

for percussive drilling application, especially for the offshore 

oil & gas industry. The optimization of input voltage 

waveforms is also done in this work. The simulation result 

shows that the second harmonic input produces higher ROP 

than the others.   
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