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Abstract – According to the requirements of large torque and high precision linear displacement of the drilling 

robot, an outer mover (OM) linear-rotary (LR) vernier machine (VM) is proposed with a special support mechanism, 

which combines an outer rotor VM and a cylindrical OM linear VM. In order to reduce the detent force and improve the 

displacement accuracy of the linear motion when the proposed motor works at low speed and short stroke conditions, 

the modular stators and permanent magnet poles are adopted instead of the traditional toroid structure. Since the torque 

is the main output quantity and the linear motion mainly determines the linear displacement, the design of the rotary 

unit is taken as the optimization objective firstly. Then, the cogging torque and detent force of OMLRVM are added to 

the optimization objectives. The electromagnetic and mechanical designs of the proposed motor are calculated based on 

3-D finite element model. Compared with the results of the initial topologies I and II, the end effects of rotary and linear 

units are reduced thanks to the support mechanism, and the amplitudes of cogging torque and detent force are decreased. 

The idea of combined electromagnetic and mechanical design is an effective way to solve the practical application 

problems in industrial field. 
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1. Introduction 

  

The main problem of drilling robot technology research 

is to control the position and depth of drilling hole precisely, 

which can affect the drilling efficiency and precision. 

Linear-rotary machine (LRM) with high response speed is 

the optimum choice to solve the problem, and the research 

of LRM is concerned by many scholars. Vernier machine 

(VM) can generate high torque density, and it is widely 

used in industrial field, especially in the last few years. In 

[1], a linear permanent magnet (PM) VM with V-shaped 

consequent pole was investigated, and it can increase the 

air-gap flux density, thrust density, efficiency and power 

factor. The optimization design of a linear PMVM with 

highly desired fault-tolerant capability was analyzed by 

multi-objective optimization method and equivalent 

magnetic network method in [2] and [3], respectively. The 

isolation of a PMVM with modular winding was analyzed 

between phases and modules in [4]. A multi-harmonics 

linear PMVM was investigated with non-uniformly 

distributed PM arrays, and its richer harmonics made its 

performance superior to the traditional linear PMVM [5]. 

The force ripple reduction principle of a fractional pole-pair 

linear PMVM was given in [6], which exhibits high back 

electromotive force (EMF) symmetry and low thrust ripple. 

A relieving direct current (DC) saturation hybrid excitation 

VM was introduced in [7], and it can construct the 

reluctance effect introduced by the DC field excitation, and 

integrate high torque density and bidirectional flux control 

function. A consequent pole PMVM was proposed with 

dual-sided stator and dual rotor in [8], which has high 

efficiency and low torque ripple. The scaling effect focused 

on back EMF of three different power ratings surface-

mounted PMVM was analyzed in [9].  

The performances and principles of a spoke array 

PMVM and a linear PMVM were analyzed by the 

subdomain method and analytical method in [10] and [11], 

respectively. The power factor, torque and fault tolerant 

performance of PMVM were investigated based on 

permeance and equivalent magnetic circuit models [12]. A 

harmonic reference frame of DC-biased vernier reluctance 

machines (VRM) was proposed based on harmonic current 

suppression strategy [13]. Air-gap permeance harmonics of 

PMVM with coding-shaped tooth were proposed, which 

can introduce permeance harmonics with specific phase and 

amplitude, and the electromagnetic performances of the 

machines were studied by semi-analytical way and finite 

element methods (FEM) [14]. A new armature winding 

design method for VRM with DC field coils across two 

stator teeth was presented based on the flux modulation 

effect of fundamental DC field harmonic [15]. In order to 

improve the flux regulation capability and power factor, a 

dual-stator hybrid excited PMVM was proposed with 

consequent-pole Halbach-array PMs [16]. A VRM with 

half-quasi-squirrel cage winding, DC-biased current and 

ladder rotor was presented, which has high power density 

and efficiency [17]. A consequent-pole modular mover 

linear PMVM with dual-flux-modulation effect was 

proposed and analyzed by FEM in [18]. An axially 

magnetized PMVM was proposed, which has alternately 
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magnetized direction PMs clamped on the ends of the rotor 

[19]. The performance of PMVM was proposed and 

analyzed by a hybrid analytical model combining 

subdomain model and equivalent magnetic network, which 

can consider the saturation effect [20]. A claw pole PMVM 

was investigated with spoke array PM, which can enhance 

the magnetic flux modulation effects, and its 

electromagnetic performances were analyzed by the 

equivalent circuit analysis and FEM [21]. Overall, the 

characteristics of the VM have been widely studied.  

In order to meet the demand of linear-rotary motion, 

many linear rotary motors have been presented. The control 

system and optimization design of linear rotary PM 

synchronous actuators were analyzed in [22-24]. A rotary 

and linear motion switched reluctance motor with modular 

stators was investigated and analyzed by numerical field 

computation method [25]. A single air-gap LR PM voice 

coil motor was proposed, and the distributions of the thrust 

and torque are analyzed by magnetic equivalent circuit 

method [26]. A rotary linear machine with magnetic 

bearings was presented and the functions for the torque, 

thrust and magnetic bearing force were derived in [27]. The 

performance and parameters of the rotary linear switched 

reluctance motor were obtained by the analytical method 

and FEM [28]. The high speed and dynamic response of a 

linear rotary electromagnetic actuator was achieved by 

adopting the light weight moving coil [29]. The 

optimization design of a double stator linear-rotary PM 

generator with Halbach PM array was analyzed by the 

operating domain design and non-dominated sorting genetic 

algorithm II [30]. The helical motion coupling effect of 

two-degree-of-freedom induction machine and the 

optimization design of a linear-rotary PM generator with E-

shaped stator were analyzed in [31] and [32], respectively. 

Based on the motor design experience, the topology of 

LRM is worth to study deeply, which can improve the 

operating reliability and stability of the control system of 

linear rotary motion.  

In order to accurately control the position and depth of 

drilling hole, a two degree of freedom (2-DOF) outer mover 

linear-rotary vernier machine (OMLRVM) is proposed with 

an outer rotor (OR) VM and a cylindrical outer mover 

linear VM (OMLVM), which are combined by a support 

mechanism. The loss, power, efficiency, and volume of 

ORVM are calculated for determining the circumferential 

and axial dimensions of the rotary unit. In order to reduce 

the detent force and improve the linear position accuracy, 

the modular stator sections and PM poles are adopted in the 

linear unit. The electromagnetic designs and stress situation 

of OMLRVM are calculated by 3-D finite element method 

(FEM). Then the main structure parameters of OMLRVM 

are obtained.  

 

2. Topology of OMLRVM 
 

Fig. 1 illustrates the initial topologies of OMLRVM. The 

mover of topology I is connected with support plate and 

shaft, and its end effect is large. The support mechanism is 

adopted in topology II, which can reduce the end effect 

effectively. The disc type stator structure is adopted as the 

linear motion units of the two topologies.  

 

   
(a)                              (b) 

Fig. 1 Initial topologies of OMLRVM. a Topology I, b 

topology II.  

 

  

 
(a)                          (b) 

  
(c)                          (d) 

Fig. 2 Assembly drawing of the proposed OMLRVM. a 

Stator section, b mover section, c support mechanism, d 

topology.  
 

Fig. 2 illustrates the structural drawing of OMLRVM, 

which contains the rotary unit, linear unit and a support 

mechanism. From Fig. 2(c), it is seen that the support plate, 

cylindrical shell and shaft constitute the support mechanism 

structure, which does not affect the electromagnetic 

properties of the proposed motor. In the ORVM structure, 

the 3/16 pole-slot combination form is adopted. In the 

OMLVM structure, the traditional disc structure is divided 

into six stator poles in circumferential direction, which can 

reduce effectively the detent force and the cost.  

Fig. 3 shows the optimization program of OMLRVM. 

The initial topology is built by 3-D FEM in section II. The 

main dimensions of OMLRVM are decided by the 

electromagnetic optimization and mechanical designs in 

sections III and IV. The iron loss and copper loss, power, 

efficiency and volume related with the radial and axial 

radius dimensions of rotary unit are calculated, which is 

used to select the suitable radial and axial diameters. Then 

the main dimensions of OMLRVM can be decided. The 

magnetic field distribution, air-gap flux density, magnetic 



 

 

flux linkage, torque/thrust and torque/thrust ranges, back 

EMF and cogging torque/detent force are analyzed in 

section V. 
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Fig. 3 Optimization program of OMLRVM.  

 

3. Optimization of Electromagnetic Parameters 
 

3.1 Operation Principle 

 

When the speed of the magnetic field generated by the 

current in the armature windings is equal to the speed of 

that generated by PM material, the torque and thrust can 

have continuous and smooth output waveform curve. 

According to the magnetic field calculation modulation of 

VM in [4-6], the relationship expression of the stator 

magnetic field pole-pair number generated by armature 

windings (Pa), the main magnetic field pole-pair number 

generated by PM pole (PPM), and the stator teeth number 

(Zs) of the rotary or linear unit is  

| |a PM sP P Z                     (1) 

The expressions of the main PM excited magnetic fi

eld velocity (PM) and magnetic gear ratio G of the ro

tary or linear units are 

PM G                      (2) 

/a sG P Z                    (3) 

where  is the rotary or linear speed of mover.  

Fig. 4 shows the structure parameters of OMLRVM, 

which can be taken as the optimization variables. Rsp1, Rsp2, 

Rsp3, Rsp4 and Rsp5 are the stator radiuses of rotary unit. Rmo 

and Rmi are the outer and inner mover radiuses of rotary unit, 

respectively. wpm, wsp and s are the widths of PM pole, 

stator pole and stator tooth, respectively. Rsliz, Rsliz1, Rsloz1, 

Rsloz2 and Rsloz are the stator radiuses of linear unit. wsppz is 

the width between stator poles. wspz and wsz are the widths 

of stator tooth and stator pole, respectively. wsp and wpm 

are the widths of stator pole and PM pole, respectively. Rmlo 

and Rmli are the radiuses of mover, respectively. wgz is the 

width of air gap between PM poles of linear unit in the 

axial direction. wpmz is the width of PM pole of the linear 

unit in the axial direction. Fig. 5 shows the magnetic flux 

density distribution of the initial topology. It is seen that the 

flux density in stator pole is relatively high, and hence the 

flux density is also an important element for conducting the 

optimization.  

 

   
(a)                      (b) 

Fig. 4 The structure of OMLRVM. a Rotary unit, b linear 

unit.  
 

 
Magnetic flux density (T)  

(a)                      (b) 

Fig. 5 Magnetic flux density distribution in the initial 

topology. a Rotary unit, b linear unit.  

 

3.2 Optimization design 

 

Since the torque is the main output quantity and the high 

precision displacement is achieved by linear motion, the 

rotary unit is taken as the objective at first, and the method 

combining analytical calculation method and 3-D FEM is 

used. Fig. 6 shows the optimization design of 

electromagnetic characteristics. The optimization of 

OMLRVM is studied by the method combining analytical 

calculation and 3-D FEM. 3-D FEM is an effective method 

to optimize the motor structure, but it costs a lot of time. In 

the paper, the combined method can reduce the number of 

finite element simulations and improve optimization 

efficiency. The computation order of analytical method and 

FEM are shown in Fig. 6. hpm, g and hbl are analyzed by 

analytical calculation based on the optimization design 

experience of the traditional surface mounted PM machine. 

Namely, the parameters hpm, g, hbl Rspl, s, Rsliz, Rsliz1, Rmb, 

Rsloz, Rmli, wsppz, and wgz are decided by analytical 

calculation. The parameters Rmo, z-length, Rsp2, Rsp3, wpm, 

wsp, wsp4, wsp5, hbi, wpmz, wspz, wsz, Rsliz2, Rsloz1, Rslz, Rsliz1, 

wlsp and wlpm can be decided by Figs. 7-13, which are 

calculated by 3-D FEM.  

The height of PM can be decided by  

/ ( / 1)pm r i rh B B            (4) 
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where ur is the relative permeability, i is the length of air 

gap, Br is the radial air gap flux density, and B is the 

average air gap flux densities in radial direction. The range 

of /rB B  is 1.1~1.35. 
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Fig. 6 Optimization design of electromagnetic structure 

parameters.  

 

The expression of the mover yoke height is  

1 1/ 2
=

2 2

sp pm sp pm
bi

bi bi

B R w p B R w
h

B p B

    



 
       (5) 

where Bbi is the flux density in the mover yoke, and p is 

the number of pole pairs of rotary unit.  

According to (4), (5) and the design experience of PM 

motor, the values of hPM, g and hbi are chosen as 3 mm, 0.6 

mm and 12 mm, respectively.  
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(a)                     (b) 

Fig. 7 Losses of ORVM with different radiuses and 

axial lengths. a Radiuses, b axial lengths.  

 

The influence of the armature reaction depends on the 

rotor magnetic circuit structure. The average effect of 

armature reaction on the permanent magnet rotor with tile 

form of radially magnetized permanent magnet is neither 

demagnetized nor magnetized when the magnetic circuit is 

not locally saturated at any time in the same state angle 

range. Then the effect of armature reaction can be ignored, 

which can be taken as a constant value. From the point of 

view of the cause of loss, the power loss contains copper 

loss, iron loss, mechanical loss, control loss, etc.. The 

total iron loss is related with the rotor speed and air gap 

flux density. As the air gap flux density generated by PMs 

mounted on the mover inner surface is hardly affected by 

the armature reaction, the iron loss is only related with the 

rotary or linear speed.  

Fig. 7 shows the iron loss and copper loss of ORVM. It 

is noticed that the copper loss is increased with the increase 

of radius, and the iron loss is increased with the increase of 

axial length. Fig. 8 reveals the power, efficiency and 

volume contour plots related with the outer radius and axial 

length of ORVM. 

 

   
(a)                         (b) 

 
 

(c) 

Fig. 8 Power, efficiency and volume contour plots related 

with the outer diameter and axial length of ORVM. a Power 

(W), b efficiency, c volume (mm3).  
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Fig. 9 The amplitudes of cogging torque related with the 

the main structural parameters. a cogging torque related 

with Rsp2, Rsp3, wpm, b cogging torque related with wsp4, wsp 



 

 

and wsp5, c magnetic flux density distribution in rotary unit, 

d flux density in regions At and Bp.  
 

The selected parameter values in Fig. 3 can be divided 

into two parts: the constant part and changing part. The 

constant values of Rsp2, Rsp3, wpm, wsp4, wsp and wsp5 are 38 

mm, 34 mm, 20 mm, 18 mm, 5 mm, and 9 mm, respectively. 

Figs. 9 (a) and (b) describe the maximum value waveforms 

of cogging torque related with the change of the main 

structural parameters. Since the results cannot reflect the 

mutual influence on electromagnetic characteristics by only 

changing a single parameter, then the changing ranges of 

Rsp2, Rsp3, wpm, wsp4, wsp and wsp5 are decided as (0.1 mm-

0.2 mm, 0.5 mm-0.8 mm), (0.5 mm-1 mm), (0.2 mm-0.4 

mm, 0.5 mm-0.8 mm), (0.4 mm-0.5 mm), (1 mm-1.2 mm) 

and (0.2 mm-0.6 mm, 0.8 mm-1.2 mm), respectively. Fig. 

9(c) shows the magnetic flux density distribution in rotary 

unit. It is noticed that the regions At and Bp may have 

magnetic saturation. And the flux density in regions At and 

Bp are shown in Fig. 9(d), which can be used to decide the 

Rsp3 and wsp. In order to avoid magnetic saturation of At, a 

semicircular structure is added in the stator pole of rotary 

unit without adding the cogging torque, which is shown in 

Fig. 10.  

 

 

  
Fig. 10. The flux density distribution of rotary unit.  

 

Fig. 11 exhibits the torque and torque ripple under 

different current values with different stator yoke heights. It 

is shown that when Rmo>=53 mm, I=10 A, the average 

torque can reach the maximum value, and the torque ripple 

can reach the minimum value.  
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(a)                   (b) 

Fig. 11 Torque outputs under different current values with 

Rmo. a Average torque, b change range of average torque.  
 

Fig. 12 describes the maximum value waveforms of 

detent force related with the change of the main structural 

parameters. Since the results cannot reflect the mutual 

influence on electromagnetic characteristics by only 

changing a single parameter, then the changing ranges of 

wpmz, wspz, and wsz are decided as (0.2 mm-0.5 mm), (0 mm-

0.9 mm) and (0.7 mm-0.9 mm), respectively. The change 

ranges of Rsliz2, Rsloz1, Rslz and Rsliz1 are decided as (0.1 mm-

0.3 mm, 0.5 mm-0.7 mm), (0.4 mm-0.6 mm), (0.4 mm-0.7 

mm) and (0.4 mm-0.7 mm), respectively. 

 

 

0

50

100

150

0 0.2 0.4 0.6 0.8 1

D
et

en
t 

fo
rc

e(
N

)

Variation range(mm)  

0

10

20

30

40

50

0 0.2 0.4 0.6 0.8 1 1.2

D
et

en
t 

fo
rc

e(
N

)

Variation range(mm)  

(a)                          (b) 

Fig. 12 The amplitudes of detent force related with the 

change of the main structural parameters. a Detent force 

related with wpmz, wspz, and wsz, b detent force related with 

Rsliz2, Rsloz1, Rslz and Rsliz1.  
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(a)                  (b) 

Fig. 13 Thrust and detent forces related with wsp and wm. a 

wsp, b wm.  
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(a)                      (b) 

Fig. 14 Thrust, torque, thrust and torque ripples with 

different current angles under rated phase currents. a Thrust 

and torque, b thrust and torque ripples.  

 

Fig. 13 shows the thrust and detent force related with wsp 

and wpm. It is seen that the change ranges of wsp and wpm 

are decided as (10 mm, 12 mm) and (14 mm, 17 mm) 

according to different conditions. Fig. 14 shows the thrust, 

torque, thrust ripple and torque ripple with different current 

angles under rated phase currents. It is noticed that when the 

current angle is in the range of -30 to -10, the thrust and 

torque can reach the maximum values, and the thrust ripple 

and torque ripple can reach the minimum values, 

respectively. 
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4. Stress Calculation of OMLRVM 

 

According to the requirement of the power, the steels, 

Q235-A and 40Cr are selected as the materials of rotor, 

support plate and shaft, respectively. The stress situation in 

the circumferential, radial and axial directions of OMLRVM 

are analyzed by 3-D FEM. Since Solid95 unit has three 

directions of freedom, it is taken as the segmentation type. 

The stress states of Q235-A and steels can be calculated by 

the maximum shear stress theory. Fig. 15 shows the 

displacement contour plots of OMLRVM. It is shown that 

the stator section of rotary unit may produce the maximum 

displacement when it works at the load condition. The stator 

section of linear unit can also produce displacement in 

circumferential direction. Table I lists the main structure 

parameters of OMLRVM.  

 

  
(a)                        (b) 

  
(c)                       (d) 

Fig. 15 Displacement contour plots of OMLRVM. a Root 

mean square, b in radial direction, c in circumferential 

direction, d in axial direction.  

 

Table 1 Main parameters of the OMLRVM 

Variables Value Variables Value 

wpmz(deg.) 21.5 wsp(mm) 13.5 

s(deg.) 20 Rmo(mm) 61 

Rmi(mm) 45 Rsp1(mm) 41.8 

Rsp2(mm) 38.4 Rsp3(mm) 34.3 

Rsp4(mm) 18.3 wm(mm) 11.1 

Rsp3(mm) 11.4 ws(mm) 11.4 

wmz(mm) 3.85 wgz(mm) 1.775 

wspz(mm) 4.35 wsppz(mm) 26.1 

wsz(mm) 8.7 Rsloz(mm) 41.8 

Rsloz1(mm) 34.1 Rsloz2(mm) 38.1 

Rsliz1(mm) 12.7 Rsliz2(mm) 19.7 

Nr(turns) 440 Nl(turns) 150 

 

5. Electromagnetic Characteristics Analysis 

 

Fig. 16 shows the flux density distribution in OMLRVM. 

It is noticed that there is no mutual effect between the main 

magnetic field in rotary unit and that in linear unit.  

 

   
Fig. 16 Flux density distribution of OMLRVM.  

 

Fig. 17 illustrates air-gap flux density waveforms and 

their harmonic analyses. It is noticed that the fundamental 

wave accounts for 71% and 57% of the total harmonics for 

the rotary and linear units, respectively. Fig. 18 shows the 

magnetic flux linkage amplitude contour plots, and Fig. 19 

shows the torque, thrust, torque change range and thrust 

change range when the machine works with different 

current amplitudes and speeds. It is noticed that when the 

speed of the rotary motion is 450 r/min and the speed of the 

linear motion is 4 mm/s, the best performance can be 

obtained. The average torque and average thrust are 12.9 

Nm and 70 N, respectively.  

 

   
(a)                              (b) 

  
 

(c)                              (d)  

Fig. 17 Air-gap flux density waveforms and their harmonic 

analyses. a ORVM, b OMLVM, c air-gap flux density 

harmonic analysis of ORVM, d air-gap flux density 

harmonic analysis of ORLVM.  

 



 

 

   
(a)                            (b) 

Fig. 18 Magnetic flux linkage waveforms under different 

currents and speeds. a Phase A, b phase D.  

 

   
(a)                            (b) 

   
(c)                           (d) 

Fig. 19 Electromagnetic characteristics related with 

different currents and speeds. a Torque, b thrust, c torque 

range, d thrust range.  
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(a)                               (b) 

Fig. 20 Back EMF waveforms. a ORVM, b OMLVM.  
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(a)                     (b) 

Fig. 21 Waveform comparison of cogging torque and detent 

force. a Cogging torque, b detent force.  

 

Fig. 20 exhibits the back EMF waveforms of rotary and 

linear motion units. The waveforms of the back EMF are 

more sinusoidal after optimization. Figs. 21 and 22 show 

the waveform comparison of cogging torque and detent 

force and their harmonic analyses. It is seen that the 

amplitudes of cogging torque and detent force are reduced 

by 54.4% and 80.7%, respectively, compared to those of the 

initial topology II.  
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Fig. 22 Harmonic analysis. a Cogging torque, b detent 

force.  

 

6. Conclusions 

 

In order to improve the drilling efficiency and precision 

of drilling robot, an OMLRVM is proposed with a support 

mechanism. The ORVM is adopted in the rotary unit, which 

can meet the requirement of the practical application, and 

the torque can be flexibly adjusted by changing the radial 

and axial dimensions. The modular stator sections and PM 

poles of the linear unit are adopted instead of traditional 

toroid structure to reduce the amplitude of detent force 

significantly, which can improve the control accuracy and 

meet the requirement of high precision of linear 

displacement. The electromagnetic and mechanical 

parameter optimization designs of the proposed machine 

are calculated by 3-D FEM. Compared with the results of 

topology I, the proposed machine can reduce the end effect 

and electromagnetic coupling effect. It is an effective 

method to solve the practical engineering problem of 

drilling motor by the combined method of electromagnetic 

and mechanical structural designs.  
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