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Abstract—In advanced manufacturing systems complex 
movements are frequently needed. These can be performed by 
motion systems able to execute motion of several degrees of 
freedom. Usually each type of movement is performed by one 
independent electrical machine. In a more developed approach 
electrical machines able to perform more degrees of freedom 
motion are widely required. In the paper some contributions to 
two degrees of freedom modular variable reluctance motors are 
presented. Two typical machines able to perform such motion are 
discussed: a planar motor and a rotary-linear one. 

Keywords-variable reluctance electrical machine, two degrees 
of freedom movement, planar motor, rotary-linear motor. 

I. INTRODUCTION 

Sophisticated motions are frequently required in robots, 
machine tools or pick-and-place systems used in advanced 
manufacturing. The complex motion trajectories are often 
involving several mechanical degrees of freedom (DoF). 
Presently in such applications often single DoF electrical 
machines are used, each one managing a single mechanical 
DoF of the motion system. The elementary motions developed 
are then combined by means of suitable mechanical devices. 
Since the performances, volume, weight, cost and maintenance 
requirements of similar systems are relevant, appreciable 
benefits might be obtained by using electrical machines able to 
perform multiple DoF movements [1]. 

The variable reluctance machines are widely used in 
advanced manufacturing systems due to their simplicity and 
high reliability [2]. In some cases for easy manufacturing and 
repairing purposes these are built up modularly [3], [4]  

In the paper the main contributions of the researchers from 
Technical University of Cluj-Napoca to two DoF modular 
variable reluctance motors are presented. Two typical machines 
able to perform such movements are detailed: 

i.) the modular surface motor 

ii.) the rotary-linear switcher reluctance motor (SRM). 

For both machines their constructions are presented. Their 
performances are analyzed by means of finite elements method 
(FEM) based numeric field computations. 

II. THE MODULAR SURFACE MOTOR 

Surface (planar) motors can be used in those applications 
(mainly in the advanced manufacturing field) which require 
movement on a plane in two directions (x-y axes). The use of 
an appropriate control system together with accurate position 
detectors allows very precise planar positioning [5]. 

The proposed permanent magnet modular surface motor 
(PMMSM) has the advantages of direct driving, low friction, 
no backlash, high accuracy, etc. It was designed on the basis of 
the three-phase modular double salient linear motor (DSLM) 
also developed by the researchers from Technical University of 
Cluj-Napoca [6], [7]. The PMMSM combines the advantages 
of variable reluctance motors with those of the synchronous 
permanent magnet (PM) motors (simplicity, high power 
density, significant positioning accuracy, etc.) [8], [9]. 

A. Construction 

The construction of the PMMSM is simple (see Fig. 1). 

It has of two basic parts: the platen and the mover. Due to 
the air bearing between them the movement is practically 
frictionless. Therefore the PMMSM moves very smoothly and 
its velocity speed can be precisely controlled. As the load can 
be placed directly on the mover the PMMSM is a direct-driven 
motor.  

 

Figure 1. The basic structure of the PMMSM 
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The passive platen made of steel has slots filled with epoxy 
resin on both orthogonal directions. Practically the platen can 
have any sizes function of the requirements of its application. 

The mover of the PMMSM is built up of magnetically 
independent modules (see Fig. 2) having a PM, two salient 
poles with teeth and a coil.  

The working principle of the PMMSM is based on the 
variable reluctance principle [2]. When the coil is not fed the 
flux of the PM is crossing the core segment under the PM due 
to its smaller magnetic resistance. In this case no force is 
generated. If the coil is fed its magnetic flux forces the flux 
generated by the PM through the air-gap. In this case 
significant force is generated. Due to the tangential component 
of the force the module moves a step in order to minimize the 
magnetic energy stored in the air-gap [9]. 

Practically the mover of the PMMSM is a compound of 
two DSLMs. Each of them is producing motion on one of the 
perpendicular axis, as shown in Fig. 3. 

The PMMSM can be built up for diverse traction forces and 
step length upon the requirement of the application. By means 
of appropriate command system the positioning accuracy pf the 
PMMSM be increased considerably [9]. 

The simplest PMMSM has at minimum three phases. It is 
built up of 6 modules, 3-3 for both perpendicular directions. A 
three dimensional picture of such a PMMSM can be seen in 
Fig. 4. 

B. Simulation 

The above presented three-phased PMMSM was analyzed 
via three-dimensional (3D) FEM based numerical magnetic 
field computation by means of the ANSYS Maxwell 
electromagnetic field simulation software. 

The computations were performed for only a single mover 
module and the portion of the platen under it, as shown in 
Fig. 5 [9]. 

In the paper from the several simulation results only two 
significant ones are given. 

Firstly the magnetic field density distributions in the two 
basic cases in study are given. 

If the teeth on the two armatures are perfectly aligned and 
the coil is not energized almost no magnetic flux is passing 
through the air-gap (see Fig. 6a).  

When the mover is at a third part of the teeth pitch on the 
y-axis direction (the relative positions on the orthogonal axis 
are x = 0 mm and y = 0.66) and the coil is fed by the rated 
current (Ic = 0.7 A) the magnetic flux of the PM is forced to 
pass through the air-gap, as it is shown in Fig. 6b). In this case 
76.59 N tangential force is generated. 

 

Figure 2. A module of the PMMSM 

 

Figure 3. The force development principle 
of the PMMSM 

 

Figure 4. The mover of the three-phase PMMSM 

 

Figure 5. The solid model of the analyzed PMMSM 



In Fig. 7 for a better view a zoom on the air-gap area of the 
flux density distribution color maps shown in Fig. 6 are given. 

By performing several simulations for different positions of 
the mover and diverse values of the current the static 
characteristics of the total tangential force given in Fig. 8 was 
plotted. 

III. THE ROTARY-LINEAR SWITCHED RELUCTANCE MOTOR 

In modern industrial applications both rotary and linear 
movements are widely required. But in many cases, mainly due 
to space limitations, it is difficult to place two motors to ensure 
the two types of motion [10].  

For such application the rotary-linear switched reluctance 
motor (RLSRM) is a quite good solutions. This is also a 
direct-driven machine. Basically being a SRM it has low 
manufacturing and maintenance costs at high reliability. Other 
advantages of such motors are their fast response, high 
flexibility and their drive and control system may be relatively 
simple [11]. 

A. Construction 

The iron core structure of a three-phase RLSRM is given in 
Fig. 9. 

Also this machine has a modular construction. It is 
compound of three classical 8 poles SRM stators. The rotor is 
constructed of several common 6 poles SRM rotor stacks. The 
number of the rotor stacks depends on the required stroke on 

 
a) passive module (coil unfed) 

 
b) active module (coil energized) 

Figure 6. The flux density distribution obtained via 3D FEM analysis 

 
a) passive module 

 
b) active module 

Figure 7. Zoomed view on the flux density color maps 
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Figure 8. The static characteristics obtained via simulations 

 

Figure 9. The basic structure of the RLSRM 



the axial direction. The proposed RLSRM can rotate round its 
shaft and it can also move the axial direction. 

When rotation is required two coils on each stator stack are 
fed function of the rotor position and the imposed current 
pulses sequence. If the machine has to perform a linear 
movement it will work similarly to a linear SRM [12]. 

In the case of rotation the stator which has its poles aligned 
in the axial direction with the rotor poles will develop most of 
the torque. The other two stator stacks will also contribute to 
the rotational movement. As they are symmetrically unaligned 
on the axial direction the axial forces developed by them will 
be equal but of opposite direction, hence their sum will be nil 
and no linear movement will be produced. 

When linear displacement is imposed several phases of one 
module will be fed. The rotor stack will be aligned upon the 
variable reluctance principle with the energized coils stator's 
poles. 

The diverse complex command possibilities of the rotary-
linear SRM are detailed in [13]. 

Each of the totally 12 phases are connected to a half 
H-bridge power converter. The phase currents are controlled by 
means of pulse-width modulation (PWM) techniques [14]. 

B. Simulation 

Due to the complex structure of the proposed rotary-linear 
SRM and its three-dimensional magnetic flux paths its analysis 
was possible only by means of 3D FEM computations. 

To simplify the computations only a single stator stack was 
considered together with a single rotor stack. Due to the 
periodicity of this structure it was enough to study a half of it. 

The 3D model of the machine was built up in Flux 3D 
software. Its structure without the coils is given in Fig. 10  

From the numerous simulations here only a single result is 
given. In Fig. 11 the color map of the flux density was 
computed for the position where the stator pole is perfectly 
aligned on both directions with a rotor pole. Upon the analysis 
of the color map it can be stated that the flux density levels are 
in accordance with the designed values. 

By performing the field computations for diverse angular 
and linear positions at various phase currents between 1÷6 A 
the static characteristics of the RLSRM in study were plotted 
(see Fig. 11). These static characteristics are very useful in both 
the dynamic simulations of the RLSRM and in the 
development of its control strategy. 

 

Figure 10. The 3D model of the analyzed RLSRM 

 

Figure 11. The color map of the flux density 

 0  60 120 180 240 300 360

-8

-6

-4

-2

0

2

4

6

8

Angular displacement [electrical degree]

T
o

rq
u

e 
[N

m
]

 
a) rotational movement 

0 5 10 15 20 25 30 35 40 45 50 55
0

2

4

6

8

10

12

14

16

18

20

Linear displacement [mm]

T
a

n
g

e
n

tia
l f

o
rc

e
 [N

]

 
b) axial movement 

Figure 12. The static characteristics computed via 3D numeric field 
analysis 



IV. CONCLUSIONS 

Both the analyzed 2 DoF modular variable reluctance 
motors are good choices to be used in advanced manufacturing 
systems due to their robust constructions and easy 
controllability. 

By appropriate control strategies they are able to assure 
smooth planar, respectively combined rotary-linear motions. 
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