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Abstract— This paper presents a reluctance-type limited-
angle torque motor (LATM), which is used for actuator or 
arming device in the aerospace industry, and its electromagnetic 
(EM) characteristics were examined with respect to changes in 
the rotor pole angle and the rotational position of the LATM. 
Among the various shape design parameters of the LATM, 
changes in the rotor pole angle theoretically influence the cross-
sectional area of the air-gap, thereby influencing torque 
generation. A three-dimensional EM finite-element analysis 
(FEA) was used to evaluate the irregular distribution of the 
magnetic flux inside the LATM. Finally, an LATM model having 
a pole angle at which the average and maximum torque become 
the largest and the torque ripple becomes the smallest (20% or 
lower) was designed.  

Keywords— Reluctance Motor, LATM, Limited Angle Torque 
Motor, Reluctance Torque, Pole Angle Effect 

 

NOMENCLATURE 
B             Flux density 
Φ            Magnetic flux 
V               Volume of the gap 
T               Torque for rotor radius of r  
r               Rotor radius 
θ        Rotation position 

0μ               Permeability 
gl                  Gap length 
S                            Cross-sectional area 

gR         Magnetic resistance of air 
fmW           Magnetic energy 

xF          Tangential force 

mW                Magnetic storage energy 
 

I. INTRODUCTION 
A limited-angle torque motor (LATM) is an 

electromagnetic (EM) actuator that rotates through a limited 
range of angles. It does not need a separate inverter, and the 
torque is generated by applying a direct-current (DC) voltage. 

Reluctance-type LATMs are advantageous in high-altitude 
environments and extremely cold/hot environments because 
their performance does not significantly change with the 
temperature of the permanent magnet (PM) and a brush motor 
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Fig.1  Structure of LATM: (A) PM Type LATM. (B) Reluctance type 
LATM. 
 
(DC motor) or inverter control (a brushless DC electric 

motor)  is not needed, in contrast to PM-type LATMs. Owing 
to these advantages, the reluctance LATM has a high driving 
safety and has been widely applied to scanners in aerospace 
engineering, electric drive switchgears, arming mechanisms, 
and so on [1]. A PM-type LATM with two poles can operate 
up to 180° structurally [2-3]. The structures of the two types of 
LATMs are shown in Fig. 1.  

This paper presents a reluctance-type LATM model, as shown 
in Fig. 2 (A), which can operate from 0° to 90° at maximum 
depending on the rotor pole angle. The applications utilizing 
this model have an operating range of 60° or less and are 
designed to return to the initial position after turning off the 
DC power by the elastic force of a spring which is connected to 
rotor shaft. One of the key points in the design of the torque 
motor is to determine the shape of each component to 
determine the torque in a fixed space. In order to achieve this, 
calculations and verification of various forms of design 
elements were required and various methodologies were 
presented from the perspective of optimization [4].  

In this study, we observed how the torque values were 
affected by a single variable angle. The torque characteristics 
were analyzed with respect to the change in the pole angle, 
which is expected to be the most influential factor in the 
generation of reluctance torque among the shape design 
parameters of the LATM. As shown in Fig. 2 (B), because the 
rotor rotates on the rotary motion of the z axis in Fig. 3 (A), 
specifically specifying the motion between the stator and 
stator, a three-dimensional (3D) magnetic-field distribution 
must be reflected in the torque calculation, including the 
fringing effect among the stators, rotors, and housing. A 
specific pole-angle model with larger maximum and average 
torques and a smaller number of torque ripples was selected 
through 3D EM finite element analysis (FEA). In this paper, 
the description of feature of the PM Type and the reluctance 



 
 
 

type of LATM is in the Intro section, the description of 
structure and operation principles of LATM is in the article II, 
description of numerical analysis and reluctance torque 
equation derived from the electromagnetic theory is in the 
article III, description of 3-D EM FEA results to verify the 
performance of LATM is in the article IV, and compare the 
EM simulation and measured results from the experiment of 
LATM is described in the article V. 
 

II. STRUCTURE AND DRIVING PRINCIPLE OF THE 
RELUCTANCE-TYPE LATM 

A. Structure of the Reluctance-Type LATM 
The LATM in Fig. 2 (A) consists of the stator, the rotor, the 

housing and the coil. The stator has four poles while the rotor 
has two. In the OFF state, the rotors are aligned in the initial 
position by the spring torque. The spring was not considered 
for EM performance because it was located outside the housing 
and would therefore not be affected by the electric-field 
distribution. 

 

 
(A) 

 
(B) 

Fig. 3  (A) Starting position of the LATM. (B) Prototype of the LATM. 

 

B. Specifications and driving principle of the reluctance-type 
LATM 
The LATM in Fig. 2 (A) is a slot less-type motor, the coil is 

wound in the direction of rotation of the shaft axis. The LATM 
was first designed to generate a reluctance torque while 
suppressing the magnetic saturation of the stator, rotor, and 
housing within the predefined outer diameter limit. The initial 

position of the rotor was set in such a manner that the 
maximum torque section would be located in the present 
operating section. The flux is formed in the flux-path direction 
in Fig. 2 (B) to induce a change in the magnetic storage energy 
between the stator and the rotor with respect to the rotor 
position. The starting position of the LATM and photographs 
of a prototype of the LATM are shown in Figs. 3 (A) and (B), 
respectively. 

TABLE I.  INITIAL DESIGN SPECIFICATIONS OF RELUCTANCE-TYPE 
LATM 

Item Units Value 

Pole 
Angle 

Stator Pole Angle 
Deg. 

90 

Rotor Pole Angle 75 

Spec. 

Voltage / Current V/A 28 / 1 

Armature Resistance  27 

Coil Diameter  mm   0.22  

Number of turns number 500

Average torque (0°–60°) gf cm 165.52 

Air-gap mm 0.2 

Material 

Stator, Rotor, Housing 1010 Steel 
 [Cold Rolled] 

Coil Copper 

Shaft SUS304 

 

III. RELUCTANCE TORQUE THEORY AND NUMERICAL ANALYSIS 
Some necessary explanation should be listed as follows. 

The reluctance torque of the reluctance-type LATM is 
expressed as 
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T  is generated by the imbalance in the relative magnetic 
storage energy in the gap between the stator and the rotor and 
is induced in the direction that reduces the magnetic storage 
energy. The flux density in Fig. 2 (B) is obtained through a 
numerical analysis reflecting the structural geometry and 
electric input, and the magnetic energy fmW with respect to the 
rotational position of the rotor is obtained from the flux density 
as follows: 

21
2fm vol

B
W dV [ J ]

μ
=

              (2) 

The magnetic energy with respect to the position is 
accumulated at the location where the permeability is small. 
Most magnetic energy is stored in the gap because the 
permeability of the rotors and stators are ferromagnetic bodies. 
The magnetic field energy accumulated in the gap is expressed 
as follows: 
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The magnetic energy (J) and flux density ( ) of the LATM 
(Table 1) for pole angles in the range of 50°–80° are plotted as 
function of the mechanical angle in Figs. 4 (A) and (B). When 
the magnetic energy obtained from Eq. (3) is substituted in the 
general equation for the force, the following expression is 
obtained: 
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Equations (2) and (3) can be used to predict the changing 
characteristics of the linkage magnetic flux and inductance 
with respect to the rotation angle of the LATM rotor. On the 
basis of Eq. (4), the reluctance force is generated in the 
direction that minimizes the magnetic resistance, and the 
torque is generated in the rotation direction around the Z axis 
that maximizes the cross-sectional area of the gap. 
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Fig. 4  Electromagnetic characteristics with respect to the mechanical angle 
for rotor pole angles in the range of 50°–80°. (A) Magnetic energy of each 
model and (B) flux linkage of each model. 

IV. EVALUATION OF THE ELECTROMAGNETIC PERFORMANCE OF 
THE LATM USING FEA 

A. 3D EM FEA of the reluctance-type LATM 
The LATM models in Table 2 were created with the initial 

design specifications in Table 1 by changing the rotor pole 
angle in the range of 50°–80° as the design variable. FEA is 
performed using a commercial electromagnetic field simulation 
software, Infolitica MagNet (V7.7). According to the data in 
Table 2, the rate of change of the cross-sectional area of the 
air-gap with decreasing rotor pole angle is mainly based on Eq. 
(3), confirming the observed increasing trend of the torque. 

TABLE II.  |B| DISTRIBUTION IN THE LATM FOR POLE ANGLES IN THE 

RANGE OF 50 -80  

Pole Angle [Deg.] 50 60 

|B| Distribution [T] 

 
 

| B | Max [T] 2.408 2.365 
Moving Angle [Deg.] 65 60 

Torque [gf cm] 164.66 163.40 

 
Pole Angle [Deg.] 70 80 

|B| Distribution [T] 

  
| B | Max [T] 2.581 2.430 

Moving Angle [Deg.] 55 50 
Torque [gf cm] 159.19 152.99 

 

B. Torque characteristics of the LATM 
Fig. 3 (A) and (B) show that the absolute value of the rotor 

pole angle of the LATM tends to coincide with the absolute 
value of the rotor rotation range that includes a flat torque 
section. Thus, for this LATM with an operating range of 60°, 
the rotor pole angle needs to be designed to be greater than 60° 
at minimum. The torque ripple in Fig. 5 (B) is defined by 
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(5) 
where ppTΔ is the peak value of the torque and avT  is the 
average torque. 

Fig. 5(A) shows the torque with respect to the moving 
angle of the rotor for models with pole angles in the range of 



 
 
 

50°–80°. Among the analysis models in Fig. 5 (B), the model 
with a pole angle of 65°, which has the highest maximum and 
average torques and a torque ripple less than 20%, was found 
to have suitable specifications for application to the system. 
Furthermore, the change in the average torque was greater than 
the change in the maximum torque for changes in the pole 
angle of the LATM. 
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Fig. 5  (A) Torque with respect to the rotation moving angle of the rotor 
for models with pole angles in the range of 50°–80°. (B) Maximum torque, 
average torque, and torque ripple for the same models. 

C. Target specification model analysis (pole angle 65° 
LATM) 
In Fig. 5 (B), the model with a pole angle of 65° was 

selected as it maximizes the maximum and average torques and 
maintains the torque ripple within 20% according to the system 
requirements. Moreover, the rotational torque and the normal 
force with respect to the rotation angle were measured through 
FEA, as shown in Fig. 5(A) and Fig. 6, respectively. 
Furthermore, after confirming the distributions of the magnetic 
flux density and the maximum magnetic flux density (Max B) 
of the rotor according the rotation angle of LATM, as 

summarized in Table 3, it was verified that the maximum 
magnetic flux density tended to increase as the areas of the 
facing sections of the stator and the rotor increased when they 
rotated about the Z axis. As shown in Equation (3), the torque 
generated by the operation of LATM and the air-gap flux 
density tends to increase as the amount of variation of the air-
gap cross section increases.  
 

TABLE III.  |B| DISTRIBUTION WITH RESPECT TO THE MOVING ANGLE OF 
THE MODEL WITH A POLE ANGLE OF 65° 
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Fig. 6  Normal force of the LATM with a pole angle of 65°. 
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|B| Max [T] 2.377 2.378 

Torque [gf cm] 147.78 169.63 
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Fig. 7  Co-energy, magnetic energy, and flux linkage of the LATM with a 
pole angle of 65 . 

 

Therefore, a relatively high torque is generated starting from a 
mechanical moving angle of 20°, at which the rotor and stator 
approach each other. In Table 3, the rate of torque increase is 
relatively small since the variation of the air-gap cross-
sectional area is constant beyond a moving angle 20°. 

D. Manufacturing tolerance evaluation of the LATM 
The evaluation process of electrical/mechanical 

manufacturing tolerance of the LATM is presented in Fig. 8. 

• First, the FEA-calculated inductance value obtained 
from the constructed core model of the LATM is 
compared to the inductance value measured with an 
LCR meter. For instance, the measured inductance 
value of Fig. 4 (B) is less than the FEA-calculated 
value. This result indicates that the air-gap of the 
LATM model is larger than that of the initial design or 
the number of windings is less than that of the initial 
design, if the electric input is correct. 

•  Second, the measured torque is compared to the FEA-
calculated torque value obtained from the constructed 
structure of the LATM. For instance, if the measured 
torque is less than the calculated torque (FEA), this 
result indicates that the tolerance of air-gap clearance of 
the LATM model is larger than that of the initial design 
or that mechanical friction exists because of the 
eccentricity of the rotor and shaft of the LATM. 

The windings (number of turns), imbalance of air-gap 
tolerance, mechanical friction from manufacturing, and 
assembly accumulative air-gap of the LATM are examined 
separately to determine the LATM manufacturing tolerance. 
Through the process shown in Fig. 8, if the performance of the 
manufactured LATM does not meet the criteria, the defects 
during the manufacturing of the LATM can be determined to 
give feedback to the production stage of the LATM. 

 

 
Fig. 8  Manufacturing tolerance evaluation process of the LATM.  

 
 

V. RESULTS 
Figs. 9 (A)-(C) show each part of the model with a pole 

angle of 65° constructed by changing the pole angle to 65° in 
the initial design specifications of Table 1. A cogging torque 
measuring instrument was used to investigate different torque 
characteristics at the LATM rotation angle shown in Fig. 10. 
Specific experimental conditions were set according to Table 1. 
In particular, the current input affecting the LATM magneto 
motive force (MMF) was set to be 1 A. As shown in Fig. 10, 
the experimentally measured torque and the torque value 
calculated using 3D FEA show a difference of approximately 
15%. This error is mainly attributed to an increase of friction 
force on the shaft-axis bearing due to the axial normal force 
shown in Fig. 6 or the change of air-gap length with the 
accumulated machining errors. In this LATM model, the air-
gap length is 0.2 mm, which is very small compared to the air-
gap design of a general PM-type motor. Therefore, there is a 
relatively large change in the torque characteristics with respect 
to the change of air-gap length of the LATM. 

 

            
(A) Housing (lower stator) and coil wound      (B) Rotor and shaft 



 
 
 

         
(C) Housing (upper stator)        (D) Torque meter and LATM 

 

  
(D) Experiment setup (KETI, S. Korea) 

 

Fig. 9  Experimental LATM model with a pole angle 65° (A-D). 
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Fig. 10  Experiment result and 3D FEA result for the LATM model with 
a pole angle of 65°. 

 

VI. CONCLUSION 
The torque characteristics of a reluctance-type LATM were 

investigated with respect to changes in the rotor pole angle. 
The range of average torque tended to widen as the pole angle 
increased, whereas the maximum torque tended to decrease. 
Thus, the model having a pole angle of 65° was selected 
because it shows the maximum torque and a small torque 
ripple (less than 20%). In particular, the initial design of the 
reluctance-type LATM was more advantageous if the rotor 
pole angle is larger than the minimum rotor rotation angle. The 
results were experimentally tested using a prototype LATM 
with a pole angle of 65°. 

In addition to the pole angle, further research on the torque 
characteristics with respect to changes in the shapes of the 
structures that can influence the magnetic-field distribution in 
the proposed design is needed. Furthermore, in the case of an 
LATM that continuously repeats rotational motions, the 
thermal characteristics should be analyzed with respect to the 
magnetic saturation. 
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