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DC LIMITED ANGLE TORQUE ELECTRICAL MOTOR 

Ioana IONICA1, Mircea MODREANU2, Alexandru MOREGA3, Cristian 

BOBOC4 

Numerical modeling has become a de facto tool in the design stage of electric 

machines. This paper presents two- and three-dimensional models aimed to develop 

a DC limited angle torque motor. These models are important for establishing the 

constructive solution of a DC limited angle torque motor. 

Keywords: DC Limited Angle Torque Motor, numerical modeling, optimal 

design, finite element method  

1. Introduction 

The DC limited angle torque motor (DC-LATM) belongs to the category 

of brushless DC motors, and it is currently under development in the country and 

abroad [1]. This motor is mounted directly to the drive shaft (in a direct drive), 

without requiring additional mechanical transmission elements such as flexible 

couplings and gearboxes [2-4]. 

DC-LATM lacks the brush‒collector system specific to classical DC 

motors therefore the pending mechanical friction torque is absent, and this 

recommends it for limited angle drives of high performance [5,6]. The absence of 

notches in the stator reduces the cogging torque to zero, thus ensuring a uniform 

torque-angle characteristic over the operating range [7-9]. 

The winding of the DC-LATM stator is toroidal, multilayered, either dipolar, 

for a large angular operating range, or multipolar, for a small angular operating range 

and a higher electromagnetic torque [9]. DC-LATMs are recommended for 

applications in which the volume and the weight of the system are critical.  

Numerical and analytical models and results concerning DC-LATM make the 

object of a number of studies [10-15]. Building on these in order to improve the 

design of a DC-LATM motor, here, finite element numerical modeling is used from 

the design phase (Fig. 1) [16-18]. Two-dimensional and three-dimensional numerical 

models are used. First, 2D models account for those components only that matter 
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from the electromagnetic point of view, including the magnetic field sources: 

Samarium-Cobalt magnets situated on the rotor and the currents in the coils [19]. 

Next, 3D models are introduced with the aim to overcome several inconsistencies that 

are observed between the numerical model and the physical experiments when 2D 

models are used. 

 

2. Mathematical model for the magnetic field in the DC-LATM 

We consider only the components that matter from the electromagnetic point of 

view and chosen stationary working conditions. Then, the physical model is made of the 

Magnetic circuit law 

 

 

H=J, (1) 

Magnetic flux law 

 

 

B=0, (2) 

Constitutive law  

 rr
BHB += 0 . (3) 

Here, H [A/m] is the magnetic field strength, J [A/m2] is the current 

density, B [T] is magnetic flux density, Br [T] is the remanent magnetic flux 

density (within the permanent magnets), µ0 [H/m] is magnetic permeability of 

vacuum, and µr is relative magnetic permeability. By (4), AB = , where 

A [T/m] is the magnetic vector potential. The boundary condition that closes the 

problem is magnetic insulation, nA = 0 (n is the outer normal to the boundary). 

The coils, with N turns, carry the electrical current Icoil [A]. The DC 

electrical current density is  

 
S

IN
J coil

= , (5) 

where S [m2] is the cross-sectional area of the conductor in the coil. 

3. Two-dimensional models 

Different configurations for a DC-LATM were evaluated, out of which 

this paper presents two different designs with two different shapes for the 

magnets.  
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2D Model ‒ Variant 1 

 

Fig.1.a. shows the main parts of model used in numerical modeling: (1) 

the stator stack (electrotechnical sheet Iron Silicon – Iron M19); (2) the stator 

winding (Copper); (3) the air gap, (4) the permanent magnet (Sm2Co17 28H), and 

(5) the rotor shaft (Iron 416). Fig. 1.b. presents the B-H characteristics of the two 

ferromagnetic materials. 

  

a. The constructive parts used in numerical 

modeling. Dimensions are in millimeters. 
b. Materials B-H characteristics. 

Fig. 1. Main parts of model used in numerical modeling and their magnetic properties. 

Fig. 2 presents an example of unstructured FEM mesh, made of second 

order, Lagrange, triangular elements. The mesh in the air gap must be fine enough 

to provide for accurate numerical results. 

 

 

Fig. 2. The mesh used for numerical simulations. Dimensions are in millimeters. 

Fig. 3 shows the magnetic flux density field (arrows) and the vector potential 

(contour lines with color proportional to the local value) computed using the finite 

element method (FEM) [7] to solve the problem (1)-(3). 
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Fig. 3. The magnetic field: flux density 

(arrows) and vector potential (contour lines). 

Fig. 4. The radial component of the magnetic flux 

density in the air gap. 

Fig. 4 unveils the the radial component of the magnetic flux density in the air 

gap. The surface color map of magnetic flux density in Fig. 5 evidences certain sections 

of the stator that approach the saturation limit, without exceeding 1.46 T in the stator, 

and 1 T in the rotor yoke, acceptable for the chosen materials. 

   
a.  = 0º b.  = 20º 

Fig. 5. Magnetic flux density for two rotor to stator angular positions ‒ values are in tesla. 

The values for magnetic flux density are acceptable for the chosen magnetic 

materials. The results presented are shown for only one case, at 180º. The worst 

case (from the saturation point of view) is obtained at 20º, as seen next.  

 

Fig. 6. Torque-angle characteristic. 
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The torque-angle characteristic in the 0÷180º range is depicted in Fig. 6. The 

maximum torque value is about 17 mNm, obtained at 125º. 

 

2D Model ‒ Variant 2 

 

A different rotor design, using the same materials, is shown in Fig. 7.a.: (1) the 

stator stack; (2) the stator winding; (3) the air gap; (4) the magnet, and (5) the rotor shaft. 

  

a. The constructive parts. b. The 2D FEM mesh. 

Fig. 7. The constructive parts used in numerical modeling. Dimensions are in mm. 

Fig. 7.b. presents an example of unstructured FEM mesh, made of second 

order Lagrange, triangular elements. Same mesh resolution concerns occur, and 

they are solved by using local refinements in the regions of steeper variations of 

the solution (the magnetic vector potential). 

The magnetic flux density field (arrows) and the vector potential (contour 

lines with color proportional to the local value) (Fig. 8) clearly outline the 

fascicular magnetic flux density path in the motor. 

 
 

Fig. 8. The magnetic flux density (arrows) 

and magnetic vector potential, z component 

[Wb/m] (contour lines). 

Fig. 9. The radial component of the magnetic flux 

density in the air gap. 
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The distribution of the radial component of the magnetic flux density in 

the air gap is rendered in Fig. 9, which shows off a maximum value of 0.7 T. 

The surface color map of magnetic flux density (Fig. 10) indicates the 

sections in the stator that approach the saturation limit, i.e., 1.48 T in the stator and 

1.15 T in the rotor. The values are acceptable for the chosen materials however the 

magnetic flux density values are bigger than those in the previous design. 

 

 

Fig. 10. Magnetic flux density ‒ surface color 

map, values are in tesla. 

Fig. 11. Torque-angle diagram obtained out of 

the 2D model. 

The torque-angle characteristic (Fig. 11) for the rotor to stator relative 

position within the 0÷180º rotational displacement range presents smaller values 

than those in Variant 1. 

4. Three-dimensional modeling 

Because some numerical results produced by 2D modeling are inconsistent 

with experimental measurements, we considered 3D modeling that may take into 

account a number of aspects that cannot be considered by 2D models. The rotor 

has different diameters. Thereby, was realized a 3D model, which will discard the 

simplifying assumptions used in 2D modeling. Fig. 13 present the constructive 

parts of model used in numerical modeling: (1) the stator stack; (2) the stator 

winding; (3) the air gap, (4) the magnet; (5) the rotor shaft, and (6) the air domain. 

For three-dimensional modeling we chose the first variant of 2D model because 

that produced bigger torque values.  

The magnetic field problem is closed at finite distance (Fig. 12) using a 

containing, finite volume of air. The same magnetic materials are used. Fig. 13 

presents the mesh used for numerical simulations. The mesh, made of tetrahedral 

elements, has to be fine enough in the air gap to provide for accurate numerical 

results. 

Fig. 14 shows the magnetic flux density field (arrows) and the vector 

potential (contour lines with color proportional to the local value) that evidence 
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the magnetic field density paths and singles out the sections in the stator prone to 

saturation. 

 

  

Fig. 12. The constructive parts used in 

numerical modeling. Dimensions are in mm. 

Fig. 13. The FEM mesh. 

The magnetic flux density (surface color map in Fig. 15, values in tesla) 

reaches 1.4 T in the stator, which is acceptable for the chosen materials. 

  

Fig. 14. The magnetic field: flux density 

(arrows) and vector potential (contour lines). 

Fig. 15. Magnetic flux density ‒ surface color 

map, values are in tesla. 

The torque-angle diagram for rotor to stator rotational shift within the 

range 0÷180º is shown in Fig. 16. 
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Fig. 16. The torque-angle diagrams obtained out of the 2D and 3D models. 

 

The torque values are smaller than those produce by the bi-dimensional 

model (Fig. 6). A comparison of the two models is presented in Fig. 16. 

This may be because the 2D models are based on simplifying assumptions, 

which presume that all parts of the model have the same length. These are 

discarded in the 3D models.  

5. Conclusions 

This paper aims to obtain torque-angle characteristics of the DC Limited 

Angle Electrical Motor with a small margin of error with respect to the 

experimental data. Using a finite element method (FEM), different configurations 

for a DC limited angle torque motor were evaluated. Two different configurations 

with magnets of different shapes are presented. 

The two-dimensional models take into account simplifying assumptions, 

which presume that all components of the model have the same length. Therefore, 

the torque results are significantly higher than the measurements, the relative 

deviation on the operating range (-60º - +60º) at the position of maximum torque 

(0º) between numerical and experimental results being equal with 22.31%. The 

maximum relative deviation for two-dimensional approximation on the operating 

range is equal with 36.06% and it is at -60º.  

The second, two-dimensional model produces smaller torque values than 

its 3D counterpart in the first variant.  

Due to the fact that all components of the two-dimensional model have the 

same length, a three-dimensional model was used, which gives more accurate 

results. The maximum relative deviation on the operating range (-60º - +60º) at 

the position of maximum torque (0º) between numerical and experimental results 

is equal with 7.13%. The maximum relative deviation for three-dimensional 

model on the operating range is equal with 18.8% and it is at -+60º. 

When compared with the two-dimensional model, the torque values for 

three-dimensional model are smaller, and they approximate better the 

3D Model 2D Model 



DC limited angle torque electrical motor                                         201 

experimental data. The differences between the data of two-dimensional 

approximation, three-dimensional model and the experimental one, are due to the 

materials used in the numerical modelling process and in the experimental model.  

The actual design gives experimental data that fulfill the requirements 

from customer Technical Specification. Nevertheless, based on the results 

obtained, for future design, an optimization concerning the transversal geometry 

may be taken into account.  
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