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Abstract: The researches regarding optimization in the area of electrical machines, include with priority the problem of 

the energy efficiency, by increasing the efficiency and the power factor. The objectives followed in this paper are the 

analysis of the operation characteristics, the fabrication and exploitation cost for brushless direct current motors rated at 

very low power. The utilization of permanent magnets having high specific energy in the construction of these motors 

influenced the machine performances, the cost and exploitation price. The research carried out aims at reducing the 

electrical energy consumption in exploitation by optimally dimensioning the permanent magnets. The last part of the paper 

compares two motors (brushless direct current motor and synchronous motor), both of them having permanent magnets, the 

same rated data, the same electromagnetic stresses and the same main constructive dimensions. It results that, using the 

brushless direct current motor instead of the synchronous one, the consumption of active electrical energy is reduced with 11.8%, 

and the machine weight is reduced with 12.7%. 
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1. Introduction 

Further on there is presented an analysis carried out for a 

brushless direct current motor, regarding its design, 

technical and economic parameter and its operation 

characteristics. 

The judicious choice of the type of electrical motor has a 

strong influence upon the gauge and the weight of the 

equipment, by the command scheme and the dynamic 

features of the drive. 

Brushless direct current motors are widely used for 

electrical drive systems [2]-[4]. Among their benefits, we 

can mention high efficiency, stable and reliable operation 

[7], [9], [25]..  

The analysis presented further on is useful to maximize 

the useful magnetic flux, which might lead to an efficient 

utilization of the active materials of the motor [12]. 

The present technique is conditioned by the utilization of 

permanent magnets [3], [5]-[6], [11], [13], which are 

present in the construction of several equipments. The most 

numerous applications are in the area of energy conversion, 

the permanent magnets being widely used in the 

construction of electrical machines. 

The development of the fabrication technology for rare 

earths based permanent magnets has led to the increase of 

the production and to the decrease of their cost price.  

Their utilization in excitation systems has made possible 

to obtain some motors having a very high ratio torque 

developed/unit of volume, better performances, by 

miniaturization, some compact and reliable equipments. 

The lack of the excitation winding makes brushless direct 

current motors to have a better efficiency and a lower 

volume in comparison with the classical ones [18]-[19], 

[24]. For a certain air-gap magnetic induction, the volume 

of an inductor having permanent magnets is smaller than in 

the case of an inductor having electromagnetic inductor.  

In this study [16]-[17], we have approached the 

permanent magnet direct current motors rated at very low 

power, used for DVD, tape recorders, office equipments, 

portable devices for sound recording and reproduction etc. 

For design and exploitation it is necessary to know some 

exact mathematical models, in order to obtain good 

performances in operation. On the basis of the analytical 

model, by numerical modeling [1], [8], [10], the design has 

been conceived then the characteristics required in 

exploitation have been computed and plotted.   

In these circumstances, the theme approached in this 

research is a subject of large interest for engineering area. 



42  Ion Vlad et al.:  Aspects Regarding Operation Characteristics of Brush-less Direct Current Motors 
 

2. Aspects Regarding Design of 

Brushless Direct Current Motors 

2.1. Mathematical Model of the Motor  

The electromagnetic stresses and the main constructive 

dimensions have an important role in the design of brushless 

direct current motors 6], [9], [17], with major effects upon the 

operation characteristics and the exploitation cost. For the 

direct current motor analyzed here, the stator is the mobile 

part and it has permanent magnets and the command winding 

is placed on the rotor, which is the fix part of the machine. 

The computation of the magnetic field is the basic 

problem when studying electrical machines; solving it 

adequately, it is possible to carry out a correct analysis of 

the operation regimes (steady state, dynamic regime etc.), a 

judicious design, based on coefficients – correctly 

determined – so it is possible to obtain some machines 

having maximal overall technical and economic 

parameters. 

The computation of the magnetic field uses Kirchhoff’s 

theorems for magnetic circuits, using the equivalent scheme 

by evaluating the magnetic reluctances of the circuit parts 

and of the ampere-turns applied. 

2.2. Criterion Analyzed and Objective Function 

The mathematical model used to design the motor, to 

establish the operation characteristics, to determine the costs 

(fabrication, exploitation and total) is known in the literature 

[12], [14], [20]-[22].   

The research carried out shows how the energy 

consumption can be reduced in exploitation [18], [20], by 

choosing adequately the permanent magnet. That is why, 

there has been chosen the criterion Ce –exploitation cost and 

the objective function has resulted: 

pcTNC)x(f a.elrioue Σ==             (1) 

where: Nou –annual number of operation hours; cel.a –costs of 

a kWh of active electrical energy, Tri –time of investment 

recovery; Σp –total losses of active power for rated load 

operation. 

3. Results, Simulations and Conclusions 

In order to present concrete data regarding the 

performances of the brushless direct current motor, there has 

been considered a machine rated as follows: PN= 5 W –rated 

power, UN=12 V –rated voltage, nN=3000 r.p.m. –rated 

speed. The electromagnetic stresses are: Am=40 A/cm 

–current load, Bm=0.3 T –air-gap magnetic induction, 

Ja.m=2.5 A/mm2 –current density of the winding, Bdm=1.6 T 

–tooth magnetic induction, Bjam=1.46 T –yoke magnetic 

induction and the main constructive dimensions: Dm=40mm 

–machine diameter, δm=0.3 mm –air-gap. The gauge 

dimensions of the machine are: Dem=58 mm –outer diameter, 

Lem=47 mm –total length. 

The costs of fabrication and exploitation have been 

computed on the basis of the existing documentation: 

Nore=250*8=2000 hours/year –annual number of operation 

hours; Tri =4 years –time of investment recovery; cCu =12 

E/kg –cost of a kilo of copper, cFe= 0.95 E/kg –cost of a kilo 

of electrotechnical steel, cel.a=0.132 E/kWh –cost of a kWh of 

active electrical energy. 

It is necessary to have a high value of the inertia moment, 

because the motor must not be sensitive to load shocks. 

That is why, there will be adopted the solution with exterior 

inductor (rotor), made by a ring-shaped magnet and with 

interior induced armature (stator). In the construction of the 

brushless direct current motor analyzed there have been 

used permanent magnets belonging to the fourth class, the 

rare-earths based permanent magnets (having in their 

composition expensive materials - cobalt and samarium – 

rare materials all over the world), which have very high 

middle remanent magnetic inductions, intensities of 

coercive magnetic fields and maximum magnetic energies. 

The operation point of the magnet will be on the 

demagnetization characteristic, its position being given by 

the configuration of magnetic circuit in which the magnet is 

placed. It is noticed that when the magnetic field intensity 

increases, the flux provided by the magnet decreases.  

3.1. Magnet Dimensioning and Operation Point 

Establishing 

Further on there are presented a few important details 

regarding the magnet dimensioning. In the figure 1 there are 

presented the curves used [15], [17] and the way to determine 

the operation point on the return line for the permanent 

magnet direct current motor stabilized in air (the motor was 

disassembled at least once).  

 

Figure 1. Determination of the operation point on the return line of the 

permanent magnet. 

The stages are as follows: 

- for the permanent magnet used, the demagnetization 

curve is plotted in per unit, Φ’=f(F’), being computed as: 
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where B’s and H’s are the per unit values of the saturation 

induction and of the magnetic field intensity. 

-the line OA is plotted; it is the dependence of the per 

unit exterior magnetic flux of the magnet upon the per unit 

electromotive force, which form an angle with Ox: 

'arctg1 Λ=α                    (3) 

-the line OC is the dependence of the free magnetic flux 

upon the per unit magnetomotive force, having an angle 

with Ox: 

 '
12 arctgΛ=α                   (4) 

-the return line CD is plotted, having an angle to the 

horizontal line: 

'
revn arctgµ=µ                (5) 

-on the Ox axis there are fixed the points Nm and NN 

taking the following relation into account: 

'
N.adN

'
max.adm FONFON ==        (6) 

-the lines NmMm and NNMN are plotted parallel to OA; 

-the ordinates of the points Mm, MN and M0 are the per 

unit values B’M0, B’MN and B’Mm for the magnetic 

inductions at no-load operation, load operation and the 

maximum possible load operation; 

-there are computed total flux of the magnet Φmg : 

mgr
'

NMmg SBB=Φ               (7) 

and the air-gap useful flux Φ of the motor 

i

mg

kσ

Φ
=Φ                      (8) 

The notations used are: Λ’ –per unit magnetic permeance 

of the magnetic circuit, Λ’1 –per unit leakage permeance of 

the free magnet, µ’rev –per unit value of the reversible 

permeability, F’ad.max –maximum per unit value of the 

longitudinal armature reaction, F’ad.N –per unit value of the 

longitudinal armature reaction at rated load, Br –remanent 

induction, Smg –surface of the magnet, kσi –leakage 

coefficient of the inductor. 

Finally it is imposed to have a maximum difference of 

5% between Φ , computed this way and the value from the 

project. If not, the dimensions of the magnet ate modified 

and then the stages presented before are resumed. 

All these operations are performed by a specialized 

sub-program, afferent to the main design program. This way 

the computation time is much reduced, an optimal design may 

be approached and the results obtained have small errors. 

3.2. Analysis of Operation Characteristics 

Further on there are presented the operation 

characteristics of the brushless direct current motor 

designed, analyzed as concern the performances. In order to 

carry out an efficient analysis there are presented the 

important characteristics of the motor; they are plotted in 

separate graphics: I=f(P2), current curve (Fig.2), P1=f(P2) 

curve of the power received from the source (Fig.3), 

M=f(P2) curve of the electromagnetic torque (Fig.4), n=f(P2) 

speed curve (Fig.5), η=f(P2) efficiency curve (Fig.6). Since 

the winding inductance may be neglected in comparison 

with its resistance, the mechanic characteristic becomes 

practically linear (Fig.5). In case of low and very low 

powers, the comparison with the classical direct current 

motor is favourable because the losses caused by the 

brushes friction on the commutator and the electrical losses 

in the sliding contact do not occur; thus a better efficiency 

results (Fig.6). 

 

Figure 2. Current characteristic relatively to the useful power. 

 

Figure 3. Power characteristic received from the source relatively to the 

useful power. 

 

Figure 4. Electromagnetic torque characteristic relatively to the useful 

power. 
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Figure 5. Speed characteristic relatively to the useful power. 

 

Figure 6. Efficiency characteristic relatively to the useful power. 

We notice the same shape of the characteristics as in the 

case of shunt direct current motor, a good efficiency, almost 

constant inside the operation range.  

The efficiency curve has been plotted considering the 

losses in the command source. The motor is optimally 

dimensioned, because at rated load there is accomplished 

the condition pCu=pFr+pFe (constant losses equal to variable 

losses). In Fig.7 there are presented the curves for the main 

losses of the motor, relatively to ΣpN –rated losses, when the 

load is modified in normal limits. The notations are: Σp 

–total losses, pfr –friction losses, pCu – winding losses, pFe 

–iron losses, pc –command circuit losses.  

 

Figure 7. Motor losses relatively to the total losses at rated load operation. 

The same characteristics, but in per unit, are all plotted in 

the same graphic (Fig.8 and Fig.9). The notations are: p1 

–power received (red colour), i –current (dotted blue line), n 

–speed (green colour), m –electromagnetic torque (light green 

colour), m2 –useful mechanic torque (brown colour), η 

-efficiency (pink colour).  

 

Figure 8. Operation characteristics in per unit, normal load. 

 

b) 

Figure 9. Operation characteristics in per unit, short time over-load. 

 

Figure 10. Operation characteristics in per unit relatively to the current. 

In figure 8 we have plotted the operation characteristics 

of the brushless direct current motor analyzed, when the 

load is between normal limits. For a short time accidental 

over-load (P=0÷2*PN), the same characteristics are plotted 

in figure 9. For certain analyses it is recommended to plot 

these characteristics relatively to the variable i –current 

(Fig.10).  

The alternating current motors rated at low powers are 

inferior to brushless direct current motors, which have 
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possibilities of smooth adjustment in a large range of speed 

and they also has high starting torque. The absence of the 

commutator and its replacement by a static commutator 

make this motor competitive with alternating current 

motors by the constructive simplicity, operation reliability, 

very low noise, high efficiency and high speed.   

3.3. Technical and Economic Aspects  

In order to emphasize the benefits of brushless direct current 

motor, this is compared to a permanent magnet synchronous 

motor, which has been designed at the same rated data, 

electromagnetic stresses and main dimensions. The design has 

been carried out according to knowledge from the literature 

and the results obtained for the two types of motors are filled in 

table 1. 

Table 1 

Rated data/ 

Characteristics 

Brushless direct 

current motor 

Permanent magnet 

synchronous motor 

PN [kW] –rated power  5.0 5.0 

UN [V] –rated voltage 12 12 

nN[r.p.m.] –rated speed 3000 3000 

Machines designed according to the literature 

IN [A] –rated current 0.67 0.739 

MN [Nmm] –rated torque 16 16 

P1N [kW] –active power  8.035 10.03 

Q1N [kVA] –reactive power  0 12.01 

Σp [kW] –total losses 3.035 4.033 

η  -efficiency 0.622 0.556 

De [mm] –outer diameter 67.3 71.7 

Le [mm] – total length 45.1 48.2 

m [kg] –motor weight 0.39 0.44 

Ct [E] –total cost 13.99 16.97 

Cf [E] –fabrication cost 6.78 8.55 

Ce [E] –exploitation cost 7.21 8.42 

Direct current motors with static commutation have a fast 

response to commands and a wide range of speed adjustment 

(the maximum speed is only limited by the bearing type and 

by the centrifugal force).  

For the motor analyzed, using a specialized program 

conceived by authors, it is possible to carry out the scale 

draw of the motor (longitudinal and cross sections Fig.11). 

This way we can have an overview and constructive details 

for doing corrections if necessary. 

   

Figure 11. Cross section and longitudinal section through the motor 

analyzed. 

4. Conclusions 

The last part of the study has presented two motors (direct 

current and synchronous), both of them with permanent 

magnet, the same rated data, the same electromagnetic 

stresses and main constructive dimensions. As a consequence, 

the two motors are built under identical conditions, and we 

may analyze, by comparison, the load operation 

characteristics, the exploitation energy consumption etc. 

This comparison allows us to establish that the brushless 

direct current motor is better for low power. Considering that 

the problem to reduce the energy consumption for equipments 

driven by low power motors is a very present one, the study 

carried out takes this aspect into account.  

The utilization of the brushless direct current motor which 

has a better efficiency and does not use reactive power, 

instead of the permanent magnet synchronous motor, means a 

decrease of the active electrical energy consumption with 

11.8%, a decrease of the weight with 12.7% and a decrease of 

the total cost with 21.3%. 

The utilization of the synchronous motor needs a voltage 

and frequency static converter, which complicates the scheme, 

decreases the technical and economic parameters (larger 

gauge, lower overall efficiency, increases the weight and the 

cost of the motor etc). 
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