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This paper proposes a design of a dual-stator brushless direct current (BLDC) 

motor, which has a particularly high torque density. BLDC motors are known 

for their high torque capacity and power density characteristics, and therefore, 

they are used in many applications. The proposed BLDC motor is a two-phase 

motor with two stators, and each stator is excited by only one phase. The duty 

cycle of inverter switches is complete and coils are continuously excited. Due to 

the full and uninterrupted use of the all coils and core, this motor has a higher 

torque density compared to other BLDCs.  After extracting the mathematical 

model of the proposed motor for its better understanding, it is designed. the 

performance of the designed motor is analyzed using finite element analysis. 
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I. INTRODUCTION 

The brushless direct current (BLDC) motor has been used and rapidly developed in various 

applications such as home appliances, electric vehicles, medical equipment, spacecraft, and 

submarines. BLDC motors have many advantages over conventional DC motors, induction 

motors, and PM motors. These advantages include good speed/torque characteristics, high 

dynamic response, high efficiency, long life, and noiseless operation, simple drive circuit, 

cheap sensors, high-speed range. In addition high power/size ratio of this motor makes it 

possible to use them where space and weight are critical factors [1], [2]. 

The BLDC motors have no mechanical brush but commutation is done electronically by 

switching. The duty cycle of switches is determined based on the structure and number of 

phases. However, in most structures, the switching duty cycle is not complete, which causes 

the coils and motor core not to be used optimally. Some reasons for this are explained in the 

following section. In single-phase BLDC motors, there are null-points in their torque 

waveform, so, it is impossible to start the motor in such regions. To overcome this problem, 
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non-uniform structures are used, which eliminate the null-points areas by adjusting the 

cogging torque. In these non-uniform structures, the optimal switching duty cycle is not 

complete [3], [4]. However, two-phase BLDC motors have been paid less attention. Various 

developed designs have been  presented in [5], [6], in which an motor has been designed 

with the only-pull drive technique. Another designs introduced in [7], in which the range of 

inverter switch is not complete. In the 

structures of three-phase and multi-phase BLDC motors, the rotor pole does not completely 

match the stator pole, and the optimal duty cycle of the switches is less than 2/3 or 120⁰ [8], 

[9]. 

It is possible to apply a complete duty cycle in some structures such as single-phase BLDC 

motor [3], whose duty cycle is complete; however, because of its special structure, it has a 

low torque. Also, it is possible to apply a full duty cycle in three-phase motors [10], [11], but 

due to their distributed winding, in half of a period, one tooth develops torque and in the 

other half another tooth does it, so, they develop a relatively small torque. 

The conduction range in the single-phase motors presented in [12]–[14] is complete. But the 

inductance of the coils at high speeds increases and the phase current rises slowly leading to 

a phase difference with the back EMF. This increases the torque fluctuations and decreases 

the average torque. This problem is solved using the advanced phase commutation 

technique, which matches the phases of the current and back EMF with the time change of 

the inverter switches [2], [12]. Another disadvantage of these structures is that existing back 

EMF and current harmonics, which cause higher core losses at high frequencies. Therefore, 

the paper has examined the harmonics. 

This paper introduces an alternative structure by combining two single-phase BLDC motors. 

In this case, zero torque regions are eliminated, and the full-duty cycle of the switches is 

applied. The mathematical model of the operation of the motor is explained and its 

performance is predicted. Then, the motor is designed and simulated by finite element 

method and the results show its high torque density. The introduced dual stator motor is 

compared with that presented in [15] with the same dimensions and their performances are 

compared. 

 

II. MATHEMATICAL MODEL AND OPERATION OF TWO-PHASE BLDC 

MOTOR 

A.  Operation  

A BLDC motor rotates as a result of the interaction between its PM field at the rotor and a 

magnetic field generated by a DC voltage applied to its stator coils. To maintain rotation, the 

orientation of the stator magnetic field has to be rotated sequentially. Moreover, to deliver a 

higher power and torque which is ideally free from ripple, the desired rectangular AC 

waveform of back EMF and current would be preferred. Each phase current should be 

switched corresponding to machine back EMF as a function of the rotor position. At each 

rotor position, a constant current is multiplied by the constant part of the back EMF produces 

the output power of the machine.  
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III. MATHEMATICAL MODEL  

Fig. 1 presents a single-phase equivalent circuit of the two-phase BLDC motor. 

 

Fig 1. Equivalent circuit of a BLDC motor 

The voltages of the two phases windings (va and vb) are as follows: 
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The flux-linkages of the phases (Ψa and Ψa) are as follows: 
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From the above equations, the following matrix form equation are obtained: 
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The flux-linkages rate of change, established by the PM at each phase, are equal to the 

induced back EMFs in the windings as follows: 
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The output power Pout, input power Pin and the electromagnetic torque Te are given by: 

out a a b bP e i e i= +  (8) 
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And the mechanical equation is as follows: 

rm
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d
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dt


= + +  (11) 

where J is the inertia, ωm is the shaft speed and TL is the load torque. By referring to (8) and 
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(9), the input power is the product of the RMS values of current and voltage, and the output 

power is the product of the RMS value of the current and the back EMF. 

 

  
(a) 

  
(b) 

Fig. 2. Structure and back EMF of (a) three-phase BLDC 

motor (b) single-phase BLDC motor 

In the conventional three-phase BLDC motor, the back EMF has an appropriate value about 

two-third of the period due to the structure of the rotor teeth and poles. Fig 2a shows a 

conventional BLDC motor with its back EMF. The stator current, which has contribution in 

generating the output power, should be applied in proportion to the back EMF. Otherwise, the 

supply voltage will drop on the resistance and inductance of the coil and a high current pass 

through the coils and inverter switches. This current is multiplied by a small amount of back 

EMF, and not only power will be generated, but it also causes additional losses and the need 

for more powerful electronics components. Therefore, to have back EMF in the entire 

interval, the flux-linkage of the PMs should be changed in the entire interval as shown in Fig 

3. This is done only when the stator tooth width is equal to the rotor pole pitch. This is the 

structure of a single-phase BLDC motor in which due to the luck of the starting torque, it has 

not received much attention. 

Fig 2b shows a single-phase motor with its back EMF. As seen, there is a back EMF almost 

over the entire range, so, the current can be passed over the entire range. In this case, all 

stator coils and cores are utilized simultaneously and the power has maximum value. 

 

IV.  DESIGN OF PROPOSED TWO-PHASE BLDC 

In this section, the design procedure for two-phase dual stator BLDC motor is described. 

Two separate single-phase motors are designed. The first design is an internal rotor and the 

second design is an external rotor. It is noted that both motors have the same characteristics. 

After designing the two motors, they are collected together to form a dual stator motor. 

Using sizing equations and values listed in Table. 1, the motor design process is presented. 

The diameter and length of the motor are calculated by the following output power equation. 

A trade-off must be made between the diameter and the length of the motor: 
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where D, L and ns are the average diameter, effective stack length and speed in rps 

respectively and Bav, ac and kw, and are average flux density, specific electrical load and 

winding factor respectively. The rated RMS current (Irms) is calculated considering the 

efficiency and voltage of the DC link. Because of the complete switching duty cycle, the DC 

link voltage is equal to the RMS of applied voltage Vrms: 

2
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(13) 

where cos φ is the power factor. The cross section of the conductors, a, is calculated as: 

. 2rmsI
a


=  (14) 

where δ is current density. The thickness of PMs, hPM, is calculated based on the desired flux 

density in the air gap as follows. 
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where Bag, Lag, μrPM, Br are the air gap flux density, the air gap length, the magnet recoil 

permeability and the magnet remanent flux density respectively. Since the number of stator 

teeth is equal to and rotor poles, the slot pitch is used to determine the PM width and tooth 

width as follows. 
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where Steeth, P and X are the number of stator teeth, the number of poles and the distance 

between PMs respectively. The dimensions of the rotor and stator core are calculated based 

on the appropriate flux density as follows: 
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where TWt, TW, Wslot, Btip, Bteeth, Bsbi, Brbi, Lrbi and Lsbi are the teeth tip width, the tooth wide, 

the opening slot width, the tooth tip flux density, the tooth flux density, the stator yoke flux 

density, the rotor yoke flux density, the stator yoke length and the rotor yoke length 

respectively. At the end, after drawing the stator, the area of the groove (Aeff) is calculated 

and the number of coil turns (Nt) is obtained as follows: 
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The external stator motor has larger average diameter and the same specifications of both 

motors are required, therefore, the PMs thickness and the coils number of turns of the second 

motor should be determined based on the features of the first motor. Table 2 summarizes the 

parameters and Fig. 3 shows the dimensions of the designed dual stator motor. 

Table 1. Design data for two phase BLDC 

Parameters Symbols Values 

Rated power (kW) outP  4.5 

Rated speed (rpm) sN  1000 

Efficiency (%)   80% 

Core material  M470-50A 

Magnet Type  NdFe35 

DC link voltage (V) DCV  50 

Average flux density (T) avB  0.85 

Specific electrical load .ac  20000 

Winding factor wk  1 

Power factor cos  0.75 

Current density (A/mm2)   5 

Air gap flux density (T) agB  0.9 

Air gap length (mm) agL  1 

Magnet recoil permeability PMr  1.04 

Magnet remanent flux density (T) rB  1.24 

Number of stator teeth teethS  36 

Number of poles P  36 

Distance between PMs (mm) X  0.3 

Wide of opening slot (mm) slotW  3.5 

Flux density of teeth tip (T) tipB  0.9 

Flux density of teeth (T) teethB  1.8 

Flux density of stator yoke (T) sbiB  1.2 

Flux density of rotor yoke (T) rbiB  1.4 
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Table 2. Designed parameters in mm 

Parameters Symbols Values  

Average radius of the first motor R1 130 mm 

Average radius of the second motor R2 150 mm 

Outer radius  Rout 185 mm 

Inner radius Rin 88 mm 

Motor length L 15 mm 

cross section of the wires a  5 mm2 

Thickness of first motor PM  hPM1 1.8 mm 

Thickness of second motor PM hPM2 1.3 mm 

Arc of both motor PM APM 10 deg 

Wide of first motor teeth TW1 7.5 mm 

Wide of second motor teeth TW2 8 mm 

Wide of first motor teeth tip TWt1 20 mm 

Wide of second motor teeth tip TWt2 24 mm 

Length of both rotor yoke 
1 2rbiL
+

 15.5 mm 

Length of first motor stator yoke  1sbiL  13 mm 

Length of second motor stator yoke 
2sbiL  11 mm 

Number of coil turns Nt 30 - 

Number of coils Ncoil 36 - 

 

Fig. 3. Dimensions of the motor 

 

V.  SIMULATION 

The complicated internal structure and nonlinear materials characteristics of the cores can be 

taken into account by FEM. The conventional 3-phase dual stator BLDC are simulated with 
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Ansys Maxwell and their control circuit, which includes inverter, source, etc., using twin 

builder Simplorer transient coupling, as shown in Fig. 5. Fig. 8 presents the two motors 

structure, which have the same characteristics such as dimensions, coils turn, the PMs 

volume and etc. The difference between the motors is the number of poles, the number of 

phases and the connection of the coils. 

To use the same power supply for both inverters and creating the same conditions for 

windings of the motors, as shown in Fig. 4, each three windings of the conventional motor is 

divided into two groups connected in parallel. Also, each two coils of the proposed motor are 

divided into three groups that are connected in parallel. 

 

Fig. 4. Winding connections: (a) proposed two-phase BLDC motor, (b) conventional three-

phase BLDC motor 

 

Fig. 5. Simplorer circuit for proposed motor 

The proposed motor has two phases and therefore a higher number of turns. In addition, it 

has higher number of rotor poles and to have the same speed, the frequency will be higher. 

Therefore, Fig. 6 shows the phase difference between the current and its induced voltage 

developing a negative torque and decreasing the average torque. Therefore, in the high-

speed operation, the advance angle is used to adjust the inverter switching. This is used 

here, and Fig. 7 shows the torque variations against advance angle. As seen, for higher 

advance angle, the average torque and its fluctuations increase, but to choose the 

appropriate angle, a trade-off must be made between the two. Based on the optimization, 

the chosen angle is 25⁰. 
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Fig. 6. Characteristics of phase current and back-emf waveform for low frequency and high 

frequency operation 

 

Fig. 7. Variations of torque against advance angle 

 

VI.  RESULTS AND COMPARISONS 

Fig. 8 shows the structures, induced voltage, and current of the motors. According to the 

current and the induced voltage waveforms of the two motors, unlike the conventional type 

motor, it has value in the entire range, as mentioned above, with the presence of current and 

back EMF in the entire range, the current can be passed without any problem and it increases 

the developed torque and output power.  

Fig. 9 shows the harmonic order of currents and voltages of two BLDC motor. As expected, 

the fundamental harmonic of the voltage in both motors is almost the same, but the 

fundamental harmonic of the current in the proposed motor is about twice that of the 

conventional motor. Considering the larger number of parallel coils in the proposed motor, 

as shown in Fig. 4, for having equal input power, the current should be 1.5 times. But the 

utilization of the complete duty cycle leads to an increase in the current. Therefore, with this 

design, the core, coils, and PMs are utilized more completely. The RMS of current and 

voltage of the proposed motor is 33 A and 105 V, respectively, and corresponding values for 

the conventional motor are 21 A and 81 V respectively. 
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(a) (b) 

Fig. 8. Structure, induced voltage and current of the (a) proposed two-phase BLDC motor, (b) 

conventional three-phase BLDC motor 

 

  
(a) (b) 

Fig. 9. Harmonic order of the proposed and conventional BLDC motors: (a) current and (b) 

voltage 
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As shows in Fig. 10, the average torque and torque ripple of the proposed motor is 46 Nm 

and 65% respectively, and the corresponding values for the conventional three-phase motor 

is 32 Nm and 50% resectively. Fig. 11 shows the cogging torque of the motors, which is 22.3 

Nm for the proposed BLDC and 18.25 Nm for the conventional BLDC. 

The output powers of the proposed and conventional motors at the speed of 1000 rpm is 4.82 

kW, 3.35 kW respectively. Therefore, the simulation also confirms the idea proposed in this 

paper, it means that at the same volume and dimensions, the torque and output power of the 

proposed motor is 1.43 times that of the conventional motor. Table. 3 presents the 

performance characteristics of BLDC motors for comparison. 

Table 3. Performance characteristics of two BLDC motors 

 
Proposed BLDC 

motor 

Conventional 

BLDC motor 

Power (kW) 4.82 3.35 

Speed (rpm) 1000 1000 

Torque (Nm) 46 31 

Voltage (V) 105 81 

Current (A) 33 21 

Power factor 0.75 0.7 

Efficiency 

(%) 

92 
94 

 

Fig. 10. Electromagnetic developed torque 

 

Fig. 11. Cogging torque 
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• Stator core loss  

Stator core losses of both motors have been predicted by FEM under open circuit conditions 

and rated load. Table 4 presents the stator iron. As seen, the loss of the proposed machine is 

slightly higher than that of the conventional machine; however, considering the higher power 

of the proposed machine, this higher loss is acceptable. Besides, the stator core loss under 

the rated load is slightly higher than that of the open circuit case. The copper losses of the 

windings are neglected. 

Table 4. Stator iron loss of motors 

 
Proposed motor Conventional motor 

Open circuit rated load Open circuit rated load 

Core loss 130 188 92 152 

Eddy current loss 96 132 63.2 104 

• Inverter  

The windings of the two stator phases of the proposed motor must be independent, so, an 

inverter with 8 switches, as shown Fig. 5, should be used, which has two more switches 

compared to that of the conventional three-phase type.  

 

VII. CONCLUSION 

This paper proposed a new structure for two-phase BLDC motor. The advantage of this 

motor is its ability to receive a high energy or power, which has increased the torque density 

compared to other motors with the same size. 

Higher torque is developed by this motor due to the duty cycle of the inverter switches, 

because unlike the conventional motors, these switches operate with a full duty cycle. 

Therefore, the windings and core are always directing the current and magnetic flux, which 

causes them to be used optimally and completely. In this paper, firstly, the mathematical 

model of the motor proved the method of increasing the developed torque, then, the desired 

motor was designed. The proposed motor was simulated by finite element analysis software 

and its optimal advance angle was selected to reach a reasonable torque. To show the higher 

torque density of this motor, a conventional three-phase dual-stator motor with the same 

dimensions and specifications were simulated. Finally, the comparisons show that the torque 

of the proposed motor is 1.43 times of that of the three-phase motor at the speed of 1000 

rpm. 
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