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Abstract

:

Brushless doubly-fed motor (BDFM) has well applicable potentials in the speed control driving field due to its excellent speed regulation performance. However, the poor starting performance becomes a shortage that still limits the development and application of wound BDFM. To solve the problem, this paper presents a novel BDFM adopted rotor winding based on the principle of the composite coil. Both the principle of the composite coil and the designed example of the rotor winding are analyzed in detail in this content, and the stator winding designed by the change-pole method is described. The performance of the prototype was tested by simulation and experiments, both results reveal that this method can effectively improve the starting performance of BDFM, the system is simplified, and the stability of it is prompted.
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1. Introduction


Brushless doubly-fed motor (BDFM) is a new type of AC motor. It consists of two sets of stator winding which are power winding (PW) and control winding (CW), and a set of the rotor with special structure [1,2]. By altering PW and CW into different pole pairs, the two sets of stator winding modulate the rotating magnetic field of stator through the coupling with rotor magnetic field, which achieved the electromechanical energy conversion [2,3,4,5,6,7,8]. The rotor structure could be a nested-loop cage, reluctance or wound rotor [5,6]. The rotor plays the role of “pole pairs converter” in the operation of the BDFM, and its structure and property have an influence on the power density and efficiency of the motor [5,9].



For the wound rotor BDFM [5,10], the most significant advantage is that the number of turns and pitch of the rotor winding can be changed flexibly [1,5,11]. Therefore, the harmonics can be reduced effectively, and the winding coefficient of the two main magnetic fields can be increased markedly. However, the starting performance of the motor is not as good as that of the nest-loop cage rotor BDFM. The excessive starting current will cause the fluctuation of the grid voltage (especially when the large capacity motor starting up) during the starting process, which affect the normal operation of other equipment connected to the power network. Besides, it can make the winding of the motor heating and accelerate the insulation aging, which shortens the service life of the motor, especially for those starting frequently [12]. Therefore, it is crucial to improving the starting performance of the wound rotor BDF motor.



In the starting process of a conventional wound asynchronous motor, we usually change the rotor resistance to improve the starting performance. During the calculation, the parameters of the rotor side are usually converted to the stator side, and the converted values of parameters are distinguished by the superscript “′”. The commutation equation is given as:


R2′=msmr(NsNr)2R2



(1)




where R2 and R2′ are separately the actual and converted values of the rotor resistance; ms and mr are stator and rotor phase number; Ns and Nr are effective turns per phase of stator and rotor, respectively.



The increasing actual rotor resistance causes the larger value of R2′; thus the starting current of the motor is suppressed. At the same time, the starting torque is increased accordingly, and we can see the process by observing the T-s curve [13,14,15,16], as shown in Figure 1.



It can be seen from Figure 1 that the curve shifts to the left and keeps the maximum value of the torque constant when the rotor resistance value increases. However, the stability of the system is reduced because an external resistance is required. The principle of this method is to increase R2′ by enlarging the value of R2, in order to restrain the starting current and increase the starting torque. The emphasis of our research focuses on increasing the value of R2′ without changing the true rotor resistance to achieve a similar starting effect. So, we tried to reduce the value of Nr to achieve the goal.



This paper proposes a novel BDF motor [17,18] with rotor winding designed based on the principle of “composite coils”. In the starting condition, Nr, the effective coil-turns of each phase winding of the rotor reduces due to the counteracting action of the “composite coils”. After the end of the starting process, effective coil-turns of each phase winding returns back to normal during the running condition, the rotor resistance conversion value is normal, and the motor operates with lower loss. The stator winding designed by the change-poles method is used to switch the starting conditions to the working conditions. The effect of the structure on the starting characteristics is verified by the simulations and the prototype experiments.




2. The Principle of Composite Coils


2.1. The Structure of Composite Coils


It is assumed that a part of the rotor winding is constituted by two sections of coils (coil A and coil B), which do not have interaction affected by the phase of (Electro Motive Force) EMF. The number of turns in each coil is N0. This part of coils from A and B are now divided into two parts, including multi-turns coils (N1 turns) and minor-turns coils (N2 turns) (N1>N2, N1+N2=N0). The two set of coils form a composite coil group through a parallel connection, and the equivalent circuit is shown in Figure 2.




2.2. The Running Condition of Composite Coils


According to the phase relationship between the composite coil A and B, the composite coil group has two different working conditions. Regarding the phase of the composite coil A as the reference, when the phase of composite coil B is the same with A, the motor is in the running condition, which is shown in Figure 3. The synthetic EMF of the two branches is equal and in the same direction, with the value E1→+E2→. According to Kirchhoff’s current law, there is no current loop inside the coil group, while the group forms a closed loop with the external connection. Meanwhile, the number of effective turns per phase remains N1+N2 constantly.



Therefore, according to Equation (1), the converted values of the rotor resistance at the runtime is:


R2 run′=msmr(NsN1+N2)2R2



(2)







It can be seen from Equation (2) that the converted values of the rotor resistance do not change at this time. That is to say that when the phases of the two coils are the same, the effective turns of each phase of the rotor winding maintain a normal value and the converted values of the rotor resistance remain normal. At this time, the motor is in an operating state. It can also be stated that the composite coil does not increase the running loss of the motor during operation and the motor maintains efficient operation. The operating state is that the motor switches to synchronous, asynchronous or doubly-fed operation after reaching the natural synchronous speed.




2.3. The Starting Condition of Composite Coils


During the starting, the phase of the composite coil B is opposite to A, as shown in Figure 4. The synthetic EMF of the two branches, respectively, have a decline to E1→−E2→ and in the opposite direction. At this time, the currents generated in the two branches are equal in magnitude and opposite in direction. According to Kirchhoff’s current law, there is no current in the external wiring. So, the inducted current only forms the circulation inside the composite coil group. As a result, the number of effective turns is reduced to N1−N2.



Therefore, according to Equation (1), the converted values of the rotor resistance at the time of starting is:


R2 st′=msmr(NsN1−N2)2R2



(3)







It can be seen from Equation (3) that the number of effective turns per phase of the rotor winding is reduced to N1−N2, and R2 st′ is inversely proportional to (N1−N2)2. So, the value of R2 st′ is significantly increased. That is to say that when the phases of the two coils are opposite, the effective number of turns per phase of the rotor winding is reduced and the rotor resistance conversion value is significantly increased. At this time, the motor is in the starting state. The starting state refers to the transition phase of the motor speed rising from zero to the natural synchronous speed.



Therefore, the relationship between the rotor resistance conversion value and the rotor resistance conversion value during starting and running is given as follows:


R2 st′=(N1+N2N1−N2)2R2run′



(4)







It can be seen above that the conversion value of the rotor resistance during the starting process is far more than that of operation.



It is known that the actual value of the rotor leakage reactance per phase is proportional to the square of the magnetic motive force (MMF) producing it. When the motor is in running condition, the actual value of leakage reactance per phase is directly proportional to (N1+N2)2, while the value is proportional to (N1−N2)2 during starting.


X2 st=X2 run(N1−N2N1+N2)2



(5)







In Equation (5), X2 st and X2 run are separately the actual values of rotor slot leakage inductance per phase during starting and running process.



It is known that the conversion coefficient K of rotor leakage inductance, which is relative to the stator side, is proportional to the square of the effective turn number of the coil producing the leakage reactance. The number of effective turns during running condition is N1+N2, and the effective turn number in the starting process is N1−N2. The relation between the conversion coefficients of two conditions, K2 run and K2 st, is given as follows:


K2 st=K2 run(N1+N2N1−N2)2



(6)







Known from Equations (5) and (6):


X2 st′=K2 stX2 st=X2 run′



(7)




where X2 run′ and X2 st′ are the converted values relative to leakage reactance per phase when the rotor winding is in the running and starting process. It can be seen that the converted value of leakage reactance per phase remains unchanged in different conditions.



It can be seen from Equations (4) and (7) that when the composite coil is adopted, the conversion value of the resistance R2 st′ increases substantially according to the square of the ratio with effective turns during the starting process, but the value of rotor leakage reactance per phase remains unchanged. Under these conditions, the starting torque will increase. In addition, with the increase in rotor resistance, the starting current reduces. As a result, the starting characteristics are improved significantly with the increase in the starting torque and the reduction in the starting current.



A problem can be raised from statements above, that how to change the phase of the two coils in a composite coil group while the winding connection does not change, in order to make the composite coil works in different states. This is described in detail in the following sections in conjunction with the design examples.





3. Winding Design Example


3.1. Rotor Winding Design


The working conditions of the prototype are described in detail below. Test prototype is a BDFM with the pole pairs of two and four, in which the stator slot number is 36, and the rotor slot number is 24. The turns of the multi-turns part and the minor-turn part in the composite coil are separately N1=12 and N2=6. The pitch of the rotor winding is yr=3.



The theory of composite coils is further explained by the design examples below. The connection of rotor winding is shown in Figure 5. The minor-turns coils are marked by “′”, and the rest is the multi-turns part.



As shown in Figure 5, the rotor winding consists of six sets of composite coil groups. Among them, the wiring mode of the group I, II, and III is the same, while IV, V, and VI cancel the external connection line.



The design of the prototype divides the working states into two conditions, starting and running conditions. For running condition, the prototype can be regarded as a conventional 4/8 BDF motor, and the phases of the two sets of coils in the composite coil are required consistently. Taking I as an example, the phases of slot 1 and 2 are the same as those of 13 and 14, which means the phases of composite coil A and B are the same. In the starting condition, the pole pair numbers of the two sets of stator winding are both three. Meanwhile, the phases of slot 1 and 2 are completely opposite to those of 13 and 14, which indicates that the phases of composite coils A and B are opposite. The theory above is further explained in combination with the slot vector diagram.



For the certain pole-pairs magnetic field, there is a skewing between two vectors in adjacent slots that can be expressed as γp=2π⋅p/Zr, where p is the pole pairs,Zr is the sum of rotor slots, equal to 24. All the slot-vectors are marked with slot numbers and are distributed along the circumference to form a star pattern. The pattern is named as slot electrical potential star Vectogram. The synthetic of the slot-vectors which contained winding in each phase can be equivalent to the general MMF, also called synthetic MMF. The slot electrical potential star Vectogram determines the magnitude and direction of all the MMFs.



In the running state, the main magnetic fields induced by the rotor winding are eight poles and four poles. Taking I as an example, when p=4, γ4=π/3. The slot electrical potential star Vectogram is shown in Figure 6.



It can be seen from Figure 6 that the synthetic MMF of the slot 1 and 2 separately have the same rotational direction with that of slot 13 and 14. Therefore, in the running state, each of the two parallel branches of each composite coil group generates induced electromotive forces in the same direction, as shown in Figure 3 for groups I, II, and III, and the interior-induced current forms a loop via the external wiring. However, for groups IV, V, and VI, the electromotive forces of upper and lower branches cancel each other out without the external wiring. Hence IV, V, and VI do not generate electromotive forces in the same direction when the motor is running normally. When p = 2, the analysis of this process has the same conclusion.



In the starting condition, p = 3 and γ3=π/4. The corresponding slot electrical potential star Vectogram is shown in Figure 7.



As shown in the Figure, the direction of the slot-vector 2 is opposite to the direction of 14; since the direction of 1 is opposite to 13. Therefore, the two synthetic MMFs, Ar1 and Ar2, are opposite. Hence in the starting state, the EMF synthesized by the two branches, respectively, has a decline to E1→−E2→. The number of effective coil turns per phase rotor winding is thereby reduced, and an induced current is generated inside the parallel branches, as shown in Figure 4. No current flows through the external wiring of groups I, II, and III.



In summary, different pole-pairs magnetic fields cause the composite coil running in different operating states. The stator winding designed by the pole-changing method meet the design requirements.




3.2. Stator Winding Design


The design purpose of the stator winding is to switch the working conditions of the motor and generate the corresponding magnetic fields for different pole pairs. Stator winding slot number is Zs=36. The stator winding is divided into two sets, PW and CW, while the pitch is yc=7 and yp=5. The connection diagram of the stator winding is shown in Figure 8.



As shown in Figure 8, Port 1 and 3 correspond to four poles and eight poles, respectively, while port 2 and port 4 are both the six poles mode. The connection methods of the rotor winding in different working conditions are shown in Figure 9. The connection diagram of the rotor winding is shown on the left, and the right side is the stator winding.



The prototype operates normally as a BDFM, with the port connection diagram shown in Figure 9a. The inductive EMF of the upper and lower branches counteracts each other, so no current is drawn inside the composite coil. In particular, port 2 and port 4 are blanked, and port 3 is directly connected to the power grid, while port 1 is connected to the power grid through frequency converter. When the prototype starts, port 2 and port 4 are connected to the power grid, and the other two ports are blanked. Figure 9b shows the port connection mode in detail. When the motor speed is stable, the prototype can turn to doubly-fed operation by using switches. In addition, normal BDFM can start with the asynchronous mode. The port connection is illustrated as follows: port 3 is connected to the power grid, and port 1 shorts out. The rest of the ports are blanked. Figure 9c shows the connection in detail.



When the motor starts, it can be seen as an asynchronous motor with the pole pairs number as 3. Figure 7 shows that the phases of slot 1 and 2 are opposite to those of slot 13 and 14; in other words, the phases of composite coils A and B in Figure 8 are opposite. According to the principle of the composite coils, the inductive EMF synthesized by the two branches gets smaller, and they are equal in size but opposite in phase. There are current loops forming inside the parallel branch of the coil group. The effective number of turns in the rotor slot is reduced, while the rotor resistance is multiplied. Hence, the starting current reduces and starting torque increases with the improvement in the referred value of the rotor resistance.



When the motor speed rises to 500 rpm, the motor can be transferred to the running state and achieves the speed regulation. During operation, the motor works as a BDFM with pole pairs 2 and 4. The phases of slots 1 and 2 are the same as those of slots 13 and 14, which means the phases of composite coils A and B are same. The analysis shows that the EMF of three parallel branches in Figure 9a is equivalent in size and has the same direction. The function of IV, V, and VI can be ignored in the operation state, and thus they are not displayed in the Figure. For the rotor, it is demonstrated that the effective number of turns per phase does not change, and the rotor is in a low-resistance state relative to the stator.



The conclusion is that the composite coil only acts in the starting state, leading to an increase in the referred value of rotor resistance. In the operating state, the constant value does not cause extra loss.



Figure 10 is the port wiring diagram of the prototype when it is overall running. When the motor starts, the switch K1 is closed and switch K2 is opened. This is the starting state shown in Figure 9b. After the process of starting is completed, the switch K2 is closed and switch K1 is opened. This is the operating state shown in Figure 9a. In this state, the prototype can complete the speed adjustment task. The switching of the two sets of three-phase switches can be controlled by the signal generated by the speed sensor. In daily tests, manual switching can also be performed directly after the speed has reached the required level.





4. Simulation and Experimental Research


To verify the validity of the method proposed in this paper, the experimental prototype is made with motor YZR132 as a reference, and the experimental platform is shown in Figure 11. The pole pairs of CW and PW are separately two and four; both of them are short distance winding with three-phase symmetrical double-layer regular 60° phase. The rated power of prototype is 4 kW; the rated voltage and current are 380 V and 7 A, respectively; the grid frequency is 50 Hz.



The coils of CW and PW are placed in the slot bottom and opening layers of the stator winding, respectively. In Figure 5, the upper branch of the parallel circuit is placed in the over layer of the rotor winding, while the lower branch is put in the layer beneath. The specific parameters of the prototype are shown in Table 1.



The test platform of the prototype is shown in Figure 11. The dynamometer is coaxially connected to the prototype, and its function is to apply different load torques to the prototype to measure the starting performance when different load torques are applied to the prototype. In order to prevent the grid impact and the destruction of prototype resulting from the large starting current generated during the load test, a voltage regulator is used for adjusting the voltage gently with the help of the multimeter. Hence, only the steady-state waveform is attained during the load test. The function of the current clamp is to measure the current present in each wire. The oscilloscope displays the current measured by the current clamp. In this way, the current waveform of the prototype under different load conditions can be obtained.



4.1. Effect of Composite Coil Set on Starting Torque


It is mentioned in Section 2 that the rotor resistance increases multiplied under the starting condition. This phenomenon is verified by observing the change of the T-s curve. After the calculation of the parameter, the motor model with rotor structures of both common coil and composite coil group are simulated in Matlab (R2015b, MathWorks, Natick, MA, USA). In order to ensure the accuracy of the simulation results, the length of the iron core and other parameters of the two models, such as the materials used, are the same. The torque-speed curve is shown in Figure 12.



In Figure 12, Torque 1 is the torque-speed curve of the motor model with the rotor using composite coils, while Torque 2 is for the rotor with a common coil. With the comparison of two curves, it can be seen from Figure 12 that for the rotor using composite coil group, the converted value of rotor resistance increases and the starting torque rises up. Then, two different motor models are established in the same way by finite element analysis, and the no-load simulation is carried out. The only difference between the two models is whether the composite coil is adopted. The fitting curve of transient torque-speed is shown in Figure 13.



It is found in Figure 13 that the torque instantaneous value of the motor with the common coil fluctuates greatly, which makes the speed to fluctuate greatly and causes poor stability when the motor reaches the natural synchronous speed point. By contrast, the torque fluctuation of a motor designed with composite coil group is small, which makes the motor stable near the natural synchronous speed point. The trends of torque-speed curves in Figure 12 and Figure 13 are roughly the same. However, the values of the points of the two curves in Figure 13 are small. This may be because the finite element software uses the magnetic field as the analysis object in the analysis, while in Matlab, the numerical calculation is performed according to the mathematical model formula. Therefore, there are subtle errors in the two simulation results.



The above simulation and analysis results show that the rotor winding structure using composite coil group under the starting condition can improve the conversion value of (rotor) resistance of rotor winding and the starting torque of the motor. Although the practical starting torque measurement is limited by the laboratory funds and equipment, the simulation results of both software reveal that the composite coil increases the starting torque. The following verification of the effect of the composite coil on the starting current will be carried out.




4.2. Simulation Comparison and Test of No-Load Starting Performance of Prototype


In order to verify the inhibitory effect of the composite coil group on the starting current, the self-starting process (mode 1) and the asynchronous starting process (mode 2) of the prototype are simulated and analyzed in the finite element method. In addition, a new model on the basis of the prototype is established, which replaces the composite coil group by the common coil. It is required that the size of the stator and core length of the two models are all the same, with the structure of the rotor winding changed barely. The model has the same port connection with the prototype, and the self-starting mode of the model is called mode 3.



As Figure 14 shows, the three modes can reach a steady state at 150 ms. Therefore, 0–150 ms can be regarded as the starting phase. Because mode 2 will short the control winding, the power winding is subjected to a higher starting current. The mode 2 is about twice the peak value of the starting current of mode 1, and the mode 2 is about 3–4 times the peak value of current in the steady state of mode 1. When mode 1 and mode 3 are stable, the peak values of currents corresponding to the two modes are relatively close. But the starting currents are quite different. The mode 3 is about 3–4 times the peak value of current in the steady state of mode 1. In summary, the use of composite coils in the rotor windings can effectively reduce the starting current. It can also be seen from Figure 14 that the current of the PW is slightly larger than CW. It is due to the smaller phase resistance of the PW which is caused by the smaller pitch.



The magnetic flux density cloud map and the tooth magnetic density distribution diagram of three starting modes above are shown in Figure 15 and Figure 16. The selected time is t = 18 ms, with setting 1.8 T as the upper limit of the flux density in the magnetic flux density cloud map.



It can be seen from Figure 15c that there are three obvious saturation points in the stator winding part when the motor starting with the rotor winding uses a common coil, and there are some small ranges of saturation. By contrast, the saturation degree is lower when starting asynchronously, but there is still some apparent saturation. However, there is no saturation in the cloud map of the rotor winding with the composite coil.



Furthermore, it can be seen clearly from Figure 16 that the magnetic density is less than 1.5 T with a maximum value of 1.37 T when starting in mode 1, and the saturation degree is not high. When starting in mode 3, however, the maximum magnetic density is higher than 1.5 T, and the maximum value is 1.75 T, and the saturation degree is higher. Finally, when the motor is starting in mode 2, the maximum value of stator tooth density is over 2.0 T. From the analysis above, it can be concluded that using composite coil group for the motor can effectively reduce the starting current.



The results of simulation and conclusions are verified by prototype tests below. By making the motor start in mode 1 and 2, the phase current waveforms of PW and CW are measured separately. The phase current waveforms of PW and CW are shown in Figure 17, while the prototype does not connect to the load, and the final speed is stabilized at 985 rpm.



Comparing the peak points indicated in Figure 17 and Figure 18 with Figure 14, it is found that the starting current waveforms of mode 1 and mode 2 have the same trend and there is only a small error in the numerical values. The peak current in the test results is higher than the simulated value, which may be due to the fact that the simulation does not take into account the slight influence factors, such as wind friction. Figure 17a,b are respectively the A-phase currents of CW and PW. It can be seen from Figure 17a that the peak value of the CW phase current is 15.5 A during starting, and then it is stabilized at the value 3.2 A. Figure 17b shows that the peak value of PW phase current is 18.95 A when the motor starts, with a following steady value of 4.0 A. Figure 18 shows that the peak value of the CW phase current is 23.5 A when the motor starts asynchronously and stabilized at 12.4 A.



Due to the financial constraints, the brushless doubly-fed motor with the common coil design of the rotor winding has not been developed. However, by comparing the test results of the mode 1 and mode 2 of the prototype with the simulation results, the test results of the prototype can be basically consistent with the simulation. This can explain the correctness of the finite element model. Therefore, even if the prototype of the ordinary coil is not designed, the theoretical correctness is also explained by comparing the simulation results.



According to the simulation and experimental results above, the starting peak currents of mode 1 and 2 attained by experiments are higher than the simulation results. The stable values of the current measured in the tests of mode 1 and 2 are close to the simulation results. The test results verify the correctness of the simulation results and theory. In other words, the test results verify that the composite coil structure can reduce the starting current, which means the referred value of the rotor winding is increased. According to the principle mentioned in Section 1, the starting torque can be increased.




4.3. Simulation Comparison and Test of With-Load Starting Performance of Prototype


Simulations based on two models, mode 1 and 3, are conducted in order to further verify the inhibitory effect of the composite coils on the starting current. To compare the waveform visually, the peak point of the current waveform is fitted which can well represent the variation trend of the starting current. For example, only positive peaks are fitted in Figure 19.



The starting current fitting curves of mode 1 and 3 with different loads are shown in Figure 20. It can be seen from the Figure that the starting current of the two sets of windings in mode 1 is smaller than that of mode 3. The starting current of mode 3 increases, following the increase in load torque. However, the starting current of mode 1 changes slightly. On the other hand, the stable peak values of mode 1 and mode 3 are basically the same, while the fitting curve of mode 1 is slightly higher. It is caused by the precision of curve fitting and the selection of a function. Therefore, the results above show that the structure of the composite coils can effectively reduce the starting current.



Then, the load simulations and tests are carried out in mode 1 and 2 and compared to the finite element simulation results.



The finite element calculation values of steady current, the rotational speed parameters of the prototype with different loads, and the experimental values of the prototype are all shown in Table 2.



In Table 2, with the short-circuit of CW in mode 2, only a very low amplitude current is induced in the circuit of CW, which can be ignored during measurement. As shown in Table 2, the phase current values of mode 1 and mode 2 increase following the increase in applied load torque, and the experimental values of the prototype are very close to the Finite Element Analysis (FEA) results. Secondly, the rotational speed test value of mode 1 is still higher than 500 rpm with 20 N·m load, and the transition from starting state to running state can be completed, revealing excellent starting performance of the prototype.





5. Conclusions


In this paper, a novel BDFM using composite coil group is proposed. The principle and function of the structure are analyzed combining with a design example, and the simulation and prototype experiments are carried out, with several conclusions drawn as follows:

	(1)

	
When the motor starts, the composite coil structure can reduce the effective coil-turns of the rotor winding, hence increasing the referred value of the rotor winding to reduce the starting current and improve the starting torque.




	(2)

	
Through the analysis of the operating state and the principle of the composite coil, we find that magnetic fields with different pole-pairs make the composite coil have different operating states. Therefore, we use the winding designed by the pole-changing method for the stator to control the operating state of the composite coil.




	(3)

	
On comparing the simulation and test results of the three modes, the starting current is effectively suppressed in mode 1, especially at the moment of start-up. Meanwhile, the prototype has been confirmed to have a better load-carrying performance.









Since the starting current of the prototype is effectively suppressed, the prototype can be directly connected to the grid even with a load. Moreover, the prototype can be switched by the feedback signal of speed, so the prototype system is safe and reliable. The prototype designed by the pole-changing method attains the maximum torque at the start moment, which avoids the rising process of torque. The speed of the motor rises slowly during the starting state, and the torque decreases as the speed increases, this advantage can reduce the loss to the conveyor belt significantly in applications where transport to the conveyor is used. In summary, the motor designed by this method can effectively reduce the starting current and increase the starting torque, while improving the starting performance of the brushless doubly-fed motor. The application of this design method has specific guiding importance for industrial applications.
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Figure 1. The T-s curve. 






Figure 1. The T-s curve.
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Figure 2. A rotor winding branch composed separately of common coils and composite coils. 
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Figure 3. Running condition. 
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Figure 4. Starting condition. 
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Figure 5. The connection of rotor windings. 
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Figure 6. Slot electrical potential star Vectogram (p = 4). 
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Figure 7. Slot electrical potential star Vectogram (p = 3). 
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Figure 8. The wiring structure of the stator winding. 
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Figure 9. Stator and rotor winding wiring diagram under different working conditions. 
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Figure 10. The port wiring diagram of the prototype when it is overall running. 
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Figure 11. Stator, rotor structures, and test platform of the prototype. 
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Figure 12. The torque-speed curve. 
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Figure 13. The fitting curve of transient torque-speed. 
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Figure 14. The phase current of the stator winding under no load. 
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Figure 15. Cloud map of magnetic flux density. 
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Figure 16. Tooth magnetic density distribution map of stator winding corresponding to different starting modes. 






Figure 16. Tooth magnetic density distribution map of stator winding corresponding to different starting modes.



[image: Energies 12 01157 g016a][image: Energies 12 01157 g016b]







[image: Energies 12 01157 g017 550]





Figure 17. Test waveforms of stator winding phase current of BDFM prototype (mode 1). 
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Figure 18. Test waveforms of the phase current of the stator winding in asynchronous mode. 
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Figure 19. Original waveform and fitting curve. 
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Figure 20. Comparison of peak fitting curves of starting current. 
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Table 1. The parameters of the brushless doubly-fed machine.
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	Item
	Value (mm)





	Stator Outer Diameter
	215



	Stator Inner Diameter
	130



	Length of the Gap
	0.4



	Rotor Outer Diameter
	129.2



	Rotor Inner Diameter
	50



	Length of the Core
	190
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Table 2. Comparison of the current and speed of the prototype with the load. TEST: The results of the test; FEA: The results of the FEA; PW: Power winding; CW: Control winding.






Table 2. Comparison of the current and speed of the prototype with the load. TEST: The results of the test; FEA: The results of the FEA; PW: Power winding; CW: Control winding.





	
Torque (N·m)

	
Mode 1

	
Mode 2




	
CW/A

	
PW/A

	
n/rpm

	
CW/A

	
PW/A

	
n/rpm




	
TEST

	
FEA

	
TEST

	
FEA

	
TEST

	
FEA

	
TEST

	
FEA

	
TEST

	
FEA

	
TEST

	
FEA






	
5

	
3.2

	
3.3

	
4.0

	
3.9

	
909

	
907

	
-

	
-

	
13.1

	
12.6

	
503

	
498




	
10

	
3.4

	
3.3

	
4.0

	
4.0

	
828

	
833

	
-

	
-

	
15.3

	
14.7

	
491

	
487




	
15

	
3.4

	
3.5

	
5.0

	
4.9

	
729

	
735

	
-

	
-

	
18.1

	
18.3

	
473

	
460




	
20

	
3.6

	
4.0

	
5.6

	
5.4

	
634

	
645

	
-

	
-

	
20.1

	
18.5

	
459

	
440
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