
Article

Not peer-reviewed version

Analysis of Inverter Circulating Current

and Magnetic Potential For flux-

weakening Drive of BLDCM

XiaoKun Li 

*

 , Song Wang , Lidong Xia

Posted Date: 24 April 2023

doi: 10.20944/preprints202304.0836.v1

Keywords: BLDC, flux-weakening; circulating current; magnetic potential

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/2013237


Article

Analysis of Inverter Circulating Current and
Magnetic Potential for Flux-Weakening Drive
of BLDCM

Li-Xiao Kun * , Wang Song and Xia Lidong

Shandong University, Weihai, 264209, China

* Correspondence: sdulxk@sdu.edu.cn; Tel.: +86-136-8631-7687

Abstract: Permanent magnet brushless DC motor (BLDCM) is usually controlled by six step

commutation method, and flux-weakening method is used to make the motor run higher above the

base speed. For now, it is considered that the weak magneto-electric angle range is 0-pi/3, and that of

deep weakening is pi/3-pi/2. In the field- weakening control, the forward shift of commutation point

will form inverter circulating current in the three-phase bridge of inverter and the stator winding of

the motor. In this paper, the principle of inverter circulating current formed by inverter is analyzed.

Through magnetic potential analysis and Simulink simulation, it is concluded that flux-weakening

control will generate inverter circulating current in the inverter and motor stator winding. The

inverter circulating current affects the magnetic potential of motor, and magnetic potential will move

to the rotating direction of motor rotor. When the forward shift angle of inverter commutation point

is 0-pi/6 electrical angle, the movement amplitude of current circulating current of inverter is less

than pi/6, which plays the role of weakening magnetic field and driving effect; when the forward

moving angle is pi/6-pi/3, the movement amplitude of inverter circulating current exceeds pi/6,

which plays the role of magnetic weakening and braking. When the braking effect occurs, the reverse

torque will appear, resulting in the decrease of motor torque and efficiency. Therefore, the range of

weak magneto-electric angle should be between 0-pi/6.

Keywords: BLDC; flux-weakening; circulating current; magnetic potential

1. Introduction

The permanent magnet brushless motor(BLDCM) is a trapezoidal wave brushless motor

controlled by the six-step commutation method. It has the advantages of simple structure, good

speed regulation performance, and high efficiency. With the development of various drive and control

technologies of DC permanent magnet brushless motors, DC permanent magnet brushless motors have

begun to be widely used in various high-performance fields [1–3]. Limited by the back electromotive

force, when the permanent magnet brushless DC motor is used at high speed and higher than the base

speed, it is necessary to use the advanced trigger angle to control the permanent magnet brushless

motor field weakening [4]. When the six-step commutation brushless motor runs normally, the angle

at which the stator magnetic potential leads the rotor magnetic potential varies between pi*2/3-pi/3,

and the average lead angle is pi/2, which does not produce field weakening [5,6]. At present, in

the design of the motor field weakening control algorithm, it is considered that the direction of the

magnetic potential generated by the stator remains unchanged, and the strength of the field weakening

is linearly adjusted through the output lead angle. When the field weakening angle exceeds pi/3, the

stator magnetic potential will lead the rotor magnetic potential pi*2/3+pi/3 = pi angle, resulting in a

braking effect, so the maximum field weakening angle should be less than pi/3 [7,8]. Literature [1]

believes that field weakening will cause the effective current to increase. Considering the continuous

working current limitation of motor operation, the leading conduction angle should not exceed pi/6

electrical angle. The conclusion of the literature [3] is: the leading conduction angle is an effective

method to realize the weakening of permanent magnet brushless motor. In the literature [5], using the
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space magnetic potential method to analyze the operating state of the brushless motor, the weakening

speed regulation performance and torque change of the leading conduction angle 0-pi/3 and pi/3-pi/2

motors are analyzed respectively. Literature [7,8] believes that in the field weakening control, the

traditional drive topology circuit will generate an inverter circulating current in the non-conducting

phase, and the torque generated by the inverter circulating current is negative, which acts as a brake.

Then a new inverter topology that eliminates the current circulating current of the inverter is proposed.

In this article, it is believed that the inverter circulating current is a phenomenon formed by the back

electromotive force, the freewheeling diode, and the power tube that is turned on in advance during

the field weakening operation of the motor. The inverter circulating current will cause the stator

magnetic potential to change, but the stator magnetic potential changes How to affect the operation

of the motor still needs further analysis. The main work of this paper is to carry out the magnetic

potential analysis and simulink simulation when the permanent magnet brushless motor is running

at weakening, and analyze the influence of the inverter circulation on the magnetic potential and the

influence of the magnetic potential on the motor torque. Finally, it is concluded that the permanent

magnet brushless DC motor is turned on in advance in the field weakening control mode, the magnetic

potential of the motor moves forward nonlinearly, and the weak magnetic flux is mainly generated

by the inverter circulating current, which is 0-pi/6 Within the angle, the inverter circulating current

has more field weakening effect and less driving effect; in the pi/6-pi/3 electrical angle, the inverter

circulating current has more field weakening effect and less braking effect. Cause the motor efficiency

to drop.

2. Inverter circulating current under field weakening of permanent magnet BLDCM

2.1. The generation mechanism of field weakening inverter circulation

The stator winding of the motor is an inductive device, and there must be a freewheeling path

when it is turned off. Therefore, the freewheeling diode is a necessary device for inductive load driving.

The inverter circulating current caused by the freewheeling diode should be taken into account when

the motor is weakened [9,10]. When the permanent magnet brushless motor performs field weakening

speed regulation, the conduction angle will be advanced to the range of 0-pi/3. The back EMF and

field weakening of a brushless motor are shown in Figure 1: Under normal driving, the output voltage

of the driver is in phase with the back EMF; in field weakening control, the non-conducting phase will

be closed in advance and the conducting phase will be shut off in advance. On the rising or falling edge

of the non-conducting phase, the resulting inverter circulating current is also different. In Figure 1, it

is represented as a state and b state, which are B+A-CZ converted into C+A-BZ and A respectively

+B-CZ is converted to A+C-BZ. In the following, phase C is regarded as the non-conducting phase,

and the circulating currents generated by the rising and falling edges of the back electromotive force

are analyzed respectively [11,12].

Figure 1. BEMF of BLDC
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For star-connected three-phase windings, the back EMFs of the three-phase windings are marked

as ea, eb, and ec, and the neutral point N voltage is 0. The direction of the back EMF is positive from

the neutral point to the head end, and from the head end to the middle The sex point is negative. In

the two selected phases, |ea|=|eb|, ec are changed from ea to -ea and from -ea to ea,respectively.

In electrical angle, this change process is 60 degrees, which is pi/3. Therefore,ec can be expressed

as Formulas (1) and (2): In the state a in Figure 1, as the lead conduction angle increases, the back

electromotive force decreases from ea along the red diagonal line to -ea: the lead conduction angle t

has a range of (0-pi/3):

ec = ea − ea
t

pi/6
(1)

In state b in Figure 1, with the increase of the leading conduction angle, the back EMF increases from

-ea to ea along the blue diagonal line, and the leading conduction angle t is in the range (0-pi/3):

ec = −ea + ea
t

pi/6
(2)

3. Further analysis of inverter circulation

The inverter circuits corresponding to the back electromotive force corresponding to the box parts

a and b in Figure 1 are shown in Figure 2, where Udc is the DC power supply, R is the three-phase

stator winding, and ea, eb, and ec are the reverse of the three windings. Electromotive force. In

Figure 2a, the winding B is connected to the positive pole of the power supply Udc, the winding A is

connected to the negative pole, and the winding C is turned on and connected to the positive pole in

advance to form an inverter circulating current of the upper arm winding B, which flows through the

winding B, the bus positive, the winding C and the neutral point; In 2b, the winding A is connected

to the positive pole of the power supply Udc, the winding B is connected to the negative pole, and

the winding C is turned on and connected to the negative pole in advance to form the lower bridge

arm winding B inverted circulating current, which flows through the winding C, the bus negative, the

winding B and the neutral point. In the range of 0-pi/6 degree of lead angle, in the case of a and b, it is

the circulating current of the upper bridge arm and the circulating current of the lower bridge arm

respectively, and the freewheeling diode is passed in the forward direction [13,14].

Figure 2. Inverter circulating current of upper and lower arms

According to Kirchhoff’s current theorem and further analysis of the inverter circulation from

Figure 2b, the circuit of Figure 2b can be decomposed into Figure 3:
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Figure 3. Decomposition of freewheeling circuit

List the branch current in Formula (3)
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

Ia =
Udc − ea + ec

2R

Ib =
ec − eb − Vd

2R

Ic = Ia + Ib

eb = −ea

ec = −ea + ea
t

pi/6

(3)

In Formula (3), Ia, Ib, and Ic are the currents in the three-phase winding; Vd is the voltage drop of

the freewheeling diode conduction tube; Vn is the neutral point voltage; R is the equal three-phase

winding resistance; ea, eb, ec is the back electromotive force of the three-phase winding, |ea|=|eb|; t

is the leading conduction angle, and the value range is (0 pi/3). Eliminate the neutral point voltage Vn

from the Formulas (1)– (3), and obtain the Formula (4) of the three-phase currents Ia, Ib, Ic:







































Ia =
(Udc − 2ea) + ea

t
pi/6

2R

Ib =
ea

t
pi/6 − Vd

2R

Ic =
(Udc − 2ea) + 2ea

t
pi/6 − Vd

2R

(4)

From Formulas (3) and (4), it can be concluded that the circulation generation condition is ec-eb >

Vd. Calculate and design the inverter circulating current verification experiment according to the

above formula: the number of pole pairs of the motor is 4, the power supply voltage is 14V, and there

is no load. When the field weakening angle is Pi/6, the average running current is about 0.8A, and

the speed is about 3950 rpm. The inverter circulation generated by the motor winding is observed as

shown in Figure 4. In Figure 4, the yellow line of channel 1 is the stator current collected by the current

probe, and the other three channels are three-phase stator voltage signals; blue is the voltage of the

current phase, and purple and green are the phase voltages of the other two phases. The white circle

corresponds to the reverse inverter circulating current caused by the positive connection of the green

phase of Channel 4 to the busbar in advance, and the red circle corresponds to the inverter circulating

current caused by the negative connection of the green phase of Channel 4 to the busbar in advance.
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Figure 4. Continuous current of flux-weakening

4. The combined magnetic potential analysis of the inverted circulating current and the early
conduction

4.1. Derive the resultant magnetic potential generated by the current from the three-phase current

In the above formula definition, the angle between the three-phase currents Ia, Ib, and Ic is a

distribution of 120 degrees. When the influence of the rotor magnetic potential is not considered, the

composite magnetic potential Ff of the three-phase current can be expressed as Formula (5):

Ff =
−2Ia + Ib + Ic

2
i +

sqrt3

2
(−Ib + Ic)j (5)

Substituting Formula (4) into Formula (5), Formula (6) is obtained:

Ff = −

3

2

(Udc − 2ea) + ea
t

pi/6

2R
i −

sqrt3

2

(Udc − 2ea) + 3ea
t

pi/6

2R
j (6)

The angle of Ff can be expressed as Formula (7):

θ = atan(
Ff j

Ff i
) = atan

1

sqrt3

(Udc − 2ea) + ea
t

pi/6

(Udc − 2ea) + 3ea
t

pi/6

(7)

Analyzing the Formula (7), the magnitude of the magnetic potential synthesized by the inverter

circulating current is related to the back electromotive force ea, the weak magnetic lead angle t, and the

diode conduction voltage drop Vd. The back EMF has the greatest impact. When the back EMF satisfies

Udc=2ea, the magnetic force direction θ formed by the circulating current is the most advanced; when

the back EMF is 0, the magnetic force angle is close to 0. The weak magnetic lead angle and the voltage

drop of the diode pass tube have little effect.

4.2. The influence of the circulation on the resultant magnetic potential

Figure 5a shows the direction of the magnetic potential when the permanent magnet brushless

motor commutates when the reverse conversion flow is not considered. In Figure 5, the magnetic

potential of the rotor is Ff, the direction is pi/2, the conduction state of the MOS tube of the drive

bridge is switched from A+B- to A+C-, and the magnetic potential is from the combined magnetic

potential of phase A and phase B Fa+b -Switch to the resultant magnetic potential Fa+c- of phase A

and C, the direction of Fa+b- is 5*pi/6, the direction of Fa+c- is 7*pi/6, the angle between the two

is pi/3. During normal commutation, the angle between the stator magnetic potential and the rotor

magnetic potential changes from pi/3 to pi*2/3, which continues to drive the rotor to rotate. In the

current field weakening control algorithm, it is considered that the direction of the composite magnetic
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potential remains unchanged, only related to the state of the switch tube, and it is regarded as the

output angle of the field weakening control [15]. Figure 5b is a schematic diagram of the synthetic

magnetic potential generated by adding the circulating current. It can be deduced from Formulas (8)

and (9) that the resulting synthetic magnetic potential is close to the magnetic potential generated

by the C phase alone, as shown in the red vector Fh1 in Figure 4b. The resultant magnetic potential

is related to the lead angle. The larger the lead angle, the closer to the phase C position. With the

movement of the rotor, the inverter circulating current gradually decreases, and the resultant magnetic

potential moves counterclockwise to the direction of the AC phase resultant magnetic potential Fa+c-,

and stays at the Fa+c- position after the end of the field weakening, as shown in Figure 5b. Shown by

the gray dotted line.

Figure 5. Analysis of magnetic potential generated by inverter circulating current

4.3. The field weakening effect and braking effect of the inverter circulation

When the circulation is not considered, the generated magnetic potential is the composite magnetic

potential of phase A and phase C, and the direction points to the 7*pi/6 position. Permanent magnet

brushless motors commutate at pi/3 intervals. Therefore, the field weakening angle is less than pi/3,

and the field weakening angle will only increase the degree of field weakening, and no reverse braking

effect will occur. As shown in Figure 6a, the solid line Ff is the position of the rotor magnetic potential

when there is no field weakening, and the dashed line Ff’ is the relative backward position of the

rotor magnetic potential when the weak magnetic field moves forward by pi/3. At this time, the

driving magnetic potential is leading The pi angle of the rotor magnetic potential does not produce

driving torque and braking torque. When considering the circulation, the resultant magnetic potential

will drift forward, and the generated magnetic potential is between 7*pi/6 and 8*pi/6. When the

circulation is larger, it is closer to the direction of 8*pi/6, as shown in Figure 6b. As shown in Fhl, the

field weakening may exceed pi/6. After the composite magnetic potential Fhl leads the rotor magnetic

potential Ff’ by the angle of pi, the motor braking effect will be produced, and the braking effect will

disappear after the rotor rotates for a certain distance. The braking effect is produced by the circulating

current, which will cause the power consumption of the motor to increase and the torque and efficiency

to decrease [16], Figure 7.

Figure 6. Braking effect of inverter circulating current
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From Formula (7), the angle between the stator magnetic potential and the phase A magnetic

potential can be calculated. In Figure 5, the angle between the phase A magnetic potential and the

rotor magnetic potential is pi/2, so the rotor is weaker The angle between the magnetic potential and

the stator magnetic potential can be expressed as Equation 8:

θ2 = pi/2 + θ (8)

The angle of θ2 is related to the magnitude of the back-EMF ea and the forward voltage drop of the

freewheeling diode Vd. When Vd=0.4V, the relationship between θ2 and ea and t can be drawn, and

the following Figure 7 can be obtained:

Figure 7. weak magnetic angle and the Angle between magnetic potential of stator and rotor

Figure 7 shows that when the field weakening angle exceeds pi/6 (30 degrees), θ2 will be greater

than pi, that is, the stator magnetic potential leads the rotor magnetic potential by 180 degrees, and

the braking effect appears; Figure 7 also shows that the magnitude of the back EMF is opposite to

The variable circulating current has an effect. The closer the back EMF is to 1/2 of the power supply

voltage, the earlier the braking effect appears.

5. Matlab simulation model and result verification

5.1. Simulation model

We have verified the theoretical derivation of the previous section of this article in the software

matlab R2019a, using the matlab sample "Brushless DC Motor Fed by Six-Step Inverter", and modified

the sample, adding the weak magnetic adjustment module and the synthetic magnetic potential

calculation The model of the module is shown in Figure 8. The results of the model operation are

basically in line with the formula derivation in Section 3: When the field weakening angle is in the

range of pi/11 to pi/3, an obvious reverse circulating current can be observed, and the resultant

magnetic potential is ahead of the weak magnetic potential under no circulating current. Setting of

unmodified sample model parameters: input speed: 4000, exceeding the motor base speed; voltage

source 500V; set motor torque T=5. The motor is driven by a six-step method. Affected by the stator

inductance, the current shows an upward trend after turning on [17]. The current waveforms of

two complete cycles are shown in Figure 9a. The calculation of the composite magnetic potential is

Formula (5). In Figure 9b, the direction of the composite magnetic potential is expressed as the angle
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of the magnetic potential (red line), which are respectively pi/6, pi/2, pi*5/6, pi*7 /6, pi*3/2, pi*11/6.

It can be seen that the magnetic potential is a horizontal straight line in each conduction phase, that

is, the direction of the magnetic potential is constant. The phase is commutated every pi/3 electrical

angle, and the magnetic potential moves forward by pi/3 [18].

Figure 8. matlab simulation model

Figure 9. The direction of current and magnetic potential of simulation model

5.2. The sample model is modified to field weakening control and operating results

The modification of the sample model is divided into two parts:

5.2.1. Change of field weakening angle

1) Lead the rotor angle <Rotor angle thetam> from the motor; 2) Correct the number of magnetic

pole pairs (gain=4); 3) Add the field weakening angle and sum; 4) Then obtain the current electrical

angle through the 2*pi remainder operation; 5) The electrical angle is calculated by pi/3 to obtain the

current phase of the 6-step drive.

5.2.2. Solving the magnetic potential

According to the three-phase current and the current driving angle, the direction of the magnetic

potential in the driving coil is calculated. Divided into two parts: 1) Collect the three-phase current,

and convert the three-phase current into Fx and Fy in the static coordinate system through Clark

transformation. 2) Convert Fx and Fy to Ff and use an oscilloscope to observe the image. Under

different field weakening angles, the single-phase current waveform and synthesized magnetic

potential collected by simulink’s oscilloscope module are shown in Figure 10. When the field

weakening angle increases from pi/11 to pi/6, the amplitude and width of the inverter circulation Will

increase [19,20], and it is also obvious to convert it into a composite magnetic potential.
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Figure 10. Change of phase current and weak magnetic potential

The green circle in Figure 10 marks the beginning of each phase as the weak magnetic field. The

inverse circulating current generated in this region causes the weak magnetic field to move forward.

The larger the field weakening angle, the greater the amplitude of the composite magnetic potential

moving forward. When the field weakening angle approaches pi/6, the magnetic potential moves

forward close to pi/6.

6. Analysis of Magnetic Potential Trajectory

On the oscilloscope in simulink, each cycle of Fx and Fy images is independent of each other,

and it is impossible to make an intuitive comparison of each cycle. In order to observe the magnetic

potential trajectory, calculate the magnetic potential angle according to Formula (5), and then use the

weak magnetic and electric angle as the synchronization parameter, use the matlab script to rotate and

translate the coordinates, and redraw the magnetic potential trajectory points. The coordinates are

converted to Formula (9):






















A =

[

cos(a) −sin(a)

sin(a) cos(a)

]

P = [Fx, Fy]

Q = P ∗ A

(9)

In Figure 11, the dashed line represents the resultant magnetic potential during commutation. Because

the simulation step length is less than the commutation time, a dashed line appears multiple times;

the solid line is the change of the magnetic potential during a certain phase; the blue solid line is

no weak magnetic The magnetic potential trajectory of normal commutation; the brown solid line

is the magnetic potential trajectory when the field is weakened; the green indicates that the inverter

circulation affects the combined magnetic potential and the area swept by the magnetic potential. The

six-angle image of the blue line is the six magnetic potential directions of the 6-step commutation

method. The inductance effect of the winding causes the current to gradually increase [21,22], and the

magnitude of the magnetic potential increases without changing the direction. Analyzing the green

area, it can be concluded that when the field weakening angle is less than pi/6, the magnetic potential

moves forward in the direction of motor rotation. The brown curve indicates that as the motor rotor

leaves the field weakening zone, the inverter circulating current will gradually decrease and disappear,

and the magnetic potential will return to the position without field weakening. With the increase of

the weakening angle, the amplitude of the advance movement of the magnetic potential also becomes

larger [23,24].
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Figure 11. Magnetic potential distortion caused by inverter circulating current

When the field weakening angle is less than pi/6, the resultant magnetic potential moves forward,

but does not lead the rotor 180 degrees, so it only strengthens the field weakening effect and does

not produce a braking effect. When the field weakening angle is greater than pi/6, the amplitude of

the composite magnetic potential moving forward will continue to increase. In Figure 12, the leading

excitation angle is pi/5, and the rotor position is marked as the black oblique straight line in the figure.

As a result, a small part of the resultant magnetic potential (green area) exceeds the pi angle of the

rotor, forming the braking effect of the motor.

Figure 12. Magnetic potential distortion caused by inverter circulating current
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7. Conclusions

During the field weakening control of permanent magnet brushless motors, the leading

conduction will generate inverter circulating current in the freewheeling diode, power tube, and

stator windings. The inverter circulating current affects the direction of the combined magnetic

potential and moves the combined magnetic potential in the direction of rotor rotation. When the

field weakening angle is 0-pi/6, the inverter current circulating current moves less than pi/6, which

plays the role of field weakening and driving effect; when the forward angle is pi/6-pi/3, the inverter

current circulating current The movement range exceeds pi/6, which has the effect of field weakening

and braking, resulting in the reduction of motor torque and efficiency. Therefore, the range of the field

weakening angle of the permanent magnet brushless motor should be between 0-pi/6.
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