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Advanced Design and Operation Consideration for
Close-Connected Winding Permanent-Magnet
Brushless DC Machine

Li Zhu, Shuangxia Niu, Y. C. Wang, and Chengmin Wang

Abstract—Advanced design and operation consideration for
the close-connected winding permanent-magnet brushless DC
machine is proposed in this paper, including circulating current
elimination, fault-tolerant control for the breakdown of a power
electronic switch, and a sensorless control method. With the
finite-element analysis, the influence of machine design param-
eters on circulating current is investigated. By properly con-
trolling the status of power electronic switches, the coils being
connected into the equivalent circuit can be changed to avoid the
failure switch. Sensorless control is explored by detecting the zero-
crossing point of electromotive force.

Index Terms—Circulating current, close-connected winding,
fault-tolerant control, sensorless control.

I. INTRODUCTION

HE close-connected winding permanent-magnet (PM)

brushless DC machine has PM excitation, electric com-
mutation, close-connected winding, and the operation principle
of the machine is the same as a brushed DC machine [1].
Therefore, it is attractive for high torque density and high
efficiency [1]-[3]. In this paper, advanced design and control
consideration for the close-connected winding PM brushless
DC machine is proposed [4]—[8], including circulating current
elimination, fault tolerant control and sensorless control.

As the adoption of close-connected winding, the circulating
current will occur. To decrease or even eliminate the circulating
current, the influence of design parameters on the circulat-
ing current are studied with finite-element analysis (FEA).

Fault tolerant control is carried on for the breakdown of
power electronic switches. By properly controlling the status
of power electronic switches, the failure switch can be avoided
and the coils connected into the equivalent circuit are changed.

This work was supported in part by the National Natural Science
Foundation of China under Grant 51107082 and in part by the Hong Kong
Research Grants Council, Hong Kong Special Administrative Region, China,
through Project PolyU 5388/13E and Project 152130/14E.

L. Zhu is with Shanghai Jiao Tong University, Shanghai 200240, China, and

also with Hong Kong Polytechnic University, Kowloon, Hong Kong (e-mail:
L.Zhu@sjtu.edu.cn).
S. Niu and Y. C. Wang are with Hong Kong Polytechnic University,
Kowloon, Hong Kong (e-mail: eesxniu @polyu.edu.hk; wangycee @ gmail.com).
C. Wang is with Shanghai Jiao Tong University, Shanghai 200240, China
(e-mail: wangchengmin @sjtu.edu.cn).

Fig. 1. Structure of the 10-pole and 11-slot close-connected winding PM
brushless DC machine.

TABLE 1
MACHINE PARAMETERS

Rated power 200W Rated voltage 48V
Rated speed 220rpm | Rated load 8Nm
Stator outer diameter 138mm | Stator inner diameter ~ 80mm
Stator axial length 100mm | Mechanical air gap 0.5mm
Thickness of PMs 4mm Magnet remanence 1.14T
PM relative recoil permeability 1.07 Pole-arc coefficient 0.7175
Height of slot opening Imm Height of slot shoulder 1mm

By detecting zero crossing point of electromotive force
(EMF) for the particular coil which requiring current commu-
tation, sensorless control is explored and realized

II. MACHINE STRUCTURE [1]

Fig. 1 is a close-connected winding PM brushless DC ma-
chine with 10-pole and 11-slot. The technical parameters of
the machine are in Table I. Besides PM excitation and electric
commutation, the machine has close-connected winding. The
PMs are mounted on rotor, and armature windings on stator.
In Fig. 1, € is the mechanical angle along circumference, i+
and i— (i =1,2,...,11) are respectively the upper side and
lower side of the ith coil. SiL and SiH (i =1,2,...,11) are
the power electric switches. The rotor rotation direction is anti-
clockwise, and « is the mechanical position angle of rotor, and
a =0 in Fig. 1. a. is the electrical position angle of rotor.
The corresponding commutation circuit is shown in Fig. 2.
By properly controlling the power electric switch status, the
current direction under N or S pole keeps unchanged, just as
the operation principle of brushed DC machine.
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Fig. 2. Current commutation circuit of the machine in Fig. 1.
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Fig. 3. (a) Influence of slot opening height on circulating current (hs1 =
1 mm). (b) EMF of coil with various slot opening height values (hs1 = 1 mm).
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Fig. 4. (a) Influence of slot shoulder height on circulating current (hso =
1 mm). (b) EMF of coil with various slot opening height values (hso = 1 mm).

III. CIRCULATING CURRENT ELIMINATION

As the close-connected winding, circulating current may be
caused between different current branches, that is

ic =max(ick) (k=1,2,...,a—1) (D

where « is the current branch number of close-connected
winding PM brushless DC machine, and i is the circulating
current between the kth and k + 1th current branches. It is

> e(a)
kk+1
> R

k. k+1

ik = max | abs

@)

where e and R are respectively EMF and resistance of a coil,
and k and k + 1 represent the kth and k& + 1th current branch.

According to Eq. (1), the influence of design parame-
ters on the circulating current can be analyzed with FEA.
Figs. 3-8 show the influences of design parameters on circu-
lating current when the rotation speed is 200 rpm. In Figures,
vy, is pole-arc coefficient, h4o is height of slot opening, h4; is
height of slot shoulder, by is width of slot opening and Ng is
slot number.

Fig. 3 is the influence of slot opening height on circulating
current with hg; = 1 mm. In Fig. 3(a), with the increase of kg,
the circulating current decreases sharply. If hyg is higher than
3 mm, the increase of hgy has no effect on the circulating
current. It is because the EMF waveform of coil is distorted
rather than flat top waveform as in Fig. 3(b), when h is small
and the tooth tip is highly saturated. When the tooth tip is not
saturated, the increase of h g has little effect on the coil’s EMF.
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Fig. 5. (a) Influence of pole-arc coefficient on circulating current. (b) EMF of
coil with various pole-arc coefficients (hso = 1 mm, hg1 = 1 mm). (c) EMF
of coil with various pole-arc coefficients (hso = 1 mm, hg1 = 3 mm).
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Fig. 6. (a) Influence of slot opening width on circulating current. (b) EMF of
coil with various slot opening width values (hso = 1 mm, hg1 = 1 mm).
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Fig. 7. (a) Influence of rotor yoke on circulating current. (b) Influence of PM
thickness on circulating current. (c) Influence of pole number on circulating
current. (c) Influence of stator yoke thickness on circulating current.

Fig. 4 is the influence of slot shoulder height on circulating
current when hyy = 1 mm. From Fig. 4, the influence of slot
shoulder height on circulating current is very similar to the
influence of slot opening height as in Fig. 3.

Fig. 5 is the influence of pole-arc coefficient on circulating
current. According to Fig. 5(a), when the tooth tip is saturated
(hso = 1 mm, hs; = 1 mm), the circulating current is smallest
at a;, = 0.8 because the coil’s EMF waveform is relatively best
at o, = 0.8 in Fig. 5(b). If the tooth tip is unsaturated (hso =
1 mm, hg; = 3 mm), the circulating current is much smaller
and o, almost has no effect on circulating current, because of
the flat top EMF waveform as in Fig. 5(c).
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Fig. 8. (a) Influence of slot number on circulating current. (b) EMF of coil with
various slot numbers (hso = 1 mm, hg; = 3 mm).

In Fig. 6(a), the width of slot opening has no influence on
circulating current with h;o = 1 mm and hs; = 3 mm, because
of no saturation in tooth tip. With hyyo =1 mm and hg; =
1 mm, the increase of by can make the circulating current
decrease. When the tooth width is kept unchanged, the increase
of byo makes the tooth tip shorter, and the tooth tip becomes
unsaturated and then the coil’s EMF waveform is with flat top
as in Fig. 6(b).

From Fig. 7(a) and (b), rotor yoke thickness and PM thick-
ness has no effect on circulating current. From Fig. 7(c) and
(d), poles number and stator yoke thickness have little effect on
circulating current.

In Fig. 8(a), slot number has no effect on circulating current,
when tooth tip is unsaturated and coil’s EMF waveform has
flat top with hgg =1 mm and hg; = 3 mm. However, with
hso = 1 mm and hg; = 1 mm, even slot number can eliminate
circulating current even with distorted coil’s EMF waveform as
in Fig. 8(b).

Therefore, according to Figs. 3-8, to decrease or eliminate
the circulating current, the new machine should be designed
with flat top EMF waveform or even slot number.

IV. FAULT TOLERANT CONTROL

Normally, for the prototype of 10-pole and 11-slot machine
in Fig. 1, when the rotor rotates through 27 electric degree,
every switch is only being on for 27/Ng electric degree. For
example, about the power electric switch S1H, S1H and S2L
are being on at oo =0~ 7/Ng, and S1H and S11L are
being on at o, = 7/Ng ~ 27/Ng. Then, S1H is off during
the remaining rotation position of 27 electric degree.

In normal condition, at o, = 0 ~ 7/Ng, according to the
coils’ position under N or S pole, S1H and S2L are turned on.
Coil 1,3, 5,7,9, and 11 compose one current branch, coil 2,
4, 6, 8, and 10 compose the other current branch. The EMFs of
the coils satisfy

(€1+63+65+€7+€9+€11)+(62+64+€6+€3+€10):0.
3)
Similarly, at «. = 7/Ng ~ 27 /Ng, S1H and S11L are turned

on. Coil 1, 3, 5, 7, and 9 are in one current branch, coil 11, 2, 4,
6, 8, and 10 are in the other current branch, and there is

(e1+es+es+er+eg)+(e11+eates+es+es+ein)=0.
“
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Fig. 10. FEA-simulated torque when S1H is failure (200 r/min, Ipc = 5 A).

With Fig. 1, at a, = 0 ~ m/Ng, there are ej; ~ 0, e; +
e11 =~ 0, and e2 + eg =~ 0. Then, Eq. (3) can be expressed as

(es+e5+er)+ (ea+es+es) =0
e1+ep~0 3)
eg+e11+ex=0.

According to (5) and Fig. 2, at o =0 ~ 7/Ng, S10H,
S4L, S3H,and S9L can be turned on if S1H is failure. Coils 3,
5, and 7 are in one current branch. Coils 4, 6, and 8 are in the
other current branch. Serial coils 1 and 10, and serial coils 9,
11, and 2 are not in the equivalent circuit, as shown in Fig. 9.
Similarly, at e = 7w/Ng ~ 27/Ng, there is

(es+es+er)+ (ea+es+es) =0
eg+enn ~0 (6)
e1+ e +es = 0.

S8H, S2L, S3H, and S9L are turned on according to Fig. 2 if
S1H isfailure. Coils 3, 5, and 7 are in one current branch. Coils 2,
4, and 6 are in the other current branch. Serial coils 1, 10, and
8, and serial coils 9 and 11 are not in the equivalent circuit.

Therefore, If S1H is with open-circuit failure, the machine
can still be kept running. Fig. 10 is the FEA simulation result
for output torque when the rotation speed is 200 rpm and input
DC current is 5 A. Therefore, although the failure of power
switch will cause torque fluctuation because of less coils in the
equivalent circuit, the machine can still keep running. Similarly,
by properly controlling the status of switches, fault-tolerant
control can be realized for other failure switches.

V. SENSORLESS CONTROL

Zero-crossing detection of back EMF is now explored for
sensorless control of the close-connected PM brushless DC
machine. The voltage of the nth coil is

. dim,
+ Rin + Y Muyn— )

d
Up = €p + L L
m#n

in
dt
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Fig. 11. Stator and rotor of the 10-pole and 11-slot prototype machine.
(a) Stator. (b) Rotor.

where L is the self-inductance of the coil, and M,,, is the
mutual-inductance between the mth coil and nth coil. As the
operation principle of the close-connected winding PM brush-
less DC machine is identical to traditional DC machine, the
current of coil is DC. Therefore, for simplicity, it is assumed
di/dt = 0. Then, Eq. (3) can be rewritten as

v = e + Rig. (8)
If the EMF of the coil is zero-crossing, the voltage of the coil is
V — le (9)

Therefore, if the voltage of coil satisfies (9), the zero-crossing
point of EMF can be detected for electric current commutation.

For the machine in Fig. 1, S1H and S2L are turned on
at o, = 0, and there are current branch 1-3-5-7-9-11 under
S pole and current branch 10-8-6-4-2 under N pole. When the
rotor rotates to a, = 7/Ng = 7/11, the position of coil 11
changes from S pole to N pole. Coil 1,3, 5, 7, 9 are under
S pole and coil 10, 8, 6, 4, 2, 11 are under N pole. Therefore,
S1H and S11L are turned on for the current branch 1-3-5-7-
9 and current branch 10-8-6-4-2-11. When the rotor rotates to
ae = 27/Ng = 2mw/11, the position of coil 10 changes form
S pole to N pole. S10H and S11L should be turned on for
current branch 10-1-3-5-7-9 under S pole and current branch
8-6-4-2-11 under N pole. Similarly, if the position of a coil
under N or S pole changes, the switch status should be renewed
to keep the coils under N pole in the same current branch and
coils under S pole in another current branch.

Therefore, at &« = 0 and S1H and S2L turned on, the voltage
of coil 11 is being detected for the EMF zero-crossing point
according to (9). When the EMF of coil 11 has the zero-crossing
point, S1H and S11L are turned on and the voltage of coil 10 is
begin to be detected for the EMF zero-crossing point with (9). If
the EMF zero-crossing point of coil 10 occurs, S10H and S11L
are turned on, and the voltage of coil 9 is begin to be detected
for the EMF zero-crossing point to keep the machine running.
Similarly, by detecting the EMF cross-point of a certain coil at
different control state, the sensorless control can be realized for
the close-connected winding PM brushless DC machine.
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Fig. 12. Current waveform with experiments (8 Nm, 225 r/min). (a) Sensor
control (2 A/div, 4 ms/div). (b) Sensorless control (2 A/div, 2 ms/div).

The prototype machine is shown in Fig. 11. Fig. 12 are the
measured current waveforms of experiments respectively with
sensor and sensorless control. The current of sensorless control
is very similar to that of sensor control in Fig. 12.

VI. CONCLUSION

Advanced design and control consideration for the close-
connected winding PM brushless DC machine is studied. To
decrease or eliminate the circulating current, flat top EMF
waveform or even slot number should be particularly designed.
By properly controlling the status of switches, the failure
switches can be avoided and the machine keeps running. While,
as with less coils in the equivalent circuit, the fault-tolerant con-
trol may cause torque or speed fluctuation. Sensorless control
based on zero-crossing detection of back EMF is very effectual
and the performance is the same as sensor control.
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