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ABSTRACT Double-layer winding halbach fault-tolerant motor (DLW-HFTM) combines the advantages of
the permanent magnet motor and the fault-tolerant motor, which are beneficial to improve the characteristics
of the joint robot. First, the structure of DLW-HFTM is proposed in view of the requirement of the fault
tolerance of drive motor on the joint robot without degrading the other performances, such as the torque
and the efficiency. Then, the working principle and initial design dimensions are depicted, and a finite
element parameter model is established by Maxwell software. Furthermore, the design parameters are
optimized by multi-objective sensitivity analysis. Finally, the electromagnetic performances before and
after optimization are analyzed, including no-load back EMF, torque, loss, efficiency, etc. Meanwhile, the
fault-tolerant performance of the motor is analyzed. The research results show that the DLW-HFTM can
improve the fault-tolerance on the condition of meeting the design requirements.

INDEX TERMS Robot joints, double-layer winding, halbach fault-tolerant motor, multi-objective optimiza-
tion, fault-tolerance, quasi-Newton method.

NOMENCLATURE ) Wa2  Width of the bottom of the stator upper slot.

Dy, Dy, Inner and outer d¥ameter of stator. Wg3  Width of the top of the lower slot of the stator.

D,i, Do Inn'er and outer diameter of rotor. W,,  Width of the stator slot.

H, h, He1ght of stator and rotor. d Radius of the stator opening slot chamfer.

D Hf?lght of permanent magnet. r Radius of the lower slot of the stator.

hg1 Height of stator yoke.

Wps width of permanent magnet A.

Wpp Width of permanent magnet By, B. I. INTRODUCTION

Wpe Width of permanent magnet C;, Cs. Joint robots have the advantages of high stability, high effi-

o Magnetizing angle of permanent magnet A. ciency and high precision. Therefore, it is widely used in

Bi. B2 Magnetizing angle of permanent magnet bioengineering, medical services, disaster relief, education
By, B,. entertainment and other fields [1], [2]. The drive motor is as

Yis 12 Magnetizing angle of permanent magnet the critical element of the joint robot, on which the require-
Cy, Co. ments are getting higher and higher. Thus, it is a research

hyo height of the upper slot of stator. hotspot to develop the joint motor with high efficiency, large

hg3 height of the slot wedge of stator. torque and low torque ripple.

hya height of the lower slot of stator. The main joint motors currently used in robots include

Wi Width of the top of the stator upper slot. stepping motor, direct current motor, and permanent magnet

motor [3]-[6]. Among them, permanent magnet synchronous
The associate editor coordinating the review of this manuscript and motor (PMSM) has been widely used because of the advan-
approving it for publication was Shihong Ding . tages of small size, large torque and high efficiency. In order
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to achieve the design requirements of high efficiency, lager
torque, and low torque ripple of joint motors, the structure
of PMSM has been further studied to improve the electro-
magnetic performance [7]-[11]. The spoke-type, tangential-
type, U-shape and V-shape permanent magnet structures were
compared in [7]. It was found that the PMSM with V-shape
permanent magnets could get more comprehensive satisfying
results. In [8], halbach PMSM could enhance torque and
reduce loss because of the focused magnetic characteristic
of Halbach array. In [9], the axial length of PMSM was
optimized in order to reduce the loss, improve the efficiency
and enhance heat dissipation effect. It was shown in [10]
the fundamental wave amplitude of the air-gap magnetic
flux density decreased with the increase of the opening
width of the semi-closed slot, while the copper loss was
increased to maintain the fixed output torque. The torque
density of PMSM and fault tolerance could be increased by
multi-phase structure [11], [12]. However, the control algo-
rithm, inverter main circuit, and control circuit were more
complex, and meanwhile the overall cost was higher than
three-phase PMSM. In this paper, a double-layer winding hal-
bach fault-tolerant motor (DLW-HFTM) with special stator
structure is proposed, which can be used in various robots,
such as industrial robots, agricultural robots and medical
robots. It not only has the advantages of high efficiency,
large torque and low torque fluctuation, but also has strong
fault tolerance. In [13], the magnetomotive force method was
used to achieve fault tolerant and minimum loss control of
double-star synchronous machines. This method was essen-
tially a current tracking strategy because it did not establish
a dynamic model of the motor in phase-deficient operation,
and the dynamic performance of the system was reduced
because of the pursuit of the steady-state performance of
the system. In order to improve the dynamic performance of
fault tolerant operation of motor, the accurate dynamic math-
ematical model was established to complete the decoupled
control [14], [15]. Compared with the fault tolerant method
with magnetomotive force method, the system complexity
of fault tolerant control based on accurate dynamic mathe-
matical model was greatly improved. Therefore, it is very
meaningful to improve the fault tolerant performance from
the structure of motor, because it is beneficial to simple the
control algorithm and reduce the difficulty of fault tolerant
control system.

In the process of designing a motor, finite element cal-
culation requires a lot of time and resources. Design time
can be greatly reduced by using the intelligent algorithms.
Many scholars have introduced various intelligent algorithms
into the optimization design of the motor body for different
optimization goals [16]-[19]. An ant colony algorithm with
continuous domains was used in [20] and the maximal output
torque was obtained, but the parameter settings in the algo-
rithm were usually determined by experimental methods, and
there were empirical errors. In [21], [22], a sequential taguchi
optimization method was improved. The high-dimensional
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design would be optimized more quickly than conventional
taguchi algorithms. While the accuracy of the algorithm
was sacrificed, the efficiency was improved. The genetic
algorithm technique was used to optimize the efficiency
and torque of a permanent-magnet generator in which could
arbitrarily select the number of optimization goals by non-
dominated set ordering [23]. However, it increased the com-
plexity and amount of calculation. For the complex structure
of motor, most of optimization methods can not take into
account the optimization accuracy, the solving speed and
the search ability simultaneously. In this paper, the difficulty
of motor optimization design is increased due to the spe-
cial stator structure of DLW-HFTM. Therefore, the layered
optimization of stator slot is built to reduce the difficulty of
optimization and improve the optimization efficiency. The
low and middle level parameters of DLW-HFTM are opti-
mized by the response surface method because of the fast
solving ability. It can establish multidimensional spatial sur-
face through relatively few experimental arrays [24], [25].
However, it is not suitable to the high level parameters of
DLW-HFTM because the accuracy of this method is not high.
The quasi-newton method is to construct an objective func-
tion model to produce super-linear convergence by measuring
the change of gradient. Reference [26] optimized an interior
permanent magnetic BLDC motor through the quasi-newton
method, it was found the quasi-newton method could improve
solving speed and accuracy when the initial values of the
iteration were close to the real solution values. Thus, the high
level parameters of DLW-HFTM can be optimized to obtain
higher accuracy through the quasi-newton method.

In this paper, the structure and winding connection of
DLW-HFTM are introduced, and the finite model under the
initial dimensions is established in Section II. In Section III,
the design parameters are divided into three levels by
multi-objective sensitivity analysis. Then, the parameters of
different levels are respectively optimized with the torque,
the torque ripple and the efficiency as the optimization objec-
tives. In Section IV, the electromagnetic performance and
fault-tolerant performance of DLW-HFTM are analyzed. The
conclusion is given in Section V.

Il. THE STRUCTURE OF DLW-HFTM

A. THE TOPOLOGY OF DLW-HFTM

Fig. 1 shows the 2D topology of three-phase, 10 pairs of
poles DLW-HFTM, and each halbach array consists of five
permanent magnets.

As shown in Fig. 2, the stator slot is divided into
trapezoid-shaped upper slot and wine cup-shaped lower
slot by slot wedge, and the upper and lower windings are
arranged around the stator teeth, respectively. The stator slot
is designed as arc-shaped opening slot, and the magnetic
density of the stator teeth and the thermal load are decreased,
thereby reducing the temperature of stator and solving the
problem of local fever caused by excessive magnetic density
in stator teeth [8].
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FIGURE 1. The 2D topology of DLW-HFTM. 1, stator; 2, rotor; 3, halbach
arrays; 4, stator slot; 5, upper winding; 6, lower winding.

FIGURE 2. The structure of stator slot. 1, upper slot.

The slot wedge is designed as an I-shaped structure, and
the enlarged view is shown in Fig. 2. It is facilitated to fix
double-layer windings.

B. INITIAL DESIGN PARAMETERS OF DLW-HFTM
The output torque equation is shown in equation (1).
V273 p

—kakpkio

P, =nP; = E,l,——
2 =nr nmmm240PS

(1 — k2)AD? BsCny - (1)

where m is the number of phases, 1 is the efficiency of the
motor, E,, is the magnitude of the induced electromotive
force, I,, is the magnitude of the stator phase current, P; is
the number of stator slots, k4 is the winding factor, kr is the
air gap magnetic density distribution coefficient, k;, is split
ratio, Bs is the maximum value of the air-gap flux density,
Cy is the calculating pole-arc coefficient, and A, is the line
load at the winding inner diameter, respectively.

Define the ratio of the inner diameter to the outer diameter
of the stator as the split ratio of the motor, as shown in
equation (2).

kio = Dsi/Dso @
Equation (1) can be derived as equation (3).
P
Do="7 . ®
2401-11” 3kakpkio(1 — ki )AcBsCsnn

According to equation (3), the initial parameter dimensions
are obtained in order to design a DLW-HFTM with the rated
power Py = 350 W, the rated speed ny = 1500 r/min, and
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the rated voltage Uy = 48 V, as shown in TABLE 1. The
geometric parameters of DLW-HFTM are shown in Fig. 3.

FIGURE 3. The parameter diagram of DLW-HFTM.

C. NORMAL WINDING CONNECTION OF DLW-HFTM

The stator winding coil distributions of 1/2 DLW-HFTM are
shown in Fig. 4. The upper armature windings include Ay,
Aj1, Az| and so on, and the lower armature windings include
A12, A22, A32 and so on.
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FIGURE 4. Distribution of stator winding coils in 1/2 DLW-HFTM.

The connection mode of winding can be divided into three
cases as shown in Fig. 5.

The no-load back EMF waveforms of A phase are shown
in Fig. 6. The amplitude of back EMF under the connection 1
is 26.02 V, which is increased by 3.5% and 1.1% than that
under connection 2 and connection 3, respectively.

Kp; is the total harmonic distortion of air-gap flux density,
which has a great influence on the output torque ripple.

By 2
Kgr = Z <B_r> x 100% 4)
i#1
where B,; is the ith harmonic amplitude of air-gap flux den-
sity, B, is the fundamental component amplitude of air-gap
flux density.

The air-gap magnetic density waveforms are compared
in Fig. 7. By calculation, the Kp, of connection 1, connec-
tion 2 and connection 3 is 21.01%, 24.46% and 23.24%,
respectively. The Kp, of connection 1 is reduced by 3.45%
and 2.23% than that of connection 2 and connection 3,
respectively.
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FIGURE 5. Schematic diagram of winding connection. (a) Connection 1.
(b) Connection 2. (c) Connection 3.
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FIGURE 6. The no-load back EMF waveforms of A phase.

Based on the above analysis, the connection 1 is selected
as the winding connection mode of normal operation. In addi-
tion, this connection can also avoid short circuit fault between
phases.

D. FAULTY WINDING CONNECTION OF DLW-HFTM
In order to improve the fault-tolerant performance of
DLW-HFTM, the winding fault of the motor is analyzed as
follows in Fig. 8.

When the C; fails, it is replaced by the winding C», of the
same stator slot, but different layers, as shown in Fig. 8(a).

When the A3z fails, it is be replaced by Az, with the same
stator slot, but different layers. Since the A3 and adjacent
winding Cj; are of different phases, the Cy; is also replaced
by the Cy, as shown in Fig. 8(b). In this way, the problem of
short circuit between phase windings can be avoided. In order
to simplify the description, fault 1 and fault 2 are used to
represent the two different fault cases, respectively.
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FIGURE 7. The waveform of air-gap magnetic density.
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FIGURE 8. Schematic diagram of faulty winding connection. (a) Casel.
(b) Case2.

Iil. MUITI-OBJECTIVE LAYERED OPTIMIZATION

In order to achieve high efficiency n, large torque output
T and lower torque ripple 7,;, the layered optimization
of DLW-HFTM are carried out, and the flow chart is shown

in Fig. 9.
The optimization model can be expressed as equation (5).
f @) = AT CDmax » Tri i » 1 Cdmax} )

Based on the practical requirements of joint robot motor,
the multi-objective constraints are shown in equation (6).

T > 12Ty
Ti <5% (6)
1> 90%

where Ty is the rated torque, and the value is 2.2 Nm.
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FIGURE 9. Schematic diagram of system flow.

A. SENSITIVE ANALYSIS
According to the method of [8], the main structural parame-
ters are determined except the stator slot, as shown TABLE 1.

TABLE 1. The initial size of DLW-HFTM.

Parameter Value Parameter Value
Dsi (mm) 31.3 haq (mm) 4.6
Dso (mm) 42.5 d (mm) 0.52
D, (mm) 26 r (mm) 3.8
Do (mm) 28 Wpa (°) 6
hpm (Mm) 3 Wes (°) 3
hr (mm) 2 Wee (°) 3
War (mm) 9.6 a (%) 90
Waz (mm) 8.6 B1 () 30
W3 (mm) 5 B2 () 150
Waq (mm) 1.8 y1 (%) 45
har (mm) 2.4 72 (%) 135
haz (mm) 3 01 (°) 60
has (mm) 0.8 02 (°) 50

Because £ is a fixed value, according to equations (7) - (9),
the parameters of the stator slot affect each other. Therefore,
the parameters shown in TABLE 2 are selected as the opti-
mization variables of DLW-HFTM, and the value range are
selected in TABLE 2.

hat = h—hgy — hg3 — hqs — d @)
(2
has = 2r sinEZ ®)
2
hgs = — tan — 9
a4 ) )

By equation (10), the parameter sensitivity of different
structures S(X) are calculation, and the radar diagram of
multi-objective sensitivity analysis is shown in Fig. 10.
F(X0£AXi)—F(X0)

F(X0)
{ +AXi)

S (X) = Avg[S(Xi)] = Avg { } (10)

X0

where X is the design parameter variable of DLW-HFTM,
X is the initial value of X, and X; is defined as 10%, 15%, and
20% of its initial value, respectively. S(X;) is the parameter
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sensitivity of the X;. Avg[S(X;)] is the average value of the
S(X;), and F(Xp) is the value of optimizing the target under
the condition of Xj.
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FIGURE 10. The radar diagram of multi-objective. (a) Output torque.
(b) Torque ripple. (c) Efficiency.

The sensitivity analysis of the output torque, torque ripper
and efficiency under the condition of the different design
variables is shown in Fig. 10. If the sensitivity is far away
from the center of the circle, the parameter variable is the
more sensitive. Therefore, it is found from Fig. 10 that Wy
and W, are more sensitive to output torque, W1, Wy2 and 6,
are more sensitive to torque ripper, and 6, is more sensitive
to efficiency.

In order to determine the impact of each parameter on
the whole optimization goal, the comprehensive sensitivity
equation S, is shown in equation (11).

Se X) = M 1St X))+ 22 [S7,, K| + A3 ]S, X)| (A1)
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where A; is the weight coefficient of the optimization goal.
St is the sensitivity of the parameter to the torque, the S7;; is
the sensitivity of the parameter to the torque ripple, and the
Sy, is the sensitivity of the parameter to the efficiency.

High level
parameters

Medium level
parameters

Low level

parameters

War Waz Was Wag By, hy d 0 0,
Paramelers

FIGURE 11. Schematic diagram of parameter level.

According to the importance of the optimization target in
the application, the weight coefficient A; and X, in equa-
tion (12) are both selected as 0.4, and A3 is selected as 0.2.
The sensitivity is divided into three levels, that is low level,
medium level and high level, as shown in equation (12). It is
seen from Fig. 11 that S, of W3, Wy4, hg3 and d are less than
0.2, so they are low level parameters. Similarly, /15, and 6; are
middle level parameters because the S is between 0.2 and 0.4.
W41, Wgo and 6 are high level parameters because the S, is
greater than 0.4.

Low level, Sc <0.2
Ranges = { Medium level, 0.2 <S¢ <0.4 (12)
High level, Sc > 04

B. OPTIMIZATION OF LOW AND MEDIUM LEVEL
PARAMETERS

According to the above analysis, the hg2, hg3, W3, Waa, 01
and d are low and medium level parameters. Using the surface
response method, these parameters are optimized to meet
the optimization objectives. The relationships between each
parameter and three optimization goals are shown in Fig. 12.

Fig. 12(a) shows that the torque T increases with the
increase of hgo and Wy3, and decreases first and then
increases with the increase of Wy4, d and 0. In addi-
tion, it is found the value of T increases slowly with the
increase of h;3.

It can be seen from Fig. 12(b) that the torque ripple 7};
increases first and then decreases with the increase of A;7,
hg3, 61 and d, and decreases first and then increases with
the increase of Wy4, and the effect of Wy;3 on the T} is not
obvious.

Fig. 12(c) displays the effect of parameters on efficiency.
It can be found that the efficiency n increases slowly first and
then decreases with the increase of W4 and d. The value of
the 1 increases slowly as the Wy3 increases, and then rapidly
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TABLE 2. Optimization range of parameters.

Parameter Value range
War (mm) 7.68~11.52
Waz (mm) 6.88~10.32
Was (mm) 4.5~75
Was (mm) 1.4~2.2
ha2 (mm) 2.4~3.8
ha3 (mm) 0.55~0.85
d (mm) 0.4~0.625
0:(°) 4.5~7.5
0:(°) 59.2~88.8

decreases. But the effect of 61 on 5 is the opposite with Wy3.
It is found that the value of the 443 is proportional to the value
of the n. Combined with the above analysis, the parameter
values of Wy3, Wya, hgo, hg3, d and 0; are designed as 6mm,
1.7 mm, 2.8 mm, 0.7 mm, 0.5 mm, and 65°, respectively.

C. OPTIMIZATION OF HIGH LEVEL PARAMETERS

On the basis of the above optimal dimensions, the output
torque of DLW-HFTM is 2.43 Nm, the torque ripple is 6.07%,
and the efficiency is 83.7%, which are close to the optimiza-
tion objectives in equation (6). Therefore, the quasi-newton
method can be used to optimize high level parameters Wy,
W42 and 6,. Its iterative formula is in equation (13).

Xir1 = Xi — axBy ' Vf (Xp) (13)

where oy is a linear search step factor, and the By is a
symmetric positive definite matrix.
The quasi-newtonian condition is shown in equation (14).

Biy1sk = yk (14)

where sg = Xit1 — Xk, i = Vf Xe+1) — Vf (Xp)-

The stator slot structure parameters of DLW-HFTM are
determined on basis of the above analysis and are shown in
TABLE 3.

TABLE 3. The parameters of stator slot.

Performance Initial value Optimal value
Wai/ mm 9.6 9.6
Waz/ mm 8.6 7.74
Was/ mm 5 6
Wasl mm 1.8 1.7
ha/ mm 3 2.8
ha3/ mm 0.8 0.7
d/ mm 0.52 0.5
01/ ° 60 65
[ 50 43.5

IV. ANALYSIS OF OPTIMAL RESULTS

A. COMPARISON OF ELECTROMAGNETIC PERFORMANCE
Fig. 13 show the magnetic induction line of 1/2 DLW-HFTM,
and it is found that the larger output torque can be provided
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FIGURE 13. The magnetic induction line of 1/2 DLW-HFTM. o p 100 150 200 250 v

due to the excellent single-side magnetization effect of the
halbach arrays.

The maximum output torque waveforms at rated speed
1500 r/min before and after DLW-HFTM are compared and
shown in Fig. 14. The output torque after optimization is
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thms.

FIGURE 14. The waveform of output torque.

2.91 Nm, which is 31.85% higher than that before optimiza-
tion, and 1.31 times of Ty . The torque ripple is 3.96%, which
is lower than that before optimization.
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TABLE 4. The loss and efficiency of DLW-HFTM.

Performance Before optimization After optimization
Pcu (W) 30.69 27.51
Pre (W) 9.43 9.48
1 (%) 90.9 922

TABLE 4 shows the loss and efficiency of before and after
DLW-HFTM optimization under the rated condition. The iron
loss and the copper loss of DLW-HFTM are indicated by Pr,
and P¢,, respectively.

After optimization, the iron loss of DLW-HFTM is 9.48 W
which is similar to before optimization. However, the copper
loss of DLW-HFTM after optimization is reduced by 3.18 W
than that before optimization. The total loss of the optimized
motor is reduced, and the efficiency of the motor is increased
to 92.2%, which meets the design requirement.

~—— A phase B phase

\ /ﬁ\

t/ ms

FIGURE 15. The three-phase no-load back EMF waveform of fault 1.

B. ANALYSIS OF FAULT-TOLERANT PERFORMANCE

The three-phase no-load back EMF under fault 1 described in
Fig. 8(a) are shown in Fig. 15, at the rated speed 1500 r/min.
The C phase is lost due to Cy; open-circuit fail.

TABLE 5. The performance of before and after failt-tolerant.

After fault-tolerant

Performance Before fault-tolerant

Case 1 Case 2

es (V) 26.02 25.73 25.79

T (Nm) 291 2.84 2.82

T:i (%) 3.96 6.33 5.67
Pcu (W) 27.51 35.94 3829

Pr. (W) 9.48 9.23 9.31

7 (%) 922 87.1 86.4

The fault-tolerant performances of case 1 are shown
in Fig.16. The three-phase no-load back EMF are shown
in Fig. 16(a). The winding C; is replaced by the winding C»»,
and the amplitude of the no-load back EMF is 25.73 V, which
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FIGURE 16. The fault tolerant performance under the case 1.
(a) Three-phase no-load back EMF waveform. (b) Output torque
waveform.
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-28

FIGURE 17. The three-phase no-load back EMF waveform of fault 2.

is 0.29 V lower than that of the normal operation in Fig. 6,
the error is less than 2%. The output torque waveform is show
in Fig. 16(b), at the rated speed 1500 r/min. The torque is
2.84 Nm, and torque ripple is 6.33%. In fault tolerant case 1,
the torque is reduced by 2.4% in contrast with the normal
operation, the torque ripple is increased by 2.37%, and the
efficiency is reduced to 87.1%, as shown in TABLE 5.
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FIGURE 18. The performances of case 2. (a) Three-phase no-load back
EMF waveform. (b) Output torque waveform.

Similarly, three-phase no-load back EMF of fault
2 described in Fig. 8(b) is shown in Fig. 16.

When the fault 2 happens, the fault-tolerant performance of
case 2 is shown in Fig. 18 and TABLE 5. Fig. 18(a) indicates
that the back EMF amplitude is 25.79 V, less than 2% than the
normal operation. Fig. 18(b) is the output torque waveform
under fault tolerant case 2, at the rated speed 1500 r/min. The
torque is 2.82 Nm, and the torque ripple is 5.67%, and the
efficiency is 86.4%.

V. CONCLUSION

A new type of joint motor for robot is proposed in this paper.
A hierarchical optimization method based on parameter sen-
sitivity analysis is used to determine the optimal structural
parameters of the motor quickly and effectively. The param-
eters of medium and low level are optimized by response
surface method, the high level parameters vel are optimized
by quasi-newton method. Compared with the design require-
ments of DLW-HFTM, the torque is increased by 31.85%,
the torque ripple is reduced by 3.96%, and the efficiency
is increased by 2.2% through the optimal method. When
the open-circuit fault happens under the rated condition,
switching the winding connection can satisfy the demand of
torque. Although the efficiency is lightly reduced and the
torque ripple is lightly increased, it is noted the DLW-HFTM
can improve the fault-tolerance without the complex control
algorithms.
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