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Abstract: In order to avoid the unsafe operation and raise efficiency of yokeless and segmented
armature axial flux motors at high speed, the control current of air gap flux is expected to be as small
as possible with the same field-weakening effect. To reduce the control complexity, a new structure
of module poles with a combination of permanent magnet and soft magnetic material is proposed,
which has the characteristics of lower d-axis reluctance and a higher performance of yokeless and
segmented armature axial flux motor with surface mounted permanent magnet. According to
finite element analysis (FEA), the flux distributions of a rotor pole in no-load and demagnetization
condition are contrasted, and under this new configuration, the derivative analytical models of
back electromotive-force (EMF), electromagnetic torque, and air gap flux are validated, moreover,
the influence of soft magnetic material of rotor poles on controlling the air gap flux is investigated
in different load. Based on a particular objective function, the combination of permanent magnet
and soft magnetic material is optimized. The results show that optimal solution of field-weakening
performance of yokeless and segmented armature axial flux motors can be improved effectively
and legitimately.

Keywords: axial flux permanent magnet motor; yokeless and segmented armature; field-weakening;
soft magnetic composites; module poles

1. Introduction

During recent years, the rising cost of energy and environmental issues have encouraged
researchers to investigate techniques for increasing the efficiency of electric drives. Greenhouse
gas emissions mainly come from road transportation vehicles, such as cars, vans, and heavy goods
vehicles. One way that may solve this problem is to generalize the use of vehicle electrification.
In order to be economical in terms of cost, weight and magnitude, while meeting performance and
reliability demands, it is expected to maintain payload and not add too much extra weight on the
vehicles in the meanwhile. The technology of yokeless and segmented armature axial flux motors was
developed specifically for the electric vehicles to solve those economic and technological problems,
besides, because of its superior performance, it can be applied to many fields such as renewable energy
sources and flywheel energy storage, and it can also be designed as a high pole machine for low-speed
energy systems, such as wind and hydro generators [1-3].

Yokeless and segmented armature axial flux motor is a new type of axial flux permanent magnet
(AFPM) motor. Compared with traditional AFPM motors, it has smaller stator core weight and iron
loss, shorter end-windings, and a higher winding fill factor, which facilitate the higher power density
and efficiency of the machines. The most significant feature is the structure of stator. The stator is
mechanically and magnetically separated without yoke, which can reduce the cost, volume, weight and

Energies 2017, 10, 1492; doi:10.3390/en10101492 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://dx.doi.org/10.3390/en10101492
http://www.mdpi.com/journal/energies

Energies 2017, 10, 1492 20f12

unnecessary loss of machines greatly. The stator is composed of a number of identical small modules.
In these modules, stator shoes and stator bars are stacked by electrical steel sheets or pressed by soft
magnetic composites (SMC) materials or other new materials, such as amorphous alloy. The simple
windings are wound around the core directly with insulating materials on the surface, so a high fill
factor can be achieved. In a word, the new structure of stators plays an important role in improving of
power density and efficiency and it also simplify the manufacturing process of yokeless and segmented
armature axial flux motor, which makes it an ideal design for electric vehicles [4].

The rotors of yokeless and segmented armature axial flux motors are same as that of conventional
AFPM motors. The rotors of most machines are constructed with surface-mounted permanent
magnets, the d-axis inductance is approximately equal to the g-axis inductance, their numerical
value is very small, and the reluctance of the d-axis magnetic path is high. All of these features have
caused some difficulties in vector control, and for permanent magnets also pose a risk of irreversible
demagnetization. At the same time, an excessive increase of d-axis current can lead to an increase
of total losses, and thus lower efficiency of machines can result. The method of replacing a part
of the permanent magnet with a soft magnetic material has been proposed in [5-7] improving the
field-weakening capacity of AFPM motors. Reference [5] has indicated that soft magnetic materials
can provide a low-reluctance magnetic path for armature reaction flux, and with the new structure,
the air gap flux can be reduced by 40% under maximum demagnetization conditions. Reference [6]
has indicated that the d-axis inductance of AFPM motors is increased under the new structure. After
verifying the correctness of the electromagnetic calculations and analysis, [7] has proved that the
predicted results are consistent with the experimental results. However, the above researches are
limited to traditional AFPM motors without any analysis of the field-weakening capability of yokeless
and segmented armature axial flux motors and a quantitative analytical calculation of back EMF, torque
and air gap flux. Moreover, the optimum pole configuration is not presented under the new structure.

This paper proposes a new type of yokeless and segmented armature axial flux motor with
modular poles, replacing a part of the permanent magnetic material with a soft magnetic material
with the shape of rotor poles remaining unaltered. Based on the analytical calculation and FEA,
the performance of machines with this new structure under various conditions is discussed. Also,
the analysis of the influence of the dosage of soft magnetic materials on the filed-weakening capacity
is accomplished. According the FEA results, the rationality of analytical calculation models is verified.
After weighing the output performance and field-weakening performance, the optimal value of the
objective function is obtained, which can maximize airgap flux control ability.

2. Yokeless and Segmented Armature Axial Flux Motors

The surface-mounted yokeless and segmented armature axial flux motor topology is shown in
Figure 1. This is a double-rotor, single-stator configuration [8,9]. The stators having coils wound
on stator bars are placed in the middle of motor with the construction of yokeless and segmented
armature, which are enclosed by an annular stator housing that extends between the air-gap. The stator
housing comprises two mating clamshells and each clamshell is moulded from reinforced plastics
and interconnected through one or more intermediate components optionally. The rotors having
permanent magnets are placed symmetrically on two sides of stator, and the permanent magnet poles
are arranged alternately with N pole and S pole and mounted on the surface of each rotor back iron,
in addition, the magnetic flux flows along the axial direction. Figure 1b is given to illustrate the
closed path of the magnetic path. After passing through the air gap and the stator core along the axial
direction, the main magnetic path which departs from the N pole of one rotor reaches the S pole of the
other rotor. Then, the path reaches the N pole via the rotor back iron, and it passes through the air gap
and stator core along the opposite axial direction. Finally, within an exactly opposite process, the main
magnetic path returns back to the N pole of departure side. Therefore, the cost and complication of
manufacturing process of the stator bars and stator shoes can be increased greatly if they are stacked
by the laminated electrical steel sheets with different sizes. Although the lamination of electrical steels
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reduces the eddy loss to a certain degree, the loss cannot be avoided anyway because of the high
electrical conductivity. Furthermore, the laminated electrical steel sheets can only be used for 2D flux
guidance. In comparison with the laminated electrical steel sheets, SMC materials can be pressed into
any shape easily with almost no remnant and it suits 3D flux applications with anisotropy [10-15]. In
this paper, stator shoes and stator bars are manufactured from SMC materials, and the main design
parameters are shown in Table 1.
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Figure 1. Structure of yokeless and segmented armature axial flux motor: (a) Exploded view;
(b) Side view.

Table 1. The prototype parameters.

Parameters Value
Numbers of pole pairs 5
Numbers of stator segment 12
Numbers of phase 3
Conductor diameter 2.2 mm
Permanent magnet length 8 mm
Back iron length 10 mm
Airgap length 1.5 mm
Active length 81 mm
Inner diameter 132 mm
Outer diameter 204 mm

3. New Structure of Rotor Poles

In this section, the structure of rotor poles of yokeless and segmented armature axial flux motor
is optimized on the basis of original so as to improve the field-weakening performance. Part of
permanent magnet is replaced by soft magnetic materials, thus the rotor pole can be divided into
two parts according to material properties. One of them is NdFeB permanent magnet along the rotor
outer ring, which is magnetized in the axial direction, as known as permanent magnetic part. Another
part is soft magnetic materials along the rotor inner ring, as known as soft magnetic part. Electrical
steel sheets or SMC materials can be chosen as the soft magnetic material. In spite of the advantages
of SMC material mentioned above, it has low permeability and high cost. Considering of cost and
simple shape of rotor poles in this paper, the electrical steel sheets are selected as the materials of
soft magnetic part, and they are laminated to reduce the leakage flux on the rotor pole along axial
direction. The non-magnetic material layer is inserted between soft magnetic part and permanent
magnetic part to prevent the magnetic short circuit which can reduce the utilization of permanent
magnet. The optimization of the rotors is shown in Figure 2.
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Figure 2. Optimization of rotor: (a) Original rotor; (b) Optimized rotor.

After optimization, the magnetic reluctance of d-axis magnetic path obviously decreases, due to
existence of soft magnetic material in rotor inner ring. The current that controls the air gap flux can be
smaller than before. The air gap flux is composed of two parts. Neglecting saturation, the magnetic
paths of the two parts are independent of each other. One part is fixed flux which is provided by
permanent magnet with high magnetic resistance and constant flux source. Another part of the air
gap flux is excited by armature reaction caused by d-axis current, and it is generated after the soft
magnetic part becomes magnetized. The magnitude and direction of flux are commanded by stator
current vector. The flux distributions in no-load and demagnetization condition of a rotor pole are
shown in Figure 3.

B/T
Permanent magnetic part 1.90575
1.79365
168154
1.56944
145734
1.35524
1.23314
112104
1.00893
0.896832
0.78473
0.672629
0.56527
0.448425
Soft magnetic part 822;2
011212

0

(a)

B/T
1.90575
1.79365
1.68154
1.56944
145734
1.35524
1.23314
1.12104
1.00893
0.896832
0.78473
0.672629
0.56527
0.448425
Soft magnetic part 0336323
0.224222
011212

0

Permanent magnetic part

(b)

Figure 3. Flux distribution of a rotor pole: (a) In no-load condition; (b) In demagnetization condition.
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In Figure 3, the soft magnetic part is not magnetized under no-load conditions, so that the
magnetic field direction of the soft magnetic part is disorganized and the magnetic density is relatively
low. Under demagnetization conditions, the soft magnetic part is magnetized, so that the magnetic
field direction of the soft magnetic part is opposite to that of the permanent magnetic part, and the
magnetic density increases significantly. As a result, the total air gap flux can be adjusted controlling
the d-axis reaction flux.

4. Effect of the Soft Magnetic Part

The following discussions neglect the effect of winding resistance, saturation and permanent
magnet flux leakage and take no account of permanent magnet irreversible demagnetization.

4.1. No-Load Back EMF Analysis

For AFPM motors, the expression of no-load back EMF effective value is:
E = V27 fNK4p®o )

where f represents the magnetic field change frequency, N denotes the winding turns in series per
phase, Kqp, represents the winding factor, @ is no-load air gap flux per pole.

The existence of a soft magnetic part can offer a low-resistance magnetic circuit for a yokeless
and segmented armature axial flux motor, so that the expected effect of field-weakening is achieved,
but the reduction of the permanent magnet is going to affect the air gap flux per pole. Therefore,
Equation (1) needs to be modified. Under the new rotor pole structure, no-load back EMF can be
effectively represented as a function of the soft magnetic part to permanent magnetic part area ratio.

This can be written as: s

1+6
In the formula above, K¢ and Br, represent the waveform factor and peak value of the no-load
air gap flux density, respectively, Sy represents the windings average area. In addition, ¢ is the ratio

E = V21 fNKgpKpBmSy )

of Apm and Agm, Apm represents area of permanent magnetic part face air gap and Agsn, is that of soft
magnetic part. Equation (2) indicates that the back EMF decreases as the area ratio increases.

4.2. Electromagnetic Torque Analysis

The electromagnetic torque of APFM motor is composed of two parts: excitation torque and
reluctance torque which is caused by the asymmetry of the rotor magnetic path, and the expression is:

Tem = iyl — (Lq — La) lalg] 3)

In Equation (3), p is pole pairs, ¥y represents magnet flux linkage, Lq and Lq represent d-axis and
g-axis inductance respectively, I4 and 4 represent d-axis and g-axis current, respectively.

The influence of soft magnetic part for electromagnetic torque, which relates to the amount of
the soft magnetic materials, is embodied in two aspects. On the one hand, with the soft magnetic part
dosage increasing and permanent magnetic part dosage decreasing, the magnet flux linkage is prone
to decline. A successively drop of the excitation torque may result. On the other hand, the increment
of the amount of soft magnetic part leads to the increment of Ly, and the remaining value of Lq, which
also causes an increment of reluctance torque. By derivation, electromagnetic torque is given in the
form of a function of area ratio as:

Tem = P{leolq—fs[leoIqu (Lq —Ldo)ldfq” 4)

where ¥y and Lgqg denote the permanent magnet flux linkage and d-axis inductance for the machine
with only permanent magnet in the pole (¢ = 0), respectively, and the saliency factor of machines is
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equal to one (Lg = Lg). Moreover, according to Equation (4), an increment in area ratio leads to a
decline of torque with the same stator current.

4.3. Air Gap Flux Analysis

The relative permeability of air and permanent magnet is about 1, and their magnetic reluctance
is much higher than that of soft magnetic materials. With the analysis of the material properties, the air
gap flux along the radial direction is divided into two parts: the flux in front of the permanent magnetic
part ®¢_pm and the flux in front of the soft magnetic part ®¢_gm:

HeLpm

Py om = =P 5

9_pm Rg_pm T Rpm ( )

q)g_sm = M (6)
Rg_sm

In Equation (6), fumq is the equivalent d-axis armature reaction magnetomotive force caused by
stator current, and H represents the permanent magnet coercivity.
The total air gap flux is:
q)g = CIDg_pm + q)g_sm (7)

The air reluctance of the permanent magnetic part and soft magnetic part can be derived
respectively as:

__%
__ %
Rg_sm B ,uOAsm (9)

where g is air gap length, and y represents air permeability. Furthermore, the permanent magnet

reluctance is written as:
2Lpm

,upm,uOApm

Hpm Tepresents the permanent magnet permeability, and Lym represents the permanent magnet

Rpm = (10)

axial length. It is observed that the reluctance in front of the soft magnetic part decreases as the area
ratio increases, so that a low-reluctance magnetic path for the armature reaction flux is obtained.

5. Simulation and Optimization Results

5.1. Simulation Anylysis in No-Load Condition

In this section, simulations of yokeless and segmented armature axial flux motors are conducted
under no-load conditions, containing 10 groups of machines with the same thickness and shape but
different rotor pole area ratios. Figures 4 and 5 are obtained when the area ratio equals 0. Figure 4
illustrates the flux density distribution of the prototype machine. Figure 5 shows the air gap flux
density curve at the particular position where the radius is 84 mm, which is the average value of
the radius of inner ring and outer ring, and the result shows that the no-load air gap flux density is
over1T.
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Figure 4. The distribution of no-load flux density of yokeless and segmented armature axial flux motor.
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Figure 5. The curve of no-load flux density of yokeless and segmented armature axial flux motor.

To verify the accuracy of the analytical expression (2), the simulation of no-load back EMF is
conducted for the same rotor pole shape and thickness. The curve of the back EMF effective value
under different area ratios of soft magnetic part to permanent magnet part is shown in Figure 6, and the
analytical calculation results which are represented by the red curve are quite consistent with the
results of finite element simulation which are shown as black dots. The result of the finite element
simulation demonstrates the accuracy of the analytical calculation. Apparently the value of back EMF
descends as the area ratio increases, which is concerned with the reduction of air gap flux. An excessive
decline may have an adverse impact on the operation of machines under base speed.

Back EMF effective value/V

40

0 0.2 04 0.6 0.8 1

Area ratio

Figure 6. The curve of back EMF effective value in no-load condition.



Energies 2017, 10, 1492 8 of 12

5.2. Simulation Analysis in Rated-Load Condition

In comparison with a traditional AFPM motor, the iron of yokeless and segmented armature axial
flux motors can be cut nearly 50% because of the particular structure of yokeless stators [16], resulting
in a great reduction of the total losses. That is to say, the high efficient output of machines can be
ensured when the injected current density of windings is higher than the conventional value. In this
section, 10 groups of yokeless and segmented armature axial flux motors in rated-load condition are
simulated, keeping the shape and thickness of rotor poles unaltered as the area ratio varies, and it is
assumed that the current density of stator windings maintains a constant value of 16 A/mm?.

As discussed in the previous section, to prove the rationality of the analytical expression (4),
the simulation of rated torque is conducted with the preconditions mentioned above. The curve of
torque under different area ratios is shown in Figure 7, and the results of the analytical calculation
which are represented by the red line are quite consistent with the results of the finite element
simulation which are shown as black dots. The finite element simulation result demonstrates the
accuracy of the analytical calculation. The reduction of rated torque is expected to as small as possible,
which can minimize the influence on output performance of machines below the base speed.

100 Reluctance torque

in magnetizing state

80 f
Permanent magnet torque

in magnetizing state

60
Total torque

in magnetizing state
4071

) ‘H//

0 0.2 0.4 0.6 0.8 1

Torque/N+*m

Area ratio

Figure 7. The curve of torque under rated-load conditions.

The machines with field-weakening capability that exhibit negative saliency can be controlled
using any of the operating modes presented in the literature, including the maximum torque per amp,
field-weakening and maximum torque per volt, respectively, when the rotational speed increases.
For the negative-saliency permanent magnet machines, the trajectory of the maximum torque per
amp is a convex curve with deviation to the right, and the machine stays in magnetizing state with
positive d-axis current under base speed. The maximum torque can be developed using the maximum
torque per amp mode. The increment of area ratio leads to the increment of d-axis inductance
but has no influence on g-axis inductance. Therefore, it can be seen from Equation (4) that the
decline of excitation torque can partially be compensated by the increased reluctance torque when
accompanied by appropriate adjustment of the I3 value. To validate this conclusion, the comparison of
the total torque, the excitation torque and the reluctance torque with positive d-axis current are further
produced by simulation, as shown in Figure 7, and it is demonstrated that the adverse effect on output
performance diminishes. In field-weakening modes, the machine transits from magnetizing state to
demagnetizing state, then the machines work in demagnetizing state if the speed goes further up with
the mode of maximum torque per volt; in addition, both the reluctance torque and the total torque
decline. The only thing is that the machine must satisfy the constraint condition to maintain a constant
power operation in higher speed.

The curve of air gap flux with diverse value of d-axis current is attained through simulations
when the area ratio is equal to 0.3, and the air gap flux of the soft magnetic part and permanent
magnetic part are respectively calculated, as shown in Figure 8. The variation of air gap flux in
different value of d-axis current is evaluated accurately. In Figure 8, with the increment of d-axis



Energies 2017, 10, 1492 90f12

current, it can be found that the value of the air gap flux of the permanent magnetic part remains
almost unchanged and absolute value of the air gap flux of soft magnetic part increases relatively
under demagnetization conditions. Thus, the total air gap flux drops much faster than the air gap flux
of the permanent magnetic part with respect to stator current, which is reduced more than 24% from
the non-magnetization value for the area ratio mentioned. It is proved that the optimized structure of
machines contributes to the improvement of field-weakening performance.

]
0.8 E:és

= 06
B Flux of permanent
-—é g'i magnetic part
= ’ .
g OQM —2— Flux of air gap
% + . .
é‘ 02 Flux of soft
o 04 1 magnetic part
S -06
H
< 0.8

-1

0 0.2 0.4 0.6 08 1

D-axis current [pu]

Figure 8. The curve of air gap flux under different d-axis current. The area ratio is 0.3.

The area ratio is the main factor that influences the demagnetizing effect of the d-axis current.
For a specific area ratio, the minimum air gap flux ®¢ i, is obtained under the maximum d-axis
current. Thus, the percentage of reduction of the total air gap can be calculated by:

Dy — qufmin

Aq)max = (DO

(11)
and the values of A® . that change over area ratio are shown in Figure 9. Apparently when the
d-axis demagnetizing current equals 0, the percentage equals 100% for each area ratio. Increasing the
soft magnetic material, the flux control capacity increases due to the low reluctance presented to the
armature reaction. The larger A® .« becomes, the better the field-weakening performance is.

100%
x  80%f X E
g
2 <
o 60%f E
o
) X
5 0,
E’ 40%F N E
[}
< x
B 20%F g
X
O X 1 1 1
0 0.2 0.4 0.6 0.8
Area ratio

Figure 9. The value of A®n,x under different area ratio.

5.3. Optimum Area Ratio Value

In this section, the optimization for the optimum area ratio value of yokeless and segmented
armature axial flux motor is carried out. According to the previous study, the field-weakening
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capacity can be enhanced with an incremented area ratio, but the back EMF and torque trend down.
These optimization indexes contradict each other and make it impossible to obtain the optimal value
simultaneously. Therefore, how to improve the performance of field-weakening without affecting the
performance under base speed is identified as the principle of optimization. The specific optimization
targets are as follows:

e  Sacrifice as few permanent magnets as possible to ensure magnet flux linkage.

e  Make the decrement of maximum torque as small as possible while keeping the current density
constant at rated speed with an aim to ensure the constant power operation at high speed.

e  Make the variation of air gap flux as large as possible while giving same d-axis current with the
purpose of improving the field-weakening performance.

Therefore, the objective function with constraint can be expressed as:

J— A‘I)max
{ Fobj = ATem X0 (12)

0<é6<1

ADpax and ATer, are the key parameters in Equation (12). A®p,y is described in the previous
section. And for a specific optimization model, ATem represents the percentage variation of rated
torque relative to it of the original machine, it can be calculated by:

Tem_O - Tem

A Tmax - T 0
em_|

(13)
where Tep o is the rated torque as the area ratio is equal to zero. Both A®ax and ATen, are the function
of area ratio, thus what the objective function needs to limit is the bound of area ratio J.

The optimization target is achieved when the objective function reaches the maximum.
The maximum value of the objective function indicates the largest changes of air gap flux and the
lowest reduction of rated torque under per unit area ratio, which fully meets the optimization targets.
This is a most cost efficient way to improve the performance of field-weakening. The ultimate purpose
of optimization is to get the value of area ratio when the F,; reaches maximum. The curve of the
objective function values is shown in Figure 10.

4

Objective function values

0 L L L
0 0.2 0.4 0.6 0.8

Area ratio

Figure 10. The objective function values under different area ratio.

Figure 10 can arrive at the conclusions that the peak value of objective function is obtained as the
area ratio is equal to 0.3, and the promotion of the objective function value of other options is limited.
When area ratio is equal to 0.1 or 0.2, the promotion field-weakening performance is less than 10%,
which is of no value. When the area ratio is equal to 0.4, the value of objective function decreases
by 10.5% and the promotion of field-weakening performance is nearly 50% in comparison with the
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optimal scheme, therefore, it is also a logical choice meeting the higher expectations of field-weakening
performance. When the area ratio is equal to 0.5 or above, both the values of the objective function and
the electromagnetic torque follow a trend of decline, thus, it is not recommended.

In summary, the optimum value of area ratio of yokeless and segmented armature axial flux
motor is equal to 0.3. Under this optimum condition, the output amplitude of back EMF is nearly 94 V
and maximum field-weakening effect is expected to reach about 24%. The optimized parameters of the
new rotor are shown in Table 2.

Table 2. The optimized parameters.

Parameters Value
Inner diameter of the soft magnetic part 132 mm
Outer diameter of the soft magnetic part 146.4 mm
Length of the soft magnetic part 8 mm
Inner diameter of the permanent magnetic part 146.4 mm
Outer diameter of the permanent magnetic part 204 mm

6. Conclusions

This paper has investigated the design, analysis and optimization of a yokeless and segmented
armature axial flux motor aiming to improve the field-weakening performance. It has been shown
that replacing a part of the permanent magnetic materials by soft magnetic materials can effectively
improve the field-weakening capacity of the machines. With this approach, a decrease of the air gap
flux of the optimal model of over 24% can be achieved when the area ratio equals 0.3. The conclusions
can be summarized as follows:

e  The results of our analytical calculation are quite consistent with results of the simulation, which
proves the quite accuracy of the analytical calculation model and finite element simulation.

e  The existence of a soft magnetic part contributes to the decline of d-axis reluctance, therefore, a lower
d-axis stator current is required while achieving the same demagnetizing effect of the machines.
The air gap flux can be flexibly controlled while using an armature reaction as control mechanism.

e Itis effective to select the optimum area ratio so as to optimize the design of rotors by setting
the rational objective function, weighing the improvement of field-weakening performance and
impact on output performance caused by the permanent magnet reduction.
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