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Abstract: The stator structure of a disc-type permanent-magnet synchronous motor is a printed
circuit board (PCB). The design of stator windings has a direct influence on motor performance and
the utilization rate of the stator. However, in some respects, PCB processing technology limits the
development of the disc-type electric motor with a PCB stator. For example, the wiring of the stator
winding and the connections of the ends are single. In this paper, an improved winding was designed
to improve the output power. The analytic expressions for the back electromotive force (EMF) and
other parameters such as power, winding resistance, and eddy loss are established, respectively.
According to finite-element theory, the characteristics of the improved winding and distributed
winding under no load and load were simulated and analyzed. It is concluded that the improved
winding not only improves no-load back EMF, along with output power and efficiency under load,
but also the utilization rate of the stator was greatly improved. Finally, a prototype was made to
verify the design that has a certain reference value for the design of a disc-type permanent-magnet
motor with a PCB stator.

Keywords: disc-type electric motor; PCB stator; improved winding; stator utilization rate;
finite-element analysis

1. Introduction

A disc-type motor with a printed circuit board (PCB) stator is different from a traditional radial
motor. The stator and rotor of the disc-type motor with a PCB stator are usually arranged along the
axial direction, and, structure-wise, it has a single rotor, single stator, middle stator, and multiple
discs. Because of problems that need to be resolved in traditional radial motors, such as torque
ripple, heat dissipation, and the low utilization rate of the rotor core, disc-type motors have received
increasing amounts of attention since the 1940s [1]. At present, disc-type motors are widely used in
flywheel energy-storage systems, the equipment of mechanical and electronic integration, and in other
fields [2,3]. Of course, PCB stator disc-type motors have numerous advantages, like light weight, high
power density, and small torque ripple [4-7].

The key factor in the design of a PCB stator disc-type motor is the PCB winding. The authors
in [8] designed and optimized rhombus PCB windings, reducing machine volume, but the rhombic
winding still occupied a large area and had a short effective conductor part. Reference [9] applied the
spiral PCB winding to microsatellite generators, which solved the problem of having a small space for
installation. The authors in [10] designed a wedge-shaped PCB winding with fewer losses and higher
efficiency, which provided a solution for low-speed marine-current applications. Reference [11] shows
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that waveform PCB windings have higher efficiency and lower losses than spiral PCB windings. A new
PCB winding designed in [12] combined the advantages of trapezoidal and circular windings, and,
increasing back EMF and power, has a shorter end and higher efficiency than trapezoidal, circular, and
rhombus windings. The inclination angle and radial length of the PCB winding in [12] were optimized
with the objective of maximizing the ratio of torque to copper consumption [13]. In [14], the width and
turns of the spiral winding were optimized, which increased the coil space factor and output power of
the motor. In [15], nonoverlapping waveform windings without end effects were used in high-speed
axial flux motors without an iron core, which enhanced the torque output. Reference [16] designed a
two-phase waveform PCB winding with an integer slot, which reduced the harmonic components and
increased the torque density of the motor.

In summary, it can be seen that research on stator windings is mainly concerned with the shape
and optimization of non-overlapping concentrated winding (such as thombus, waveform, trapezoidal,
and circular windings) at home and abroad. Distributed windings and their connection mode at the
ends of windings, and the utilization ratio of stator winding, have not been much studied.

The improved winding designed in this paper improves the utilization of the stator when
the stator outer diameter is constant. The output power, loss, and efficiency of this motor were
compared and analyzed between existing distributed windings and improved windings under various
load conditions.

The results show that the improved winding has more advantages than the distributed winding,
and it improves heat-dissipation capability and efficiency, and reduces the copper consumption. It is
also very beneficial to the enhancement of power density. Finally, the correctness of the analysis was
verified by the prototype experiment.

2. Disc-Type Permanent-Magnet Synchronous Motor with PCB Stator

2.1. Structural Characteristics

The motor mentioned in this paper has the structure of dual rotors and a single stator. The
structure of the prototype is shown in Figure 1.
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Figure 1. Structure diagram of prototype of a printed circuit board (PCB) stator disc-type motor.
(1) ends cap; (2) bearing; (3) back iron; (4) permanent magnet (PM); (5) hexagonal nuts; (6) cross sunk
head screw; (7) PCB board.

The stator winding was used in the form of a printed circuit board, which can effectively reduce
the axial size of the motor. The stator is coreless and slotless, and has no teeth. The concept of the
pole-slot match is rarely seen as a direct-viewing manifestation. Some theories of conventional radial
motors cannot be directly applied. In this paper, a conductor was taken as a slot, as shown in Figure 2,
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a coil was a single turn, the upper and lower parts of the coil are located in two “slots”, and the
windings are usually single-layer windings.

Stator “slot”

Figure 2. Structure diagram of an equivalent stator “slot”.

At present, the main types of stator windings are the spiral winding and distributed winding.
In this paper, a new improved winding was designed. The structure of the three types of windings
is shown in Figure 3. The spiral winding, as shown in Figure 3a, is made up of a concentric circle of
each coil. Each phase is connected in a series by a number of coils. The coil inside the inner circle
has shorter length in its effective part, and has a smaller winding pitch coefficient. The impedance
voltage drop in this area is likely to be larger than the back EMF, which not only has little effect on
increasing power density, but it also increases winding resistance. This winding also has larger copper
consumption and lower efficiency.

(a)

Figure 3. Schematic diagram of three different stator windings of one phase: (a) spiral winding;
(b) distributed winding; (c) improved winding.

As shown in Figure 3b, the distributed winding, different from the spiral winding, has the same
effective conductor length. The effective conductor, at the same position in each layer, is connected
in parallel through the hole to increase the current and reduce the resistance of the winding. The
distributed winding, compared with the spiral winding, can make full use of the space under the
permanent magnet, and has better output performance under the same air gap flux density. It also has
a higher winding coefficient, and lower copper consumption of the winding.

The effective conductor is expanded based on current density. The fewer the layers are, the wider
the conductor is at the same current density. For the prototype mentioned in our manuscript, the PCB
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stator has 12 layers. The number of effective conductor PCB stator layers is 12, while the outer-end and
inner-end layers are two and four, respectively, which means that the outer ends are six times wider
than the effective conductor, and the inner ends are three times the width of the effective conductor.
The inner and the outer ends occupy a large area, which lowers the effective utilization of the stator and
output power. Moreover, the ends make the area in the inner diameter very “crowded”, hence making
wiring difficult. The more ends there are, the lower the efficiency and the greater the consumption of
copper are.

The improved winding designed in this paper solves those problems. Its structure is shown in
Figure 3c. Compared to distributed windings, the length of the ends and the space occupied by them
can be greatly reduced in the improved winding. This makes the wiring convenient and increases the
input current.

The effective conductor of the improved winding is bigger than that of the distributed winding,
while the stator outer radius of the improved winding is the same as the distributed winding. The
physical dimensions of the improved-winding and the distributed-winding types are shown in Table 1.

Table 1. Physical dimensions of both PCB windings. R1, stator inner radius; R2, effective conductor
inner radius; R3, effective conductor outer radius; R4, stator outer radius.

Parameters R4 R1 R3 R2
Distributed winding 48.1 mm 13.8 mm 38.7 mm 22.4 mm
Improved winding 48.1 mm 17.2 mm 43.5 mm 224 mm

From Table 1, it can be seen that the stator outer radius of both PCB windings are the same while
the stator inner radius has been increased from 13.8 mm to 17.2 mm for the improved winding and
effective conductor outer radius also increased from 38.7 mm to 43.5 mm for the improved winding
while the effective conductor inner radius of the improved winding remain the same.

2.2. Motor Parameters

The prototype mentioned in this paper has four pairs of poles, 120 slots, a rated speed of 7500,
rpm and a rated current of 10.4 A. The inner diameter of the rotor is 44.8 mm, and the outer diameter
is 77.4 mm. Considering the influence of the eddy current, the width of the effective conductor is
0.64 mm. The basic parameters of the prototype with the improved winding are shown in Table 2.

Table 2. Basic parameters of the prototype with improved winding.

Parameters Designed Value
Rotation 7500 RPM
Current 104 A
Torque 0.35 N'm
Power 280 W
Number of winding turns 20
Number of poles 8
Thickness of conductor 1.26 mm
Width of conductor 0.64 mm
Air gap length 4 mm
Magnet inner diameter 44.8 mm
Magnet out diameter 77 4 mm
Magnet thickness 2.9 mm

2.3. Finite-Element Modeling of PCB Stator Disc-Type Motor

When the PCB stator disc-type motor is simulated under steady operating conditions, the motor
model and the magnetic field are periodically repeated along the circumferential position of the motor.
The structure and magnetic field of each pair of poles are the same. The model of a pair of poles is taken
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as the solution domain to resolve, namely, the one-fourth model. The motor solution-domain model
and the winding solution-domain model are shown in Figures 4 and 5. The following assumptions are
made to the solution-domain model:

(1)  The permeability of the coil is similar to that of air, and it is regarded as part of the air gap.
(2) The motor field is entirely inside the air domain, and the magnetic field in the outside air domain
is zero.

Figure 4. Solving domain model of the prototype.

Figure 5. Solving domain model of stator of the prototype.

3. Analytical Design

3.1. Analysis of the Winding Coefficient

The winding coefficient means that the back EMF should be discounted when short pitch coils
and distributed windings are used. For the improved winding in this paper, it can be regarded as
single-layer winding. The short pitch coefficient is usually equal to 1 and its winding coefficient is
equal to the distribution coefficient. So, the formula of the winding coefficient is as follows [17]:

sin 171°
koo =kgo = ——2 1
wu qu gsin [Xé_v (1)
where kyy is the v-order harmonic winding coefficient, and kg is the v-order harmonic distribution
coefficient. g is slots per pole per phase, a; is the electrical angle between the two effective conductors,

and v is harmonic order.
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3.2. Power Analysis
The area of the magnetic field for each pole of the PCB stator disc-type motor is given below [18]:

Uy 2 T 2\ 12
S=—(D5—Df) = —(1— D 2
1 ) P( 0 z) ) P( Y ) 0 ( )
where D; and D, are the inner and outer diameter of magnet, separately. D; is also the effective
conductor’s inner diameter, while D, also is the effective conductor’s outer diameter. 7y = D;/D, is the
ratio of the inner and outer diameters.
The fundamental magnetic flux per polar is:

7T
D= Bavsl = B(Smax“i@(l - ’)’2)D¢% (3)

where By, is the fundamental average magnetic density of the air gap, and «; is the effective pole-arc
coefficient. By = &;Bay is the maximal air-gap magnetic flux density of the fundamental wave. The
corresponding phase back EMF E; under no load is:

V2mr?
8

Ep = ﬂankwch = NkwlB(Smax“ij;(l - WZ)Dg 4
where f is the fundamental frequency, N is the number of turns in the series/phase, and k1 is a
fundamental winding coefficient.

The phase current based on the electrical load at the inner diameter of the motor is determined as

follows:
[— trraD; A

N ©)

where t is the layers of the PCB board, A is the maximal electrical load at the inner diameter, and a is

the parallel branches. Generally, the value of a is equal to 1.
In this paper, the PCB stator disc-type motor can be regarded as an unsaturated, non-salient pole
machine, so its electromagnetic power can be expressed as follows:

V2
16

Py = 3Eglcosp = AtNkagmaxai£(7 — 93)D3 cos (6)

where ¥ is the inner power factor angle.

3.3. Analysis of Copper Loss

Copper loss occurs when the current flows through the winding and lowers efficiency. The
calculation formula for phase resistance is as follows:

N

Y ln

n=1
n

T’S:p S

@)

where p is the resistivity of the copper wires, N is the number of turns in the series/phase, I,; is the
length of the nth coil, and S, is the sectional area of the nth coil.
Copper loss can be expressed as follows:

N
¥ In
=1
AP, = 31%rs = pt? t*a® D? A? 1§N2 e 8)
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3.4. Eddy Loss

Because of the PCB stator disc-type motor without the iron core, winding cannot be placed in the
stator slot like the motor with an iron core. Its winding is directly exposed to the magnetic field in the
air gap. With the rotation of the motor, there would be eddy loss in the winding; this problem would
be especially more prominent in high-speed motors. Eddy current loss is related to conductor width,
frequency of the source, and the amplitude of the magnetic flux density in the air gap. The expression
of eddy loss is as follows [19,20]:

2
7T
APeyqy = szwLB’bL (Bmt/\2 + BmaAz)WZ )

. \/1 3By + (3Buaa)” | (5Buss)” + (5Buss)” | 10)

Bgntl +Br2n111 Bzmtl +B%mz1
where p is the resistivity of the copper wires, wy, and b are the width and length of effective conductor,
respectively, B,;;y and B,,;5 are the v-order harmonic amplitude of tangential and axial flux density,
and 7, is the distortion coefficient of the flux-density waveform. It can be seen from the formula that
the eddy loss is proportional to the square of frequency and the cube of effective conductor width.
Therefore, for the PCB stator disc-type motor, the effective conductor width should be taken into full
consideration to lower eddy loss, especially for high-speed motors.

3.5. Efficiency
The equations for the efficiency calculation are the following:

)

7’] = m X 1000/0 (11)

Y P = APuyay + APey + APyec + AP,y (12)
T2 . 27‘[712

pp=="""< 13

) 0 (13)

where P, is output power, T, and n; are output torque and speed, and AP, is the mechanical loss,
which includes air-friction and bearing-friction loss. Because the size and power of the prototype are
small, the mechanical loss is estimated to 1.5 percent of the rated power [1]. AP, is stray loss, the
reason for which is very complicated, so it’s hard to determine its value. In this paper, it is estimated
to be 0.5 percent of the motor’s rated power [17]. The unit of all losses is Watts.

4. Simulation and Analysis of the Results

4.1. Simulation Analysis of No-Load Characteristics

Under the conditions of the same outer diameter, the amplitude of the air-gap fundamental
flux density for the improved winding and the distributed winding are 0.82 and 0.84 T, respectively,
at average radius. The amplitude of air-gap flux density of the improved winding decreased by
2.3%. This is because the area of the magnet became larger under the condition of the same thickness
of the magnet and the back iron, the saturation appears in the back iron. Accordingly, the air-gap
fundamental flux density of the improved winding was reduced. The air-gap flux density of the
improved winding is shown in Figure 6, and the magnetic flux distribution of the motor is shown in
Figure 7.
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Figure 6. Air-gap flux density waveform in an average radius.
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Figure 7. Flux density distribution of the motor.

The improved winding makes the stator more fully utilized and the structure more compact. The
effective conductor length is longer at the same stator size, so the no-load line back EMF is higher. The
waveform and harmonic decomposition of the no-load line back EMF of the two kinds of windings
are shown in Figures 8 and 9. It can be seen that the amplitudes of the no-load fundamental line back
EMF of the improved winding increased to 29.16 from 21.43 V, increasing by 36%. The total harmonic
distortion of the two kinds of windings is 2.3% and 2.1%. Therefore, the improved winding is clearly
superior in improving the no-load back EMF compared with the distributed winding.

30 = N T ‘Theimproved distributed |
20 b p— S ... b winding e,

1017 e Sidirbaied N — e _—
o b inding LN e

No-load line back EMF (V)

|
0 02 04 06 08 1 12 14 16 18 2

Time (ms)

Figure 8. No-load line EMF waveform.
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Figure 9. Harmonic decomposition of the no-load line EMF.

4.2. Simulation Analysis of Load Characteristics

This section compares the load characteristics of an improved winding and distributed winding
by changing the current. This paper presents 20 kinds of working conditions in which the current
changes from a 0.1 times-rated current to a twice-rated current and a 0 times-rated current stand for a
no-load condition. The current and loss curve is given in Figure 10.

o S S T cow S S T
9[ R 2 A S :
80T SRR e - Distributed winding —— R 7
e =
Seo[ e
250 : : : :
o

~ 40
30
20

10
0

Figure 10. Curve of loss with current.

The no-load loss of the PCB stator disc-type motor was mainly due to eddy loss. It can be seen
from Figure 10 that the eddy loss of the improved winding was larger than that of the distributed
winding, because the effective conductor of the improved winding is longer. However, because
winding resistance is mainly composed of the end resistance, and the improved winding increases
the effective conductor while reducing the ends of the winding, the improved winding has lower
copper loss. The resistance of the distributed and improved windings was 0.0741 and 0.0604 ohms,
respectively; resistance was reduced by 13.6%. It can be seen from Figure 10 that, as the current
increased, the loss of the two types of winding increased as well. In addition, the loss of the distributed
winding increased faster, and the loss of the two windings was near 1.2 times of that of the rated
current. When the current was greater than 1.2 times of the rated current, the loss of the improved
winding was lower than that of the distributed winding. This is because the larger the current is, the
greater the copper loss that would account for the total loss.

Furthermore, the output power of the distributed winding and improved winding was 283 and
398 W, respectively, at rated points, increasing by 40%. The curve for the output power and current is
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shown in Figure 11 at the rated speed. From Figure 11, for a longer length of the effective conductor,
the output power of the improved winding was higher than that of the distributed winding.

800

Output power (W)
=N W s a o 3
8 8 8 8 8 8 8

o

0 02 04 06 08 1 12 14 16 18 2
I/ly

Figure 11. Curve of output power with current.

The improved winding not only increased power but also improved efficiency. The efficiency
curve is shown in Figure 12 at the rated speed. The efficiency of the distributed winding and improved
winding was 89.37% and 91.46% at the rated point, increasing by 2.09%. The maximum efficiency of
the improved winding was 91.83%, at 0.9 times of the rated current point. The maximum efficiency
of the distributed winding was 90.02%, at 0.7 times the rated current point. The distributed winding
had more copper loss, so the point at which variable loss was equal to the invariable loss appeared in
advance. So, the maximum efficiency point appeared in advance. The output torque of the two kinds
of windings at the rated point is shown in Figure 13. The average torque of the distributed winding
and improved winding was 0.36 and 0.51 N-m, respectively, at the rated point, increasing by 41%.
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Figure 12. Efficiency curve of with current.

For the PCB stator disc-type motor, the proportion of the effective conductor in the stator space,
namely, the effective utilization rate of the stator winding, directly affects the torque output, efficiency,
and power of the motor. However, the line width of the effective conductor and the wiring methods
are inevitably limited by the space and processing technology of the PCB, which means that the ends
had to occupy a certain space in the stator, especially in the case of a high current. Those affect the
utilization rate of the stator winding and the further enhancement of power. The utilization rate of
the stator of the two kinds of windings is shown in Figure 14. The utilization rate of the distributed
winding stator was 46.89% and that of the improved winding stator is 68.89%, increasing by 22%. The
area of the stator winding was reduced by 4.02%, and the area occupied by the effective conductor
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climbed 39.6%. Therefore, the power, torque, and efficiency of the motor could be greatly improved by
improving the motor windings.

Output torque ( N-m)

0 025 05 075 1 125 15 175 2 225 25
Time ( ms)

Figure 13. Torque curve with time.

Q1
[}

'mproverél winding§

....... C

S
o

30

20

10 ., ........... ..........

The area of the effective conductor (cm?)
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Figure 14. Comparison of both winding utilization ratios.
5. Experimental Results

In order to verify the performance of the improved winding designed in this paper, a prototype
was made based on the above analysis. The prototype test was carried out on the experimental

platform. Figure 15 shows the stator and prototype with the improved winding, and the experimental
platform can be seen in Figure 16.

Figure 15. Improved PCB stator and prototype.
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Dynamometer Prototype

Figure 16. Experimental test platform.

The experiment of measuring winding resistance with a QJ44 type double-arm bridge is shown
in Figure 17. Measurement results of the phase resistance of the distributed winding and improved
winding are 0.078 and 0.0635 ohm, respectively. The experimental values of these two kinds of
windings’ phase resistance differ from their simulation values by 4.88% and 5%. Measurement results
of the no-load line back EMF of the prototype are shown in Figure 18.

(b)

Figure 17. Resistance measurement; (a) resistance measurement of the distributed winding;

(b) resistance measurement of the improved winding.

30
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>
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L
~ >
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£ 10 g
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S 20
-20F
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(a) (b)

Figure 18. Measured no-load line EMF curves: (a) measured no-load line EMF curves of improved
winding; (b) measured no-load line EMF curves of distributed winding.
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It can be seen that the line back EMF amplitudes of the improved and the distributed winding
are 28.5 and 21V, respectively, which are in good agreement with the fundamental wave amplitudes
simulated in Figure 9. Some parameters, such as line width, effective conductor length, copper
thickness, and the size of the through-hole, are affected by the manufacturing technology of the PCB,
as long as some small errors are brought about by the measuring instrument.

In addition, based on the existing experimental conditions and equipment, the load test of the
improved winding was conducted at the working condition of 3000 rpm, and the curve of the torque
at this speed is given in Figure 19. The figure shows that the no-load current was 1.5 A because there
exists a certain electromagnetic torque to overcome the load torque. When the current was 11.1 A, the
experimental results of the output torque were 0.45 N-m and the simulation results of the torque were
0.53 N-m, reducing by 15.1%. Under the current conditions of the existing equipment and platform,
this error is within a controllable range.

05

0.4

Torque/N -
o
N

0.0r

0 2 4 6 8 10 12
Current/A

Figure 19. Measured torque and current curves of the improved winding at 3000 rpm.

It can be seen that the deviation between the experimental value and the simulation result is
in an allowable range of engineering. So, we can draw the conclusion that the three-dimensional
finite-element calculation model established in this paper is reasonable.

6. Conclusions

In this paper, the different stator winding types of a PCB stator disc-type motor were studied, and
the characteristics of the distributed winding and the improved winding were compared and analyzed.
The conclusions are as follows:

(1) Simulation values were in good agreement with the test data, which showed that the
three-dimensional finite-element calculation model established in this paper is reasonable.

(2) For the same stator diameter, the improved winding increased the space utilization of the
stator, and the space utilization of the stator reached 68.89%, which is 22% higher than that of the
distributed winding. It is more compact in structure and particularly suitable for the requirements
of limited motor-size situations.

(3) By contrast, the amplitude of the no-load fundamental line back EMF of the improved winding
increased by 36%, and output power increased by 40%. Its effective conductor size was longer.
This does not only improve the output power and torque of the motor, but also its efficiency. It
even reduces the loss by more than 1.2 times of the rated current.

From what has been mentioned above, we can draw the conclusion that the improved winding
has great advantages.
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