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Abstract: Flywheel energy storage is a new energy storage technology. The existing technology is mainly
based on ordinary high-speed motor as the main driving force lead to flywheel energy storage system is inef-
ficient and can’t reach the ideal energy conversion efficiency. The new type of 12 dot 8-pole high speed mo-
tor is designed based on the structure of a new flywheel energy storage device. It is added suspension winding
to the outer rotor brushless DC motor to make it a bearingless motor. Firstly, the structure and size of the mo-
tor are described in detail. Secondly, the principle of the motor is introduced in detail and the mathematical
model of the motor is derived. Thirdly, the finite element tool is used to simulate the design of the motor. Fi-
nally, The simulation system is built using the obtained mathematical model. The simulation of two different
states of electric motor and electric generator is carried out. The experimental results show that the parameters
of the motor meet the design objectives. It can be used in flywheel energy storage structure and make it more

efficient.
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1. Introduction

The bearingless Brushless DC Motor can not only rotate
but also levitate at the same time via integrating the mag-
netic suspension winding into the stator of the motor.
Moreover, it provides a new approach to solving the
problem of brushless DC motor's noise and vibration and
has potential applicationinthe areaof flywheel energy
storage.

Relative to the bearingless asynchronous motor, bearing-
less permanent magnet synchronous motor and bearing-
less switched reluctance motor, bearingless brushless DC
motor started late for nearly ten years. However, thanks
to the growth of high-performance motor demand and a
series of advantages of bearingless brushless DC motor,
in recent years domestic and foreign scholars have car-
ried out research on bearingless brushless DC motor and
achieved a series of results.

The initial design of the bearingless brushless DC motor
is based on the genera brushless DC motor to add a set
of suspension winding to produce suspension force. After
the scholars have proposed a non-bearing brushless DC
motor and a single winding non-bearing brushless DC
motor, but the study of the motor size is small, does not
apply to flywheel energy storage device. And the single
winding motor, although the motor body to simplify the
structure, but the control of the motor a lot of complex,
high-speed rotation in the motor when the difficulty of
control increased a lot. Later, some scholars have de-
duced the mathematical model of the suspension force of
the bearingless brushless DC motor according to the
magnetic circuit method, and verified the mathematical

model with the finite element software. But only for the
inner rotor double winding bearingless brushless DC
motor.

According to the above, in order to cope with the mag-
netic bearing operation in the flywheel energy storage
device, this paper uses 12-slot 8-pole out-rotor bearing-
less brushless DC motor. The motor axia length isrela
tively short that can make the flywheel energy storage
device structure more concise. And the flywheel energy
storage device in the motor needs to work in the electric
and power generation two states, select the double
winding motor easier to control, in the power generation
state can aso control the levitation force. Through the
control model simulation, you can see the motor can be
applied to flywheel energy storage device.

2. Structure of a Motor

Figurel shows the cross section of the proposed
ORBBDM. The stator adopts the salient pole structure.
The torque winding and the suspension winding are
wound on the stator salient pole in a concentrated
winding manner. Torque winding consists of U, V, W
three-phase winding, each phase winding consists of four
coils, a total of 12. Among them, U1, U2, U3 and U4
windings form U-phase windings in series. V1, V2, V3
and V4 windings form a V-phase winding in series. W1,
W2, W3 and W4 windings form W-phase windings in
series. Each coil is wound around a stator tooth and is
distributed in the clockwise direction in the order U1—
V1-W1l-U2-V2—-W2—-U3—-V3—-W3—-U4—-V4—-
W4,
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Suspension winding consists of six sets of windings, each
pair of relative stator teeth on the coil in seriesto form a
suspension force winding, al, a2, bl, b2, c1, c2 atota of
Six sets. Since the mutual inductance between the con-
centrated windings is very small, and the torque winding
and the suspension force winding of the coals do not al-
ways energize at the same time, the decoupling control
between the torque and the suspension force can be rea-
lized.

Figure 1. The Structure of ORBBDM

3. Mathematical Model of Suspension Force

Based on the above andysis, the principle of the radial
suspension force of the 12 groove and the 8 pole struc-
ture is studied. A case study is carried out to analyze the
single degree of freedom of the rotor along the X axis
when the rotor winding of Al is used to control the rotor
suspension. The motor structure of the suspension force
winding Al is shown in figure 2. Winding A1 consists of
series connected windings all and al2. The thickness of
permanent magnet is hm. Stator inner diameter isr. Sta
tor outer diameter is R. Rotor shaft length is|. The aver-
age air gap length is 6. The turns of windings all and
al2 are N. The pole arc angle is or. In order to ignore the
influence of rotor gravity, motor vertical placement.
Therefore, the resultant force of the rotor in the equili-
brium position is 0, that is, the suspension force winding
current is about 0. At this time, the forward displacement
of the rotor aong the X axis is x. The direction of the
current in the winding is shown in Figure 3.

There are the same amplitude and opposite direction in
the suspension force winding all and al2. So the in-
duced current is 0. To facilitate the derivation of the for-
mula, the following assumptions are made: (1) the mu-
tual inductance between the core reluctance, magnetic
flux leakage, edge flux and concentrated winding is neg-
lected. (2) Core free saturation. (3) The recovery magnet-
ic permeability of the permanent magnet is 1, and the
demagnetization curve coincides with the recovery line.
(4) The rotor yoke stator inner circle and outer circle as
the boundary condition. According to the similarity of the
magnetic circuit of the suspension force all and the al2,
the equivalent magnetic circuit of the x axis is shown in

Figure 3. The upper and lower sides correspond to the
equivaent magnetic path of the right portion of the sus-
pensional force winding all and the left portion of the
suspension force winding al2, respectively.

Figure 3.Equivalent M agnetic Cir cuit

Resultant force of rotor eccentricity:

N N Z,U«OS(IWm + ia)z 1 2% (1)
20, +6) h +6 * , +5)2]

Regardless of therole of the axial force of the bearingless
brushless DC motor, the rotor is mainly subjected to two
forces, namely the tangential force and the radia force.
Tangential force control rotor rotation. Radial force con-
trol rotor suspension. Radia force is divided into two
kinds. One is due to the magnetic force between the per-
manent magnet and the stator core on the rotor. When the
rotor is not eccentric, the magnetic force of the rotor is
zero due to the symmetrical distribution of the stator core
aong the circumference. When the rotor is eccentric, the
magnetic force is no longer is 0, that is, produced aong
the eccentricity that the air gap length of the direction of
the unbalanced magnetic tension. The second type is due
to the rotor eccentricity, the need to pass in the suspen-
sion force winding current, this part of the current gener-
ated by the electromagnetic force to overcome the rotor
by the unbalanced magnetic tension, so that the resultant
force of the rotor is always toward the center of the stator.
So the unbalanced magnetic tension and the magnetic
force generated by the cantilever windings are aways in
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pairs in the opposite direction, and the two interact with
each other to stabilize the rotor.
Unbalanced magnetic tension is generated by the interac-
tion between the permanent magnet and the stator core,
and therefore only with the equivalent current of the
permanent magnet, that is, ia= 0 in equation (2). Due to
the uniform distribution of the stator teeth and the rotor
permanent magnet along the respective circumferential
surfaces, it is considered that the magnetic force of al the
stator teeth on the rotor deviates from the center of the
stator, that is, the first term of the polynomial in equation
(2) is zero, so only the polynomial The second item can
be. the six pairs of teeth on both sides of the y-axis pro-
duce unbalanced magnetic tension, and the total unba-
lanced magnetic tension is
_2Bn’s
", +6)
_ 6B%M?’S <

i, +6)
Ignoring the second term of equation (2), the electro-
magnetic force of the rotor is caused by the interaction
between the magnetic field of the suspension force and
the magnetic field of the permanent magnet, and there-
fore the sum of the suspension force winding current and
the equivalent current of the permanent magnet (ia+ Im/
N). So the suspension force winding al on the rotor of
the electromagnetic forceis

F1:F117F12:ZSBrth i (3)

a. a a (hm +6)2 a
According to the above analysis of the unbalanced mag-
netic tension and the electromagnetic force generated by
the cantilever windings, it can be seen that the radial
force of the rotor along the x-axisis

(L +2cos® 30° + 2cos® 60°)x

)

2SB | N B2
Fsalea1+Fx: S rmzia Grmsz (4)
a +8 ko, +0)
Can be written as
F,, =ki, +kx (5)

Where: ki is the current stiffness coefficient; kx is the
displacement stiffness coefficient, the concrete expres-
sionis(12) and (13).

2SB1 N
6B712S
r'm (7)

T, oy
4. M agnetic Suspension Control Method

Figure 4 shows the control system configuration of the
proposed bearingless brushless dc motor. In the control
system, the motor controller is quite same as that of the
conventional brushless dc motors. Hence, the magnetic
suspension controller is explained in details below.

Figure 4 shows the configuration of the control system.
In the motor controller, the rotor angular position is

detected every 30 mechanical degrees by Hall sensors.
For the current command IM* and the detected angular
position , the current commands iU*, iV* and iW* in the
U-, V- and W-phase motor windings are determined. The
motor winding currents iU, iV and iW follow the current
commands.
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Figure 4.Control System Configuration

A description of how the suspension winding sets are
selected to stably support the rotor shaft is provided be-
low. Theradia position of the rotor is detected along two
perpendicular axes (x and y) by the gap sensors. The dif-
ference between the detected rotor radial position and the
position command is amplified by a Proportional-
Integral- Derivative (PID) Controller on the x and y axes
and, as aresult, the suspension force commands Fx* and
Fy* are determined. When the rotor angular position is
within the ranges of 0 to 15 mechanical degrees and 45 to
60 mechanical degrees, the suspension windings bl and
b2 are excited. The suspension force commands Fx* and
Fy* are transformed into the Fb1* and Fb2* in the bl-
and b2-axes, where the directions of MMFs of the sus-
pension windings b1 and b2 are defined as. The current
commands ib1* and ib2* for the suspension windings bl
and b2 are determined to be proportional to the Fb1* and
Fb2* so that

&, 0_ €F'0_ €écosl20® sin120° U€F, U

T B T
where K is a current constant. Note that the b1- and b2-
axes are rotated by 120 degreesin the x- and y-axes.
For the angular position ranges of 15 to 30 degrees and
60 to 75 degrees, the suspension windings al and a2 are
excited. The suspension force commands Fx* and Fy*
are transformed into the Fal* and Fa2* in the al- and a2-
axes. The current commands ial* and ia2* in the suspen-
sion windings al and a2 are similarly determined where

g 0 eF'u éF’u
8% =Keg ™ g=Ka "y )
daz U & a0
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Note that the al and a2 axes correspond to the x- and y-
axes.
Finaly, for the angular position ranges of 30 to 45 de-
grees and 75 to 90 degrees, the suspension windings cl1
and c2 are excited. The suspension force commands Fx*
and Fy* are transformed into the Fc1* and Fc2* in the
cl- and c2-axes. The current commandsicl* and ic2* are
determined where
G U_ | 6FU_ | 6cos240  sin240° UEF, U
doh o0 e Sn240 cos240GeF, g
where the ¢l and c2 axes are rotated by 240 mechanical
degrees from the x- and y-axes. According to (1)-(3)
above, the rotor shaft is stably suspended without the
mechanical contact.
Figure 5 shows a set of example waveforms for the cur-
rent commands of the suspension windings when a sus-
pension force is required aong the x axis. The suspen-
sion winding currents are square waveforms with the
same frequency as the motor winding current. The cur-
rent commands ia2* for the suspension winding a2 is
zero when a suspension force is generated along the x
axisonly.
It can be observed that even though motor and suspen-
sion windings may wound around the same stator tooth,
they are not excited at the same time. For example, dur-
ing arotor angular position of between 0 and 15 degrees,
the U-phase motor winding is excited; however, the sus-
pension windings al and a2, which is wound on the same
stator teeth as the Uphase motor winding, are not excited.
This means that the coupling and mutual interference

(10)

between the motor and suspension windingsis very small.

Hence, by use of the proposed magnetic suspension con-
trol method, the motor can be stably suspended without
the mechanical contact.

An EMF isinduced by the PM flux into each suspension
winding; however, because of the series connection of
opposite cails, the net sum of these EMFs is zero since
they are linked by an equa and opposite magnet flux.
Therefore the PM flux does not influence the current
commands in the suspension windings.

5. Experimental Results

Figure 6 Schematic diagram of the motor. The motor is
an outer rotor structure with four air gap sensors on the
outside to detect the rotor position. Two gap sensors are
equipped along two perpendicular radia axes, respective-
ly.

Fig. 8 shows motor torque current stable waveform. This
value to achieve the set target of motor power.

Fig. 9 shows motor speed waveform. The simulation of
the motor speed is set to 5000 rpm. The simulation shows
that the target iswell established.

Fig. 10 shows the motor rotor displacement waveform.
Therotor is aways moving around the center. The results

show that this control method can be used to control the
motor suspension.
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6. Conclusion

The bearingless brushless DC motor is applied to the
flywheel energy storage in the article. The motor general-
ly works above 5000 rpm. The motor increases the sus-
pension winding to produce suspension force in order to
solve the problem of high mechanical loss when the
speed is high. The use of externa rotor structure makes
the flywheel energy storage device structure simplified.
The mathematical model of the motor awakened the de-
rivation. Through the finite element simulation can be
seen that the motor can produce a stable suspension force

and does not affect the performance of the original motor.

The motor meets the design goals and meets the require-
ments of the motor in the flywheel energy storage device.
The prototype is further validated for the design of the
motor in future. And further improve the motor speed to
reach 20,000 rpm.
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