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Abstract: With the increasing pressure on energy and the environment, vehicle brake energy recovery
technology is increasingly focused on reducing energy consumption effectively. Based on the magne-
tization effect of permanent magnets, this paper presents a novel type of magnetic coupling flywheel
energy storage device by combining flywheel energy storage with magnetic coupling technology.
As a high-efficiency energy storage device, it has the advantages of low energy consumption, low
vibration, low noise and easy maintenance. In this paper, firstly, the structural characteristics and
working process of vehicle brake energy recovery systems are analyzed, and experiments regarding
the transmission and efficiency performance are carried out for key components; then a reasonable
control strategy is formulated according to the principle of energy recovery; finally, the speed, acceler-
ation, recovery energy and other parameters are analyzed based on the New European Driving Cycle
(NEDC) working conditions. The results show that the energy recovery efficiency reaches 35.59%,
which verifies the usability of the device.
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1. Introduction

As a green energy storage method, flywheel energy storage has attracted widespread
attention and has been explored and applied in many fields, such as electric vehicles, wind
power generation, uninterruptible power supply (UPS), aerospace and rail transit [1-3].

Li Zhongrui et al. [4] used the working characteristics of flywheel energy storage to
propose an optimized charging control strategy, which effectively suppressed the influence
of motor loss power and load power. Li Bin et al. [5] proposed a microgrid coordinated
control strategy based on a battery/flywheel electromechanical hybrid energy storage
system, which adjusts the charging and discharging currents of the flywheel and battery
according to the remaining capacity of the flywheel and battery, so as to reduce the power
fluctuation in the microgrid caused by new energy access. Hong Yuanyuan et al. [6] used
a flywheel energy storage system to realize AC-DC-AC conversion by using the internal
frequency converter, which can urgently meet the power supply demand of the shock
load, thereby preventing the ship’s power grid from large frequency fluctuations and
accelerating fault self-healing. Chen Sizhe et al. [7] proposed a two-stage flywheel energy
storage system, and the feasibility of the flywheel energy storage system for electric vehicles
was verified after simulation and analysis of flywheel parameters. Fu Li et al. [8] proposed
the application of flywheel energy storage technology in the field of electric vehicle braking
energy recovery and increased energy utilization efficiency by storing vehicle braking
energy recovery in the energy storage flywheel to provide auxiliary power when the car
starts, climbs and accelerates. Studies in recent years have shown that flywheel energy
storage systems have great potential for the application of electric vehicles.

Automotive brake energy recovery devices are mainly divided into electrochemical
energy storage and mechanical energy storage [9]. Electrochemical energy storage converts
kinetic energy into electrical energy in brake recovery and stores it. Shiwei Xu et al. [10]
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optimized the braking force by hierarchical control of braking energy regeneration under
the premise of considering braking intent and braking compensation. Shengin li et al. [11]
proposed a distribution strategy for the braking force of the front and rear axles after
considering the regenerative braking torque as limited by the charging power of the battery.
Hao Lei et al. [12] coordinated the motor feedback braking force and hydraulic braking
force to meet the control requirements of the braking process. Wang Weiqiang et al. [13]
proposed a regenerative braking force distribution strategy based on a composite power
supply system after combining the operating conditions of pure electric buses. However,
due to the bottleneck in the development of batteries at this stage, this braking energy
recovery strategy was limited by the material requirements of the vehicle. Considering
mechanical energy storage devices is an effective way to improve the efficiency of braking
energy recovery.

Vehicle braking energy recovery technology seeks to add a set of energy storage
devices to the vehicle transmission system [14-17]. When the vehicle brakes, the braking
energy can be recovered and stored; when the vehicle starts or accelerates, the energy
stored is released, thereby improving the energy utilization efficiency.

Flywheel energy storage is a common method of mechanical energy storage. The
vehicle flywheel energy storage system proposed achieves the recovery and release of
vehicle braking energy through the combination and separation of clutches; however, the
belt drive used has the disadvantages of high wear rate, short life and large energy loss [18].
The electromagnetically coupled flywheel energy storage system proposed achieves the
recovery and release of automotive braking energy through no passage of current in the
electromagnetic differential clutch; however, the energy transfer path is complex, which
increases energy loss [19]. The proposed two-stage flywheel energy storage device has a
larger moment of inertia under the same mass, but the flywheel meshing with the flywheel
shaft through the teeth will be limited by the influence of internal stress [20]. The proposed
non-high-speed planetary gear hybrid device reduces the influence of the instantaneous
peak power of the car on the battery current change and efficiency by quickly outputting
and recovering energy; however, the use of the planetary gear mechanism increases its
structural complexity [21].

Combining flywheel energy storage and magnetic coupling transmission technol-
ogy, this paper innovatively proposes a new type of magnetic coupling flywheel energy
storage device for vehicles. The device controls the state of the energy storage flywheel
by controlling the movement of the magnetic ring, so as to realize the conversion of the
flywheel energy charging when braking and energy releasing when starting, to achieve
energy recovery. It has the characteristics of simple structure, convenient maintenance
and environmental friendliness and can realize the functions of heavy load starting, over-
load protection and energy recovery. When used in automobiles, it will greatly improve
the energy utilization efficiency, increase the driving range, and play a positive role in
reducing automobile carbon emissions to achieve green and sustainable development, thus
promoting the realization of the dual carbon goals.

2. The Structure and Function of the Device
2.1. Structural Features of the Device

The magnetic coupling flywheel energy storage device fully considers the limited
space inside the vehicle, adopts the compact design concept, and realizes the advantages of
simple structure as well as convenient disassembly and maintenance. Using the magnetic
effect, without any external energy, the device belongs to a kind of green energy-saving
environmental protection equipment [22]. The schematic diagram of the layout is shown in
Figure 1.
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Figure 1. Layout diagram.

The magnetic coupling mechanism is the core component of the device; it is mainly
composed of three parts: driving shaft, driven shaft, and magnetic ring. The structure is
shown in Figure 2.

Driving shaft Magnetic ring Driven shaft

Figure 2. Structural model diagram.

Driving shaft and driven shaft axis have similar installation, with both shafts com-
prising magnetic materials [23]. The magnetic ring is hollowly sleeved between the two
shafts and can be moved axially under a pushing device. As the magnetic ring moves, the
magnetization position of two shafts changes to realize the adjustment of the transferred
torque and speed.

2.2. The Working Process of the Device

The magnetic ring can be adjusted to realize the combination and separation of the
two shafts. The three working positions of the magnetic ring are shown in Figure 3.

Figure 3. Three working positions of the magnetic ring.

When the vehicle has just started or is in a steady state, the magnetic ring is at the left
end of the driving shaft. In this condition, only the driving shaft is magnetized, and the
driving shaft and the driven shaft are separated. The flywheel energy storage device has
no energy exchange with the vehicle.

When the vehicle starts to brake, the magnetic ring begins to move to the right, and
the driven shaft is gradually magnetized with the change of the position of the magnetic
ring. The braking energy is transmitted to the flywheel through the vehicle’s transmission
shaft as well as the magnetic coupling device’s driven shaft and driving shaft, and then
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drives the flywheel to rotate and realize energy storage. When the driven shaft and the
driving shaft rotate at the same speed, the energy storage ends, and then the magnetic ring
returns to the left end.

After braking, when the car starts again or accelerates, the magnetic ring begins to
move to the right, and the driven shaft is gradually magnetized with the change of the
position of the magnetic ring. The power of the flywheel is transmitted to the wheels
through the magnetic coupling device’s driving shaft and driven shaft and the vehicle’s
transmission shaft, resulting in energy release. Until the two shafts rotate at the same speed,
the energy release ends, and the magnetic ring returns to the left end.

When the magnetic ring is in the contact position of two shafts, the transfer torque is
the largest. So, the moving range of the magnetic ring is between the left end of the driving
shaft and the contact position of two shafts. The closer the magnetic ring is to the contact
position of two shafts, the greater the transfer torque. The farther the magnetic ring is from
the contact position of two shafts, the smaller the transfer torque.

2.3. Simulation Analysis

We used Ansys Maxwell to simulate the separation state and combination state of the
magnetic coupling flywheel energy storage device, as shown in Figure 4.
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Figure 4. The magnetic induction intensity of the device in the separated and combined states.

When the magnetic ring is in the middle of the driving shaft, the device is in a separate
state, and the driven shaft is gradually magnetized, resulting in low transfer efficiency.
When the magnetic ring is in the middle of the driving and driven shafts, the device is in
the combined state, the driven shaft is fully magnetized, and the driving and driven shafts
start to rotate synchronously.
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3. Core Component Performance Test

The test platform of the magnetic coupling mechanism is built as shown in Figure 5.
The platform provides the corresponding driving torque and load through the drive motor
and the magnetic powder brakes, respectively, and changes the magnitude of the driving
torque and load by the drive motor controller and the magnetic powder brake controller,
so as to test different working conditions. Through the slide motor controller, the magnetic
ring moves under the action of the slide motor, so that the driven and driving shafts are
separated and coupled, thereby changing the torque transmission relationship of the driven
and driving shafts.

puwder brake Torque indicator Slide motor controller Drive motor controller Drive motor lorque transducers  Coupling Magnetic ring  Slide motor Magnetic powder brakes

controller

25
- g

.é .
®

Figure 5. The test platform.

The rotational speed, torque of the driven—driving shafts, and the load of the driven
shaft are read by torque indicator and magnetic powder brake controller.

Through the working condition test, the transmission characteristics and efficiency
characteristics of the mechanism are studied. The technical support for its application in
the braking energy recovery system is provided.

3.1. Transmission Characteristics

As shown in Figure 6, we adjusted the speed of the driving shaft to 350 r/min for
testing the transmission relationship of the driving and driven shafts.

350
300
250

200

n/rpm

150 4

100 Driving shaft simulation
Driving shaft test
504 Driven shaft simulation

Driven shaft test

Figure 6. Diagram of speed and time.

It can be seen from the test data that, with the movement of the magnetic ring, the
driving shaft drives the load to start slowly through the driven shaft, and the speed of
the two shafts is gradually the same. In this way, the impact and vibration in the starting
process is reduced, and the damage of the motor by a large load is avoided.

The magnitude of the torque transmitted by the magnetic ring at different moving
positions is tested, and the results are presented in Figure 7.
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Figure 7. Relation between ring position and torque.

It can be seen from the test data that the movement distance of the magnetic ring is 60
mm, and the two shafts’ contact position of the magnetic ring is set as the origin. When
the magnetic ring is at the origin position, the maximum transmission torque is 240 N-m;
when the magnetic ring is at the left end of the shaft, the transmission torque is the smallest.
With the movement of the magnetic ring, the transmission torque gradually decreases. The
change of the transfer torque in the stage after 30 mm is relatively gentle.

3.2. Efficiency Characteristics

According to the working principle of common permanent magnet couplers, the loss
of energy is caused by the difference in rotational speed between the input and output [24].
In the magnetic coupling device proposed in this paper, the magnetic ring transmits torque
and adjusts the rotational speed by moving in the axial direction. When the magnetic ring
moves, there is a rotational speed difference between the main and driven shafts, which
will cause energy consumption.

For a constant torque load, the power calculation formula of the drive motor is
as follows:
_Tn

U

In the formula, 7 is the total efficiency of the transmission system.
The transmission efficiency of the magnetic coupling mechanism is defined as follows:

p )

_ Pout _ Pout

= ot 2
7 Pin Pout+P0 ()

In the formula, P,y is the output power, P;, is the input power, and Py is the power loss.

As shown in Figure 8, we adjusted the driving shaft at four rotational speeds of 400 rpm,
600 rpm, 800 rpm and 1200 rpm to obtain different transmission torques through axial
movement and tested the operating efficiency under the corresponding working conditions.

95+
9% /—/
85+

S

——400/rpm
———600/rpm
= 800/rpm
—— 1200/tpm

70

T T T T
0 50 100 150 200
T/N.m

Figure 8. Efficiency changes with torque and speed.

It can be seen from the experimental data that at a certain speed, the efficiency of the
mechanism is positively related to the transmission torque. When the magnetic ring is in
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the middle of the two shafts, the transmission torque is the largest, and the transmission
efficiency is the highest at this time. Similarly, when the transmission torque is certain, the
efficiency is also positively related to the rotational speed. When the transmission torque is
240 N-m and the speed is 1200 rpm, the transmission efficiency can reach up to 93%, and
the energy saving effect is obvious.

3.3. Error Analysis

Because there is a gap between the driving and driven shafts, and the gap is small,
when the two shafts are magnetized and combined at the same time, the two shafts will
squeeze the non-magnetic objects in the middle and generate friction.

At the same time, if the axiality of the two shafts does not meet the standard, it will
also cause friction.

4. Principles and Strategies of Energy Recovery
4.1. The Principle of Energy Recovery

The vehicle dynamics model with the magnetic coupling flywheel energy storage
device is simplified to obtain an equivalent dynamic model, as shown in Figure 9. The
main reducer and the gear train are simplified to the driven half shaft in the magnetic
coupling mechanism, and a simplified model with the equivalent moment of inertia Jj is
obtained. According to the states of the magnetic coupling mechanism of the car under
different driving conditions, the relevant mechanical equations are derived from the three
stages of starting, braking and acceleration for the equivalent model, and the mechanical
analysis is carried out to obtain the energy recovery of the driving conditions.

Motor mmsssss) Transmission =)

Vehicle
simplified
model Jb
Enerey Perr:lanen;
magnet coupling
;;:;::g:l p—) transmission —
mechanism

Figure 9. Simplified model diagram.

The establishment of the equivalent mechanical model involves the following formu-

las [25]:
k cos 0; k wj
M=), Foi—=+) +M— ©)
w w
Vo 2 w; 2
J =2 mi(Z) 4+ 2 () @

The state of the magnetic coupling mechanism of the car based on different driving
conditions is shown in Table 1:
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Table 1. State diagram.

Accelerate after

Vehicle Status Start Brake Deceleration .
Deceleration

Perm;.ment magr}et. . . Combine and then Combine and then

coupling transmission ~ Disconnection disconnect disconnect

mechanism status

Energy storage There is damping for

Flywheel status free rotation Storage energy Release energy

Drive mode Motor No Motor and flywheel

Time division 0,t1) (#1,£2) and (#2,3) (t3,t4) and (t4,t5)

(1) Initial stage

When the car starts, the magnetic coupling flywheel energy storage device does not
work, and the magnetic ring is at the leftmost end of the driving shaft.

At this time, the two half shafts are in a separated state, and there is no torque
transmission. The angular velocity of the energy storage flywheel is 0. Since the driven
half shaft is connected to the vehicle through the gear train, the device and the vehicle
transmission system, the following can be obtained:

w;, =0

Valol
Wy :(5 a3.26rm ®)
Ty = mr

iOim .0
_ Ty o LrigTio™nT
o=1+ mr2 + mr2

where ], is the equivalent moment of inertia of the right drive axle; w, is the flywheel
angular velocity; wy, is the left drive axle angular velocity; v, is the vehicle speed; i is the
main reducer gear ratio; i; is the transmission gear ratio; 7 is the automobile transmission
efficiency; iy, is the energy storage flywheel gear ratio (gear train transmission ratio); Iy is
the moment of inertia of the wheel; m is the mass of the vehicle; 7 is the radius of the wheel;
0 is the conversion factor of the rotating mass of the vehicle.

(2) Braking phase

Figure 10 is a schematic diagram of the mechanical model under the braking state of
the vehicle:

T, Ta Te T, T
] I Permanent magnet I II
i Vehicle simplified
Flywheel coupling
ywaee _ transmission model
l mechanism
Tr W, W

Figure 10. Schematic diagram of mechanical model during braking.

Among them, T, is the friction torque of the rolling bearing; T} is the vehicle braking
torque equivalent to the right drive axle; T is the friction torque; T; is the vehicle resistance
torque equivalent to the right drive axle; T, is the energy storage flywheel air friction torque.

The formula for calculating the equivalent moment in the above figure is as follows:

b 10tm (6)
T, = Enr 4 My
r 10lm Im

where Ty and Ty is the braking torque of the two driving wheels; M,;, is the motor
anti-drag torque; Fy, is the driving resistance of the vehicle.
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According to reference [26], the calculation formula is as follows:
1
Tm = EydP (7)
where P is the bearing load; y is the friction coefficient; d is the bearing inner diameter.

According to reference [27], the air friction torque of the energy storage flywheel is
calculated by the following formula:

Tn = %TT[DZI

1
T = 5Csov
:2 Jles (8)
(Re)02‘5
_ pND
Re = 7

where T is the surface shear stress of the energy storage flywheel; D is the diameter of the
energy storage flywheel; [ is the thickness of the energy storage flywheel; Cris the local
friction coefficient; v is the linear velocity of the cylinder surface; N is the rotating speed; u
is the fluid dynamic viscosity; p is the fluid density; D is the cylinder diameter.

When braking, the car speed is vy, the driven half-shaft angular velocity is wj, and the
driving half-shaft angular velocity is wj.

According to the position change of the magnetic ring in the magnetic coupling
mechanism, the vehicle braking deceleration is divided into two stages:

The first stage: combining stage (f1~t2)

When the car starts to brake, the magnetic ring immediately moves to the right from
the left end of the driving shaft, that is, it is immediately combined, the driven shaft
decelerates under the action of My, F;;, and T,, and the energy-storage flywheel accelerates
to 12 under the action of T,. The angular velocities of the driving shaft and the driven shaft
are equal at this time. Its mechanical equation is

12

wt? 2
St Jodo = [iF (=T =T = T3 ) )
wlff = wy’
t1 _ Opnlolm
Wy = %.gr

Assuming that the road surface is flat, the tires are in normal condition, and the
deceleration of the car is a1, there is no lock-up phenomenon during the braking process.
The research object is the whole vehicle, and it can be known from Newton’s second law:

(*Tr —Tp— Tfﬂo)ioim

r

= dma (10)

where 7 is the mechanical transmission efficiency from the right transmission half shaft to
the wheel.
Thus,

2 _ 2 _ (T=Tu=T:)Atl
Wa = Wy Ta (11)
Al =12 —t1

During the process from asynchronous to synchronous, the main and driven shafts
will be accompanied by asynchronous friction, which will generate sliding and grinding
work. The calculation formula of sliding and grinding work is as follows:

t2
W= /ﬂ Ty (wa — wp)dt (12)

The second stage: separation stage (t2~t3)
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When the angular velocity of the driving shaft and the driven shaft is equal, the energy
storage ends, and the magnetic ring moves to the left immediately. The driven shaft is
connected to the whole vehicle and will continue until the deceleration is completed under
the action of braking torque and vehicle resistance torque. At the same time, the energy
storage flywheel rotates freely due to the friction force and air resistance of the rolling
bearing. In this process, the mechanics equation is

13
[0 Jodt = [5 (=T — Ty)dt

Wy
3 3 (13)
f;gé Jodt = [ (=T, — T,)dt
Thus,
W = wf® = (Tn + T) (t3 — t2) (14)

Ja

(3) Acceleration stage

The acceleration time of the car is t3~t4, the motor provides torque, the magnetic
ring moves to the right, the driving and driven shafts begin to combine, the driven shaft
gradually accelerates, and the kinetic energy of the flywheel is released. The mechanical
model of the car during acceleration is shown in Figure 11.

Tw Ta T T,
l II Permanent magnet
i Vehicle simplified
Flywheel coupling
B transmission o model
mechanism
W, W, T T,

Figure 11. Schematic diagram of mechanical model during acceleration.

T, is the motor equivalent to the output torque of the right drive half shaft, and T, is
the vehicle resistance torque equivalent to the driven shaft.
The equivalent relationship is as follows:

T, = %
T, = F”?r (15)
r 10im

According to the position change of the magnetic ring in the magnetic coupling
mechanism, the acceleration of the car is divided into two stages:

The first stage: combining stage (t3~t4)

When the car starts to accelerate, the magnetic ring immediately moves to the right,
the driving shaft is engaged with the driven shaft, and the energy storage flywheel begins
to release energy. At this stage, the energy storage flywheel provides power to the vehicle,
and the driven shaft accelerates. The driving shaft decelerates until the angular velocity of
the driving shaft and the driven shaft are equal. Its mechanical equation is as follows:

t4
S8 Jodew = fi3 (=T = T = Ty )t

wt4 H
[y Jodeo = fi3 (T = T, + Ty ) at (16)
wit = wi?
t3 _ Uzigim

Wy = “36r
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If the road surface is flat, the wheels do not slip during the acceleration period, the
acceleration of the vehicle is a,, and the research object is the whole vehicle. According to
Newton’s second law of motion, it can be known that

(TeUT ~ T, + Tf;yo)ioim
r

= dma (17)

Thus,
Ti+Tm+T, At
{ 24 24 23 _ ( ftim n>’70 2

Ta (18)
Aty = t4 — 13

The second stage: separation stage (t4~t5)

When the angular velocity of the driving shaft and the driven shaft are equal, the
energy release ends, the magnetic ring moves to the left immediately, the driven shaft
rotates with the whole vehicle, and the energy storage flywheel decelerates under the
action of Ty, T;; and Tf until the next deceleration. The mechanical equation at this stage is

wh t
Jodw = [ (=T — T,)dt (19)

wi t4

4.2. Efficient Recovery of Energy

In the interval (#1,t5), the car decelerates from braking to acceleration, and the kinetic
energy of the car is converted into heat energy generated by friction and kinetic energy
of the flywheel after braking and deceleration. When the car finishes braking and starts
to accelerate, the kinetic energy of the energy storage flywheel will be converted into air
resistance, bearing friction, energy lost by asynchronous friction, and energy fed back to
the vehicle. This part of the energy is the effective recovery energy Eb, and Figure 12 is a
schematic diagram of the energy flow.

‘ Friction heat Car kinetic

Initial kinetic energy
energy of the -
= — Asynchronous
Flywheel friction loss
kinetic energy ’
Bearing

friction loss

Alr resistance
loss

Figure 12. Schematic diagram of energy flow.

The calculation formula for the effective energy recovery of the energy storage fly-

wheel is
t4

E, = %]H (@3)2 _ %]a (w54)2 _ /ts (T — Ty)wadt — W (20)

4.3. Energy Recovery Strategies

The magnetic ring of the magnetic coupling flywheel energy storage device needs to
be moved to the optimal position according to the different driving conditions of the car, so
that the energy storage flywheel can store more energy.

When the acceleration is equal to 0, the duration is greater than or equal to 0.5 s, and
the vehicle speed is not less than 5 m/s, the vehicle is in a deceleration state. At this time,
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the magnetic ring moves to the right and the two shafts are combined, and the flywheel
stores energy. When the angular velocities of the two shafts are equal, the magnetic ring
moves to the left, the two shafts are separated, and the energy storage ends. When the
acceleration is greater than 0 and the duration is greater than 0.5 s, the vehicle is in an
accelerated state, the magnetic ring moves to the left, the two shafts are combined, and
the flywheel releases energy. When the angular velocities of the two shafts are equal, the
magnetic ring moves to the left, the two shafts are separated, and the energy release ends.
When the difference in angular velocity between the two shafts is less than 10 rad/s, the
two shafts are synchronized (Figure 13).

Begin
Acceleration || Yes No || Deceleration
status status
B No No t,>=0.5%and
Bt v>=0.57
Yes
Two shafts combined, Two shafts combined,
energy release. energy storage.
A A
Yes Yes
Two shafts separated, Two shafts separated,
the release ends. the storage ends.

Figure 13. Control flow.

In Figure 14, ag is the acceleration of the vehicle, v is the speed of the vehicle, t1 is the
duration of deceleration, {2 is the duration of acceleration, wj is the angular velocity of the
driving shaft (also the angular velocity of the flywheel), and wy, is the angular velocity of
the driven shaft.

|

v(Km/h)

0 200 400 600 800 1000 1200
Time(s)

Figure 14. NEDC cycle.
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5. Analysis of the Effect of Energy Recovery
5.1. Model Building

The simulation parameters are shown in Table 2.

The recovery effect of braking energy is affected by many aspects, including the
initial speed of the vehicle when braking, vehicle acceleration, and the duration of vehicle
acceleration and deceleration. In this paper, the NEDC cycle condition (Figure 14) is selected
for the objective evaluation of the braking energy recovery effect [28].

Table 2. Simulation parameters.

Parameter Name Value
Tire roll radius (r/mm) 0.362
Vehicle mass (/kg) 1100
Main deceleration ratio 4
Transmission efficiency 92
Pavement slope («) 0
Air resistance coefficient © 0.32
Windward area (A/m?2) 2
Pavement adhesion coefficient 0.75~0.9
Magnetic ring position (a/mm) 35
Friction torque (T /N - m) 30
Gear train reduction ratio 5
The moment of inertia of the flywheel 035
(Ja/kg - m?) '
Energy storage flywheel quality (/kg) 40.14

The time-dependent changes of parameters such as vehicle speed, vehicle acceleration,
vehicle acceleration/deceleration duration, and driven shaft angular velocity are shown in
Figure 15.

The model can output two states of 0, 1 or 0, —1 after logical judgment. The state of 0
and 1 means that the energy storage flywheel is in the state of accelerating energy storage, 0
means that the magnetic coupling device is in the separation state, and 1 means the vehicle
decelerates; the state of 0 and —1 means that the energy storage flywheel is in the state
of decelerating and releasing energy, 0 means that the magnetic coupling device is in the
disengaged state, and —1 means the vehicle accelerates.
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Figure 15. Parameter plot over time. (a) Vehicle speed, (b) Vehicle acceleration, (c) Deceleration
duration, (d) Acceleration duration, (e) Angular speed of right drive half shaft.

5.2. Simulation Results

During the whole simulation process, the calculation relationship of the kinetic energy
reduction E when the flywheel releases energy, the sliding and grinding work W of the
left and right transmission half shafts when the flywheel releases energy, and the effective
recovery energy E}, is as follows:

E,=E-W

The simulation results are shown in Figure 16.
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Figure 16. Simulation result graph. (a) State diagram of magnetic coupling transmission mechanism,
(b) Angular velocity diagram of energy storage flywheel and right transmission half shaft, (c) Kinetic
energy variation diagram of energy storage flywheel, (d) Vehicle braking energy accumulation
diagram, (e) Accumulation diagram of kinetic energy reduction of energy storage flywheel, (f) Sliding

wear work accumulation diagram, (g) Effective energy recovery.
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It can be seen from the simulation results that based on the NEDC working condition,
the magnetic coupling transmission mechanism combines 11 times during deceleration and
13 times during acceleration; which also means that the flywheel has 11 times the energy
storage and 13 times the energy release. The braking energy of the vehicle is 1,430,000 J;
when the car accelerates, the total kinetic energy reduction of the energy storage flywheel
is 295,000 J; the total sliding and grinding work is 216,000 J; the effective recovery energy
can reach 79,000 J.

The magnetic ring is moved from 10 mm to 50 mm, with an interval of 5 mm, and the
influence of the magnetic ring on the braking energy recovery effect at different positions is
further analyzed. The results are shown in Figure 17.

110,000

e szficient reclovery of enlergyi
105,000 + 8

100,000
95,000 - 1
90,000 - 1
85,000 - 1

EW)

80,000 - 1
75,000 - 1
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10 20 30 40 50
X(mm)

Figure 17. Effective energy recovery at different locations of magnetic ring.

It can be seen from the simulation results that as the position of the magnetic ring is
farther away from the middle position of the two shafts, that is, the smaller the magnetic
torque, the lower the effective recovered energy. The energy is between 73,000 ] and 105,000
J, and the energy recovery efficiency is up to 35.59%. For the energy recovery strategy based
on fuzzy control proposed by Ma Xiaonan et al. [29], the braking energy recovery efficiency
of the car is only 25.18%, and for the braking energy recovery strategy proposed by Wang
Yongding et al. [30] under the same NEDC working conditions, the energy recovery rate is
only 18.71%. In contrast, the energy recovery effect of this device is more obvious, which
verifies the feasibility of using permanent magnet drive technology in this project.

6. Conclusions

In this paper, we combine flywheel energy storage and permanent magnet coupling
transmission technology and propose a vehicle permanent magnet coupling flywheel
energy storage device.

(1) Experiments show that when the speed is constant, the efficiency of the device
is positively correlated with the transmitted torque. Similarly, when the transmitted
torque is fixed, the efficiency is positively correlated with the rotational speed. When the
transmission torque is 240 N-m and the speed is 1200 rpm, the transmission efficiency can
reach up to 93%, and the energy-saving effect is obvious.

(2) The energy recovery effect of the device is simulated and analyzed based on the
NEDC working condition. The simulation results show that the highest energy recovery
efficiency of the device can reach 35.59%, and the recovery effect is obvious.

(3) The research results put forward a new realization scheme for the development of
an automobile braking energy recovery system, which has certain theoretical research and
engineering application value. In the next step, appropriate prototypes will be produced
according to the selected vehicles, and real vehicle tests will be carried out to further verify
the effect of the device. The effect of energy recovery shall be explored under various
working conditions.
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