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Performance Analysis of Electromechanical
Flywheel for Electric Vehicles Based on
Planetary Gear Mechanism

Pengwei Wang, Tianqgi Gu, Binbin Sun, Rui Dang, Zhenwei Wang and Weichong Li

Abstract—As a new auxiliary energy power unit,
electromechanical flywheel device based on planetary gear
mechanism directly influences the power performance and
economy performance of electric vehicles. The reliability,
safety and economy of electromechanical flywheel device are
affected by its own dynamics, mechanics, efficiency and other
performance characteristics. Therefore, based on the
developed planetary gear mechanism, the electromechanical
flywheel device is studied in this paper. Firstly, the device
topology, operating mode and other characteristics are
analyzed, and the device dynamics model is established. Then,
the mathematical model of high-speed flywheel stress analysis
is established, and the high-speed flywheel stress and modal
characteristics are analyzed. Furthermore, the loss model of
the device is established, and the efficiency characteristics of
the device under different states of energy (SOE) are analyzed.
Finally, the influence of electromechanical flywheel device on
vehicle dynamic performance and economic performance is
analyzed. Compared with the original single-motor drive
scheme, power performance and economical performance have
both been improved.

Index Terms—electromechanical flywheel, electric vehicle,
system dynamics, economy

1. INTRODUCTION

mproving the on-board energy utilization efficiency of
electric vehicles and improving the driving range are
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important goals of the electric vehicle industry [1]. Due to
the constraints of the system topology, the single battery
scheme could only realize electric vehicles efficient
operation under partial steady-state operating conditions [2].
With the development of electric-electric composite energy
system, the working conditions for efficient operation of
electric vehicles are improved [3]. Flywheel energy storage
device has the advantages of high energy conversion
efficiency and high power density. It can effectively
improve the energy utilization efficiency of electric vehicles
as an auxiliary energy system [4-6].

As shown in Fig. 1, the existing flywheel energy storage
devices can be classified into two types according to energy
input and output: electrical energy storage and mechanical
energy storage [7]. The electric energy storage type could be
used for power system regulation and satellite attitude
control. Energy storage and energy consumption
performance are the key parameters to measure the
performance of flywheel energy storage device. The
performance can be improved by designing and controlling
super-high-speed and high-efficiency flywheel, which
involves technical problems such as composite materials,
magnetic bearings and vacuum chambers and high costs [8].
The above problems limit the application of electric energy
storage flywheel system in electric vehicles.

The existing mechanical flywheel energy storage system
usually transfers the flywheel energy directly through the
continuously variable transmission (CVT), which does not
involve the energy conversion link. This scheme has high
system efficiency, compact structure and good energy
saving effect [9-10]. However, due to the limitation of the
CVT speed ratio adjustment range, the flywheel energy
storage system still has the problem that the flywheel energy
can not be deeply released and feedback.

The electromechanical flywheel device based on
planetary gear mechanism mainly adopts the conventional
mechanical bearing and non-vacuum design scheme, which
can significantly reduce the device cost. Through the
planetary gear mechanism, the speed regulating motor can
be controlled according to the characteristics of vehicle
working conditions to solve the problem of flywheel energy
deep release and feedback [11]. However, as a new flywheel
energy storage device, its dynamics, mechanics, efficiency
and other characteristics are still unclear. Therefore, based
on the developed planetary gear mechanism, the
electromechanical flywheel device is studied in this paper.
Firstly, the device topology, operating mode and other
characteristics are analyzed, and the device dynamics model
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Fig. 1 Structure and energy flow of different flywheel systems

is established. Then, the mathematical model of high-speed
flywheel stress analysis is established, and the high-speed
flywheel stress and modal characteristics are analyzed.
Furthermore, the loss model of the device is established, and
the efficiency characteristics of the device under different
states of energy (SOE)are analyzed. Finally, the influence of
electromechanical flywheel device on vehicle dynamic
performance and economic performance is analyzed.

II. ELECTROMECHANICAL FLYWHEEL DYNAMICS
CHARACTERIZATION AND MATHEMATICAL MODELING

A. Topology scheme analysis

As is shown in Fig. 2, the electromechanical flywheel
device consists of flywheel, planetary gear mechanism,
speed control motor, and one-way locking mechanism. The
one-way locking mechanism is connected with the flywheel,
which ensure the flywheel rotates at positive speed and locks
when it rotates in reverse direction. The flywheel is
connected to the ring gear of the planetary gear mechanism
through the reduction gear, the motor output shaft is
connected to the sun gear through the spline, and the planet
carrier is connected to the output shaft for external power
output.

The following speed relationship exists between the sun
gear, ring gear and planet carrier.

1
n,=—-n +——
S 1+k T 1+k

n, &)

Where, ng, , . are the rotate speed of the sun gear, ring
gear and planet carrier, respectively. & is the characteristic
parameter of the planet row. It is the ratio between the
number of teeth in the ring gear and that of the sun gear.

As the energy loss in stable operation is negligible, the
following torque relationship exists between the sun gear,
ring gear and planet carrier.

T, ==+ KT, =1 +k)/K]T; @)

Where, Ts, Tr, T. are the rotational speeds of the sun gear,
ring gear and planet carrier, respectively.
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Fig. 2 Topology scheme of electromechanical flywheel device

B. Device operating modes analysis and dynamics
modeling

(1) When the vehicle starts for the first time, the flywheel
speed is zero, and the flywheel is locked, the speed control
motor starts positive rotation and outputs positive
torque Tgyy,, which is amplified k+1 times by the planetary
gear mechanism and loaded to the output shaft, so the
starting torque increases and the acceleration time decreases.
The torque relationship of the wheel at start is as follows.

7le = _(k+1)ic-dw7;rm (3)

Where, Taw, Tsm are the wheel torque and the speed
control motor torque, respectively. k£ is the characteristic
parameter of the planet row. ic.qw is the transmission ratio
from planet carrier to wheel.
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(2) When the vehicle accelerates, the speed control motor
is still positive rotating and outputting positive torque Tsm,
which is amplified k+1 times by the planetary gear
mechanism and loaded to the output shaft, and the wheel
torque increases.

]:iw = _(k + 1)ic-dw]-;rm (4)

At the same time, the torque Tum acts on the flywheel
through the planetary mechanism, which reduces the
flywheel speed.

k
T =—oT (5)

fw . srm
1

fw-r

Where, Tt is the torque of flywheel, ifw.r is the
transmission ratio from flywheel to ring gear.

(3) In the process of vehicle deceleration (deceleration a
mode), when the braking energy is high, the energy recovery
rate of speed control motor alone is slow. Then releasing the
flywheel brake, the speed control motor starts to output
negative torque Tsm, its speed decreases and switches to the
power generation state. The torque Tom is amplified by the
planetary gear mechanism and acts on the output shaft to
reduce the vehicle speed.

T;lw = _(k + l)ic-dw];nn (6)

Meanwhile, the torque Tsm acts on the flywheel through
the planetary mechanism to increase the flywheel speed.

T, =—T )
l

fw-r

In this mode, the speed relationship between flywheel,
speed control motor and wheel is as follows.

1 ( 1 k n, ]
n,=—|—n, +——— ®)
i \1+k I+ki,,

Where, ndw, nsm and nsy are the rotational speed of wheel,
speed control motor and flywheel, respectively.

(4) In the process of vehicle deceleration (deceleration b
mode), the braking energy is generated slowly and the
flywheel takes longer to recharge. In the meantime, the
speed control motor starts to output negative torque Tsm and
the speed is accelerated in the reverse direction, working in
the electric state. The torque Tum is amplified by the
planetary gear mechanism and acts on the output shaft to
reduce the wheel speed. The torque relationship of the wheel
is as follows.

T:iw = _(k + 1)ic-dwT;rm )

Meantime, the torque Tsm acts on the flywheel through
the planetary gear mechanism and the flywheel speed
increases until the vehicle decelerates and stops.

T, =—T. (10)
1

fw-r

(5) The vehicle decelerates until parking and the
remaining kinetic energy of the flywheel needs to be

recovered before stalling. The speed control motor starts to
output negative torque 7sm and the speed is accelerated in
the reverse direction, working in the generator mode. At the
same time this torque is applied to the flywheel by the
planetary mechanism, which decelerates the flywheel to
stop.

The speed and torque relationship between the flywheel
and the speed control motor are as follows, respectively.

nsrm :__nlw (11)

k

III. ANALYSIS AND VERIFICATION OF MECHANICAL
PROPERTIES OF COMPOSITE FLYWHEEL

Flywheel is the core component of electromechanical
flywheel system, which has a direct impact on the system
performance. The flywheel needs to be charged and
discharged quickly and frequently, which makes the rotation
speed of the flywheel change frequently, and its maximum
speed reaches 20000 rpm. When the flywheel rotates at high
speed, its structural strength, deformation, resonance and
other characteristics need to be analyzed.

A. Mathematical model of stress in composite flywheel

In the winding process of composite flywheel, carbon
fiber is wound in a ring shape on the hub of the flywheel, so
that the carbon fiber bundle forms a thin ring of composite
material in one layer on the metal hub of the flywheel, and
together with the hub, it forms a composite flywheel. And
due to the presence of tensioning force, which causes the
interaction between the thin ring of composite material and
the hub of metal material, in the following calculation,
because the thin ring of carbon fiber wound on the hub with
certain tensioning force will produce certain stress on the
thin ring of carbon fiber in other layers inside it, it will be
equated into a layer of thin ring of carbon fiber assembled on
the core with certain amount of overload. Under the action of
the carbon fiber tensioning force F, the average annular
stress of the wound composite thin layer and the fiber bundle
tensioning force satisfy the following relation formula.

o, :EJ‘VM o, (r)a’rzﬂ (13)
e A

f
Where, ¢ is the thickness of the composite thin layer, F is
the tensioning force of the carbon fiber bundle, and Vris the
volume percentage of the carbon fiber. Ar is the
cross-sectional area of the carbon fiber bundle.
The radius of the i-th layer of carbon fibers is as follows.
R =R

imax imin

+t=R,+i-t (14)

Where, Rimin is the inner radius of the i-th layer of carbon
fibers, Rimax is the outer radius of the i-th layer of carbon
fibers, and ¢ is the thickness of a single layer of carbon fibers.

When the first layer of carbon fiber is wound on the metal

hub, due to the tensioning force, the pressure P s

in
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generated on its metal core, and the metal core

. . 1
simultaneously generates a reaction force P, on the layer

of carbon fiber. So the radial and axial stresses of the
winding are as follows respectively.

I(lein )A+l
"R 7, B ro
T = {(1)“—(1)‘1 (15)
1— (&)2/{ Rl max Rl max
1max
API (lein )AH
B R, UERVE! no-am
0, = ——p=— | () (| (6)
1 — (ﬂ)ZJ’ Rl max 1max

1max

Where, o, , o, are the radial stress and axial stress of the

rim. A=./E,/E, ,is the ratio of the annular modulus of

elasticity and the radial modulus of elasticity of the
composite material. 7 is between Rimin and Rimax.

After calculating the radial and axial stresses in the thin
carbon fiber ring of the first layer, the radial displacement at
its inner diameter is calculated as follows based on
parameters such as the elastic modulus and Poisson's ratio of
the material.

L _R-9 '(1+,81“
rl
E

22

0 1-5 1
Where, u, is the radial displacement of the thin carbon
fiber layer; 9 is the excess of tension winding equivalent; Ey

is the annular modulus of elasticity;
B=(R,-6)/ (R —J+t) , is the ratio of inner and outer

radius; v,, is the Poisson's ratio.

1

“A+v,) py

an

From the deformation geometry conditions at the mating
interface, we obtain :

5
R =Ra R 5 1+ 5" (1%)
n( _V)+ n 1( +181 'ﬂ’+vgr)

E E, 1-B"

Then the outer diameter of the thin ring of the first layer of
carbon fiber is obtained as follows.

R -5+t 2B
Eg 1_ 1812/1

The carbon fiber rotor of the composite flywheel is wound
up to the k-th (1<k<n) layer, and the thin ring of the metal's
core and the & —1 -th layer of carbon fiber are regarded as the
composite core with initial stress 0. The thin ring of the k-th
layer and the composite core are regarded as interference fit,
and its equivalent interference is set as d;, and a uniform
pressure Py is formed at the interface, under which a uniform
contact pressure Qi is generated at the boundary between
metal shaft core and carbon fiber at the hub of flywheel.
Based on the above idea, the radial and axial stresses and
radial displacements of the 4-th layer of the composite

R, =R, —6+1)+ A-p, (19)

material can be deduced as follows in the same way.

k
out

o, =— .
" 1 _ ( kain )2/1
kaax (20)
Lo oo R s Ve \-am1
)" -7 (=)
|: Rk max Rk max Rk max
____ AP,
oo = 1 (kain )2/1
kaax (21)
heo G- R, .. LN
( k ) 1_( kmm)2/1_( k ) 1
|: Rk max Rk max Rk max
— R(kfl)max .
rk '
Eg(l_ﬁ;ﬁ) (22)

{228/ Q, ~[A=v, +(A+v,)B7]-B, |

When the £-th layer carbon fiber layer of the carbon fiber
flywheel rotor is wound, the outer diameter of the composite
shaft core is as follows:

kaax = (R(k—l)max - 5k +1)+
R(k—l)max _5k +t ' 2ﬂ:+1 . (23)
Ee 1_131(2/1 '

When the n-th layer is wound, the shaft core formed by
the former n-1 layer can be regarded as a flywheel with
prestress of 0. Therefore, the radial and axial stresses of the
n-th layer are as follows:

n ( anin )/1+1
" R, s T il B a1
0, == () = (e
1 — (”7"““)2/1 n'max nmax
ﬂPl: (anin )AH
Rl max }"" A-1 rn —A-1
60— ey | e
1- (ﬂ)Zl nmax nmax

nmax

According to the superposition theory of plane stress,
when the n-th layer winding is completed, the radial and
axial stress distribution of i-th layer are as follows:

c,=Y ol 1<i<n (26)

j=i

o, =20, 1<i<n 27)

J=i

B. Structural stress and modal analysis of composite
flywheel

(1) Flywheel stress analysis
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Anisotropic materials have different physical properties
in different directions, and the stiffness matrix of
axisymmetric model in cylindrical coordinate system is:

1 Y% Ve
ER ER ER
_ 1 v
D ol 0 ez (28)
R
Yoo Ve 1
E E E

Where, [D, ,,]"

coordinate system,vrz, Vzr, Vez, Vze, ver and vge are Poisson's
Ratio in different directions.

Fig. 3 shows the equivalent stress analysis when the
flywheel speed is 20000 rpm. The maximum equivalent
stress of the flywheel is 187.39 MPa, which appears at the
contact point between the inner diameter of the wheel hub
and the wheel hub disk, here is 7075 aluminum alloy
material, and the allowable stress of this material can fully
meet the maximum stress of the flywheel at the highest
speed. At the contact between the wheel hub disc and the
outer edge of the wheel hub, the equivalent stress at the
contact between the outer edge of the wheel hub and the
rotor is 124.97 MPa to 166.58 MPa, and the equivalent stress
is also below the allowable strength of the material.

is the stiffness matrix of cylindrical

}y

The flywheel rotor is made of carbon fiber T700, which is
a variety of anisotropic materials. The allowable stress of
carbon fiber T700 in the longitudinal direction is large, 4200
MPa, but its allowable stress in the radial direction is very
small, only 45 MPa. Compared with the allowable stress in
the longitudinal direction, the allowable stress in the radial
direction is much smaller than that in the longitudinal
direction. Therefore, in order to prevent the radial stress of
the composite flywheel rotor from exceeding the allowable
stress during the high-speed rotation of the flywheel, it is
very necessary to analyze the radial stress of the rotor.

As shown in Fig. 4 (a), the flywheel rotor is made of

25.00 75.00

Fig. 3 Analysis of flywheel stress

various anisotropic materials, so the Y coordinate is set as
the cylindrical coordinate. In the change from the center to
the edge of the flywheel, the maximum radial equivalent
stress of the flywheel is 123.25 MPa. As shown in Fig. 4 (b),
100 mm to 140 mm are flywheel rotors made of carbon fiber
materials. The contact position between the outer edge of the
flywheel hub and the rotor is at the radius length of 100 mm,
and the maximum equivalent stress on the rotor appears here
is 17.1 MPa, which meets the radial allowable stress of
carbon fiber T700 materials and the safety factor of 1/2 of
the maximum allowable stress.

wt]
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Fig. 4 Analysis of radial stress of flywheel
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Fig. 5 The 1th-6th order modal frequency of the flywheel
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(a) First order mode

25.00
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Fig. 6 The first three modes of the flywheel

(2) Modal analysis

The first six modes of the flywheel are shown in Fig. 5.
Among them, the first-order natural frequency is 218.75 Hz,
the second-order natural frequency is 419.19 Hz, the
third-order natural frequency is 419.22 Hz, the fourth-order
natural frequency is 721.2 Hz, the fifth-order natural
frequency is 1008.5 Hz, and the sixth-order natural
frequency is 1008.7 Hz. It can be seen from the figure that
the natural frequencies of the second-order mode and the
third-order mode, the fifth-order mode and the sixth-order
mode are very close, and the natural frequencies of the two
groups of modes appear in pairs.

On the premise that the maximum speed of the flywheel is
20000 rpm, the natural frequency that may affect the
flywheel structure is the first three modes, and the critical
speed corresponding to the natural frequency of the
subsequent modes is much higher than the maximum speed
of the flywheel. For example, if the natural frequency of the
fourth mode is 721.2 Hz, the corresponding critical speed of
the flywheel exceeds 40000 rpm, so the natural frequency of
the fourth mode and after will not affect the normal
operation of the flywheel. Therefore, this paper mainly
analyzes the vibration modes of the first three modes.

As shown in Fig. 6 (a), from the first-order vibration mode
diagram, the flywheel is mainly the vibration mode of radial
tension. The position of the flywheel shaft is dark blue,
indicating that its amplitude is the lowest. The color from the
middle to the edge of the flywheel gradually changes from
blue to red, indicating that the amplitude increases gradually
with the change of position. When the speed of the flywheel
reaches the first critical speed, resonance is easy to occur,

25.00

(b) Second order mode

75.00

and the more likely damage is located at the outer edge of the
flywheel rotor. As shown in Fig. 6 (b), the vibration mode of
the second-order mode of the flywheel is shown. From the
figure, it can be seen that the amplitude of the flywheel is the
smallest on the horizontal line passing through the center of
the flywheel. In the direction along the z-axis, the amplitude
increases outward layer by layer symmetrically in a ladder
shape, and reaches the maximum at the edge of the carbon
fiber rotor.

The second-order and third-order modal frequencies of
flywheel are 419.19 Hz and 419.22 Hz respectively. The
natural frequencies are very close. And the vibration modes
are close, which meets the law of vibration modes appear in
pairs. From the aspect of vibration modes, the two vibration
modes are also very close, which is consistent with the law
of vibration mode appearing in pairs. The vibration modes of
the two include tension and torsion. Resonance may occur
when the flywheel reaches the second-order and third-order
critical speed, and the amplitude of the flywheel shaft is the
smallest. Therefore, as long as the installation position of the
two mechanical bearings on the flywheel shaft is correct,
and the bearings provide fixation and support for the
flywheel, the flywheel shaft can still work stably when
resonance occurs when the flywheel reaches the critical
speed. However, the flywheel hub and rotor twist along the
axial direction of the flywheel, and the amplitude of the
outer edge of the rotor is the largest, which may be damaged
during resonance.

Due to the gyroscopic effect, the characteristic
frequencies of a rotating structure are related to the speed at
which it rotates. Calculating the frequencies at different
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rotational speeds gives a curve of the variation of the
frequency of each mode with speed, called a Campbell
diagram. From the flywheel Campbell diagram Fig. 7, it can
be seen that the gyroscopic effect of the flywheel has a clear
influence on the modes. As the speed increases, the
frequency curve may be shifted to cross the frequency curve
of another mode, the frequency curve of a second order
mode shifted downwards to intersect the frequency curve of
a first order mode, and the frequency curve of a third order
mode shifted upwards to cross the frequency curve of a
fourth order mode. The black line shows the set flywheel
speed up to 2094 rad/s, the intersection of which with the
frequency curve of each mode is the critical speed. As can be
seen from the graph, the critical speed of this flywheel is
1374.5 rad/s for the first order and 1581.9 rad/s for the
second order, while the intrinsic frequency curve no longer
intersects the speed curve above the third order.

1000 ¢ 2 = 2 © —e— Mode - 1
Mode - 2

750k . . N / —e— Mode -3

E » —o— Mode - 4
E, —0— Mode -5
5 500 Mode - 6
= Ratio = 1
2
S5

250

0 400 800 1200 1600 2000
Rotational velocity/rad-s!
Fig. 7 Campbell diagram

IV. ANALYSIS OF THE EFFICIENCY CHARACTERISTICS OF
ELECTROMECHANICAL FLYWHEEL

A. Electromechanical flywheel loss analysis and modelling

The losses in the operation of the electromechanical
flywheel unit mainly include wind resistance losses of the
flywheel rotor, bearing losses, mechanical drive friction
losses and motor losses. Among them, the mechanical drive
friction loss is taken as a constant value in this paper, and the
motor loss is determined by the calculation of the motor
efficiency Map diagram provided by the manufacturer. The
wind resistance loss of the flywheel rotor is divided into two
parts: the friction loss between the outer wall of the rotor and
the air and the friction loss between the end face of the rotor
and the air.

The wind resistance loss of the flywheel rotor is divided
into two parts: the friction loss between the outer wall of the
rotor and the air and the friction loss between the end face of
the rotor and the air, where the friction loss power Pi
between the outer wall of the rotor and the air can be
calculated by the following formula.

wawz(lm/Rm)2X
5(1+68/2R,)
1
1424K(5/ R, +1/(1+8/R,))

B =2nR hu
(29)

Where, Ry is the rotor radius, 4 is the rotor height, u is the
internal friction factor of the gas, o is the rotor to outer wall
clearance, 4 is the sliding coefficient, and K is the Knudsen
number.

Vg 1 1
P, =—R o’ + 30
PT e Ld(lJrzAK) 5u(1+2AK)} (30)

Where, dq is the upper face to sleeve clearance, du is the
lower face to sleeve clearance.

During the high-speed rotation of the flywheel, friction
loss will be generated at the bearing, and its wear rate is
taken as 0.01, then the bearing loss power can be calculated
by the following formula.

P=001P, 31)

Where, Py is the bearing loss power; Py is the flywheel
power.

B.  Analysis of the efficiency characteristics of
electromecha -nical flywheel

The electromechanical flywheel efficiency analysis is
carried out in the deceleration a mode as an example. When
the electromechanical flywheel is operating in deceleration a
mode, both the governor motor and flywheel are involved in
braking, the governor motor generates electricity, the
flywheel speed increases and the vehicle speed decreases.
The kinetic energy of the vehicle is partly transformed into
kinetic energy of the flywheel, while partly transformed into
electrical energy by the governor motor and stored in the
lithium battery. At this point, the working power of the
electromechanical flywheel system needs to be considered
when the flywheel is at different state of energy (SOE).
From the above system loss analysis, the electromechanical
flywheel working efficiency in this mode can be deduced.

_B+R___ B4R, n,
nsys P (Pe +wa +Pcw +Pb)/77T

dw

(32)

Where, 7sys is the efficiency of the electromechanical
flywheel system, P. is the battery output, Psy is the flywheel
power, Py is the flywheel bearing wear power, Pcw is the
flywheel wind resistance power, #sm is the motor efficiency
and #7 is the mechanical efficiency of the drivetrain.

As shown in Fig. 8, the calculations determine the
electromechanical flywheel system efficiency for different
flywheel SOE states. Overall, the electromechanical
flywheel efficiency range is 0.76-0.87. In addition, the
efficiency of the electromechanical flywheel system is
generally in a decreasing trend as the flywheel SOE
increases. The main reason for this is that as the SOE
increases, the increase in flywheel speed will inevitably
cause an increase in wind resistance losses, bearing losses
and mechanical drive friction losses of the device. The
efficiency characteristics of electromechanical flywheel
operation in starting and acceleration modes are not detailed
in this paper.

V. ANALYSIS OF VEHICLE DYNAMICS AND ECONOMY

A. Dynamics analysis

As shown in Fig. 9, the original vehicle uses a
single-motor front axle direct drive solution. Compared with
this solution, the electromechanical flywheel device can
significantly increase the peak drive torque of the vehicle
powertrain when the vehicle is involved in hill climbing dri-
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ve, improving the vehicle's hill climbing performance and
increasing the maximum hill climbing degree of the vehicle
by 23.2 %.

B. Economic analysis

As shown in Fig. 10, in the J1015 operating conditions,
the original single-motor direct drive solution is limited by
the single-stage variable speed topology, and the single
motor will inevitably operate in the inefficient operating
conditions Al and A2 (low to medium speed, high load
operating conditions) at some point in time, resulting in low
overall vehicle operating efficiency. With the intervention of
the electromechanical flywheel device, the efficiency of the
main drive motor can be optimised by shifting the operating
points in the former inefficient operating domain A1 and A2
to the efficient operating domain B1 and B2 of the main
drive motor, which increases the average efficiency of the
main drive motor by 8.3 %.

Under J1015, the proportion of the electromechanical
flywheel hybrid powertrain operating at high efficiency
(>90 % efficiency) is 41.6 %, an increase of 19.9 %
compared to the original single-motor direct-drive solution,
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while the proportion of operating at low efficiency (< 80%
efficiency) is 11.1 %, a reduction of 13 % compared to the
original single-motor direct-drive solution. Overall, the
average efficiency of the entire vehicle powertrain cycle
under J1015 conditions has increased by 8.2 %.

As shown in Fig. 11, the power variation characteristics of
the auxiliary battery flywheel and the main energy source
lithium battery under J1015 operating conditions are given
for the two solutions. Compared with the single energy
source of the original vehicle, the intervention of the
electromechanical flywheel battery, with the advantage of
the flywheel's instantaneous high power absorption or output
power, can effectively slow down the power fluctuation of
the main energy source, reduce the instantaneous peak
power impact on the efficiency of the lithium battery, and
achieve the effect of cutting the peak and compensating the
valley. Compared with the original single energy source
solution, thanks to the electromechanical flywheel battery,
the operating current range of the lithium battery is reduced
to -60 A to 60 A, a reduction of 53.8 %; the efficiency range
is increased to 0.85-0.94, and the cycle efficiency is
increased by 6.7 %, respectively.
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VI. CONCLUSION

(1) According to the research, when the flywheel speed is
20000 rpm, the maximum equivalent stress of the flywheel
i1s 187.39 MPa, which is less than the allowable stress of
7075 aluminum alloy. The equivalent stress at the contact
between the outer edge of the wheel hub and the rotor is
124.97 MPa to 166.58 MPa, which is also lower the the
allowable strength of material. The radius of the contact
position between the outer edge of the flywheel hub and the
rotor is 100 mm, and the maximum equivalent stress on the
rotor is 17.1 MPa. This value meets the radial allowable
stress of carbon fiber T700 material, and the safety factor of
1 /2 of the maximum allowable stress.

(2) The loss of electromechanical flywheel hybrid device
mainly includes the wind resistance loss of flywheel rotor,
bearing loss, mechanical transmission friction loss and
motor loss. The loss of the device is affected by the SOE of
the flywheel. With the increase of SOE, the increase of
flywheel speed will lead to the increase of wind resistance

500 600 700

loss, bearing loss and mechanical driving friction loss of the
device, and then the efficiency of the electromechanical
flywheel system is reduced.

(3) Compared with the original single motor drive scheme,
the maximum climbing angle of the vehicle is increased by
23.2%. The average operating efficiency under J1015 cycle
condition is increased by 8.2% due to the improvement of
vehicle power transmission system efficiency.
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