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Abstract: At present, most studies are focused on converting the vehicle kinetic energy into elec-
trochemical energy for battery storage. During each deceleration period, the kinetic energy is first
converted into electromagnetic energy and then stored in the chemical form before being released as
the kinetic energy in next acceleration period, which leads to a low transmission efficiency. Secondly,
the efficiency of the kinetic energy recovery is limited by the rated capacity of electric drive devices.
Thirdly, a single-axis front-drive electric powertrain can only recover the kinetic energy of front
wheels. The system proposed in this paper, which included a flywheel, an electromagnetic coupler,
and two gear pairs, was arranged in the rear axis. This new configuration could recycle the kinetic
energy of the rear wheels for front-driving vehicles. Most of the energy between the wheels and
the flywheel was transmitted in the form of mechanical energy, and the power transmitted by the
mechanical port of the electromagnetic coupler was not limited by its rated power. Moreover, the
battery only needs to recover the slip power of the coupler. Finally, a test bench based on the proposed
system was designed and built under deceleration and cruising conditions. The experimental results
also proved the functionality of the proposed system.

Keywords: flywheel; hybrid power system; electromagnetic coupler; mechanical power; rated capacity

1. Introduction

The loss of the vehicle braking energy accounts for approximately 10-30% of the
total energy consumption in urban driving conditions [1-3], and braking energy recovery
devices can convert part of the vehicle kinetic energy into mechanical energy or electro-
chemical energy for recovery and storage [4-6]. To date, most studies have focused on
converting the kinetic energy of vehicle braking into electrochemical energy, recovering
and storing part of the braking energy through motor batteries [7,8]. When the vehicle
kinetic energy is recovered and stored in the form of electric energy, the energy conversion
process is from mechanical energy to electromagnetic energy and then to chemical energy.
The energy conversion amount is limited by the rated capacity of the electric drive device.
In particular, when the auxiliary electric drive device is equipped with a low power, the
recovery efficiency of the braking energy is lower.

The flywheel hybrid system can satisfactorily solve this problem by combining ad-
vanced gearbox control technologies, such as continuously variable transmission (CVT)
and Electronic Continuously Variable Transmission (E-CVT), to leverage the higher power
density of the flywheel. Typical energy storage technologies include physical energy stor-
age (such as pumped storage energy, compressed air energy storage, and flywheel energy
storage), chemical energy storage (such as batteries, fuel cells, liquid flow batteries, and
ultracapacitors), and electromagnetic energy storage (such as superconducting electromag-
netic energy storage) [9-13]. A fuel cell is not an energy storage, but an energy converter
from chemical to electrical energy. The energy is stored in a fuel tank. An energy storage

World Electr. Veh. ]. 2022, 13, 27. https:/ /doi.org/10.3390/wevj13020027

https://www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj13020027
https://doi.org/10.3390/wevj13020027
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://doi.org/10.3390/wevj13020027
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj13020027?type=check_update&version=2

World Electr. Veh. ]. 2022, 13,27

20f17

features energy flow in both directions. However, the energy conversion in the fuel cell is
not reversible due to thermodynamical reasons. The characteristics of each energy storage
technology are shown in Figure 1.
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Figure 1. Comparison of the energy storage characteristics of energy storage devices: (a) Ragone
plots; and (b) the efficiency-cycle time relationships.

The Ragone plot can be used to evaluate the initial power density and the energy

density of the energy storage device; then, the discharge time is defined according to
the ratio of the energy density to the power density [14-16], as shown by the imaginary
diagonal in Figure 1a. The durations of the charge and the discharge on each imaginary
diagonal are equal. In addition, the energy efficiency and the expected number of cycles
can also be used to evaluate the energy storage characteristics of the energy storage device.
As shown in Figure 1b, when the discharge depth is 80%, the energy efficiencies of the
supercapacitor and the flywheel can reach 95%, and the number of cycles exceeds 10,000.
Meanwhile, the energy efficiency of the battery is approximately 60-90%, and the number
of cycles is 1000-4000. Fuel cells have a low energy efficiency, but a relatively long cycle
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life [17,18]. At present, batteries and supercapacitors, as the mainstream energy storage
devices for vehicles, can meet the energy needs of vehicles under different working condi-
tions, but these technologies cannot simultaneously consider the power density and energy
density requirements. The flywheel can meet the above requirements with relatively high
energy density and power density values, and the cycle life and the energy efficiency are
higher [19-21].

In October 2009, the Federation Internationale de 1"Vehicle (FIA) pointed out the
important of the use of flywheel hybrid systems in vehicles. The UK’s “Technology Strategy
Committee” has also sponsored three research projects on flywheel hybrid systems, which
mastered a large number of advanced technologies. In December 2011, the U.S. Department
of Energy commissioned Oak Ridge National Laboratory to evaluate flywheel hybrid power
systems and pointed out that this technology, with high specific power and energy storage
characteristics, has a great potential application in hybrid electric vehicles [22-24]. In 2013,
Volvo tested its flywheel kinetic energy recovery system for vehicles, and the results showed
that the system could reduce the fuel consumption by 25% [25]. The literature [26] proposed
a novel power-split flywheel hybrid system, integrating the CVT and three planetary
gear-sets with the flywheel to improve the fuel economy and acceleration performance.
HAIKE proposed a recycling kinetic energy propulsion system in the powertrain of a
clean energy vehicle, of which the kinetic energy is recovered and stored in a flywheel
when braking. When the vehicle is under acceleration, the energy stored in the flywheel
is released as a power assistance to enhance the vehicle power performance and reduce
the fuel consumption [27]. In reference [28], the zero-inertia power system developed
by Eindhoven University of Technology can effectively avoid the acceleration resistance
caused by the engine inertia during acceleration.

Based on the electromagnetic coupler and the high efficiency of the flywheel energy
storage system, an electromagnetic coupling flywheel energy storage system (ECFESS) was
designed. This system effectively solves the insufficient power and energy-saving problem
caused by the power limitation of the electric powertrain system in EVs. In addition,
the mechanical power of the flywheel can be directly coupled to the powertrain system,
which improves the regenerative energy recovery efficiency and the vehicle acceleration
performance greatly.

The main contributions of this paper are summarized as follows:

e  We proposed a new type of electromagnetic coupling flywheel energy storage system.
The proposed topology can improve the performance of front-driving electric vehicles,
especially in stopping and going driving.

e  Most of the energy between the wheels and the flywheel is transmitted in the form
of mechanical energy during the vehicle deceleration and cruising in the proposed
system, and the power transmitted by the mechanical port of the electromagnetic
coupler is not limited by the rated power.

2. System Modelling
2.1. Working Principle of the ECFESS

The structure of the ECFESS is shown in Figure 2. The braking deceleration process of
internal combustion engine vehicles is usually completed by wheel-end friction braking,
but that of electric vehicles is completed jointly by friction braking and motor braking,
which is the foundation of energy recovery. Compared with that of internal combustion
engine vehicles, the use times of the friction braking of electric vehicles are greatly reduced.
In most cases, only motor braking can meet the deceleration requirements, and the brake
energy required by friction braking is reduced. When the braking torque provided by
the driving motor of the front axle or the electromagnetic coupler of the rear axle can-
not meet the driver’s braking requirement, the remaining braking force is provided by
friction braking. Of course, this involves the brake-by-wire system and electro-hydraulic
compound-braking mode. In order to highlight the advantage that the power transmitted
in the ECFESS is not limited by its rated capacity, only the motor braking mode is discussed.
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As an auxiliary device of the electric powertrain system, the proposed system uses an elec-
tromagnetic coupler to convert mechanical energy to mechanical energy and mechanical
energy to electromagnetic energy and then to chemical energy, when the vehicle decelerates.
The energy conversion process is as follows:

e  Mechanical energy to mechanical energy conversion process: If the speeds of the
armature and magnetic shafts are equal, there is only a mechanical energy conversion
between the flywheel and the wheels, without the electromagnetic energy conversion
between the battery and the electromagnetic coupler.

e  Mechanical energy to electromagnetic energy and then to chemical energy conversion
process: If the speeds of the armature shaft and the magnetic shaft are not equal,
then part of the mechanical energy is converted between the flywheel and the wheels,
and part of the mechanical energy is transmitted through the electrical port of the
electromagnetic coupler and stored in the battery. A more detailed discussion on this
can be found in Section 2.3.

Mechanical connection

— — — Electrical connection

r Powertrain system T

Motor 11
1

|
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Figure 2. Electromagnetic coupling flywheel energy storage system (ECFESS)-based power-
train system. I—front wheel; II—half-shaft; IIl—final drive; [V—rear wheel; V—first gear pair;
VI—electromagnetic coupler; VI-I—armature shaft (mechanical port); VI-Il—magnetic shaft (mechan-
ical port); VI-IIl—electrical port; VII—second gear pair; VIII—flywheel.

2.2. Characteristics of the ECFESS

The electromagnetic coupler, consisting of two mechanical ports (VI-I and VI-II) and
one electrical port (VI-III), was arranged between the flywheel and the wheels, as shown
in Figure 2. One mechanical port connected to the rear wheels, and the others connected
to the flywheel, so the kinetic energy could transfer from one side to the other. The elec-
tromagnetic coupler obeyed the same electromagnetic principles applied to conventional
electric machines. The armature, as the outer rotor, and the magnetic pole, as the inner
rotor, were embedded with three-phase windings and excitation windings, respectively.
The energy recovery device was composed of an AC/DC lift voltage rectifier, a battery
(supercapacitor), and a controller, which was used to recover the slip power generated in
the armature. The controller was used to adjust the current in the field winding, as well
as the output control signal sent to the AC/DC lift voltage rectifier. When the current
flew into the rotating magnetic pole winding, the main rotating magnetic field induced a
three-phase alternating current in the three-phase winding of the armature. The alternating
current was converted into a direct current by the AC/DC lift voltage rectifier and charged
into a supercapacitor to realize the recovery of slip power.
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When the vehicle decelerated, the kinetic energy was stored in the flywheel through a
two-stage gear pair. In the process of energy recovery, the conversion of the mechanical
energy between the wheels and the flywheel was realized by controlling the electromagnetic
coupler, and the amount of consumed electric energy was far less than the total energy
generated in the process of mechanical energy conversion.

To accurately explain the characteristics of the ECFESS, the rotation speeds of the
magnetic shaft and the armature shaft are defined as n; and n,, respectively, the slip speed
and slip power are An and Ps, respectively, and the rated speed, rated power, and rated
torque of the electromagnetic coupler are ny;, PN, and Ty, respectively. The rated speed,
torque, and power of the electromagnetic coupler obeyed the following equations [29,30]:

An =ng, —nj, (1)
o TNVIN
N'™ 9550 @

Assuming that n; = iy 116 = (i + 1)4N, Where i is positive, then the output power of the
magnetic shaft was written as:

iTNl’lN
P = .
' 9550 ©)
The input power of the armature shaft was described as:
P — (1 + 1)TN1’1N (4)
9550
The slip power was written as:
Ps:|Po_Pi‘:pN- ©)
The slip speed was expressed as:
An = ny —n; = nN. (6)

According to Equations (5) and (6), if the electromagnetic coupler is working under
the rated condition and i is positive, the power transmitted by mechanical port is far greater
than its rated power and is not affected by the rated power.

The performance evaluation of the flywheel energy storage system is directly related
to energy storage efficiency, which means that the whole process of system operation is
expected to maximize the available energy, that is, to minimize the energy loss. The fly-
wheel energy storage system is a comprehensive system, bearing friction, windage friction,
electrical loss, etc., and will affect the energy utilization efficiency of the system. The fly-
wheel rotor designed in this paper had a maximum speed of 20,000 rpm. In order to reduce
the sealing cost, the flywheel worked in the atmospheric environment. Figure 3 shows the
wheel-wheel energy conversion efficiency of the ECFESS and the battery electric vehicle.

The technical scheme and the wheel-wheel energy conversion efficiency of the battery
electric vehicle (BEV) are shown in Figure 3a,b, respectively. Meanwhile, the ECFESS
technical scheme and the energy recovery flow are presented in Figure 3c,d, respectively.
The efficiency value for the electrical-mechanical energy conversion was assumed to be
80% [31], which is consistent with the reference in Figure 3b. In general, the transmission
efficiency of grade 8 cylindrical gears is 0.97, that of steel bearings is 0.99, and that of elastic
coupling is 0.995. In the ECFESS, approximately 30% of the original vehicle kinetic energy
was converted to the form of electrical energy, and the rest was transferred mechanically
to the buffer flywheel without energy conversion. Figure 3b,d shows that the conversion
efficiency of the wheel-wheel kinetic energy of the ECFESS was higher than that of the
battery electric vehicle. As we know, due to the limitation of the powertrain capacity of
battery electric vehicles, some kinetic energy may be consumed through friction braking
and cannot be recovered in the high braking strength requirement or emergency braking
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condition. In this case, the advantages of the powertrain system proposed in this paper

became prominent.
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Figure 3. Wheel-wheel energy conversion efficiency: (a) BEV technical scheme; (b) BEV electric

powertrain energy conversion efficiency; (c¢) ECFESS technical scheme; (d) ECFESS energy conver-
sion efficiency.

2.3. Energy Conversion Process Analysis

Under the condition of the vehicle deceleration, part of the vehicle kinetic energy was
stored in the flywheel after increasing through the half-shaft, differential, first gear pair,
armature shaft, magnetic shaft, and second gear pair.

To describe the energy conversion in the process of the vehicle deceleration in detail, it
was assumed that the active power transferred to the armature shaft is P. After deducting
the armature iron loss, the electromagnetic power transferred to the magnetic shaft of the
electromagnetic coupler through the air gap is Pem. The electromagnetic power is divided
into the mechanical power Pep,, and the slip power Ps [30], which can be written as:

Pemech = (1 - S)Pem/ ()

PS - spem/ (8)

where s is the slip ratio. The mechanical power Pep,, in the magnetic shaft is outputted to
the input shaft of the second gear pair after deducting the mechanical loss. After deducting
the copper loss and stray loss of the pole winding, the slip power Ps can be stored in the
battery.

When the speed of the armature shaft was greater than the speed of the magnetic
shaft, the energy conversion process is shown in Figure 4a. The mechanical power of the
magnetic shaft, Peycp,, Was stored in the flywheel through the gear pairs, and the slip power,
Pg, was stored in the battery. Figure 4b shows the energy conversion process when the
armature and the magnetic axis were at the same speed. At this time, the slip power was
zero, and the mechanical energy was stored in the flywheel through the two mechanical
ports of the electromagnetic coupler.
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Figure 4. Energy conversion process of the ECFESS: (a) 1o > n;; (b) no = n;.

2.4. Characteristic Analysis of the Electromagnetic Coupler
2.4.1. Electromagnetic Coupler Model

The working principle of the electromagnetic coupler is similar to that of the winding
AC motor [32,33]. The difference is that the rotating magnetic field of the AC motor is
generated by an alternating current, while the magnetic field of the electromagnetic coupler
is generated by a direct current. The rotation of the armature plays the role of a rotating
magnetic field. Figure 5 shows the coordinate system of the magnetic pole and the armature
of the electromagnetic coupler on the dq axis, and its mathematical model can be written as
follows [33,34].

Q A

Aw=w, — w;
D
AB=6, — 9,
-
d

AB-magnetic pole and armature frame position

Figure 5. dq axis coordinate system of the electromagnetic coupler.
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1 Voltage equation

. , 9

Uod = Rriog + Pog — (Wo — Wj)hog ©
where 1,4 and uoq represent the components of the armature winding voltage on the
dq axis, R, represents the resistance of the armature winding, i,q and ioq represent the
components of the armature winding current on the dq axis, g and q represent the
components of the armature winding flux chain on the dq axis, wj represents the electric
angular velocity of the magnetic shaft, and w, represents the electric angular velocity of
the armature shaft.

{ uoq = Rrioq + l,boq + ((Uo — wi)l)bod

2 Flux equation

{ Pod = Lmif + Lodiod (10)
Yoq = Loglog

where Lq and Loq represent the self-inductance components of the armature winding on

the dq axis, Ly, represents the mutual inductance between the magnetic and armature

shafts equivalent windings in the dq coordinate system, and i represents the excitation

current of the magnetic pole.

3  Electromagnetic torque

Te = 1.5p (Yodiog = $ogioa), (11)
where T, represents the electromagnetic torque, and p represents the number of pole pairs.

4 Mechanical equations

wm = 7(Te = Bom — T0), (12)

where wy, represents the mechanical angular velocity of the magnetic shaft, H represents
the inertia of the magnetic pole, T, represents the magnetic pole mechanical torque, and B
represents the friction coefficient.

2.4.2. Characteristics

To analyze the dynamic characteristics of the electromagnetic coupler quantitatively, a
model of the electromagnetic coupler was established in MATLAB/Simulink according to
Equations (9)—(12). The model parameters are shown in Table 1.

Table 1. Model parameters of the electromagnetic coupler.

Parameter Value
Resistance of the armature winding () 0.55
Mutual induction of the pole and armature windings (mH) 20
Armature winding d-axis self-induction (mH) 8.45
Armature winding g-axis self-induction (mH) 5.4
Magnetic pole viscous damping (N-m-s-rad 1) 0.22
The moment of inertia of the poles (kg-m?) 0.009
Number of pole pairs 3
Excitation nominal voltage (V) 24

The moment of inertia of the poles (kg~m2)
By substituting Equation (10) into Equation (11), the electromagnetic torque of the
electromagnetic coupler can be obtained:

Te = 1.5p[(Log — Log)iogiod — Lmifioq)- (13)
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According to Equation (13), assuming the structural parameters of the electromagnetic
coupler are certain, the electromagnetic torque is directly related to iyg, ioq, and #. If if is set
as a constant, then Figures 6 and 7 show the characteristics of the electromagnetic torque
and the load torque, with the speed difference between the armature and magnetic shafts
under no load.

200 e i=9A
fffff i=11 A
i=13 A
15 F
E LT
E / ’ \\"‘..
[
5 - /’:
0 i 1 1 L 1 n 1 1 1 L 1
0 500 1000 1500 2000 2500

An/(r-min’)
Figure 6. Curves of the speed difference-electromagnetic torque relationships.
35

30

0 L L n T T
0 200 400 600 800 1000 1200 1400 1600

L L 1

e |
An/r-min

Figure 7. Curves of the speed difference-load torque relationships.

In Figure 6, when the excitation current was constant, the electromagnetic torque
first increased and then decreased as the speed difference between the armature and the
magnetic shaft increased. Under the same speed difference, the electromagnetic torque
increased, as the excitation current increased. If the input speed of the armature shaft
was constant, the output speed of the magnetic shaft fluctuated greatly as the load torque
changed.

Figure 7 shows the relationship between the load torque and the speed difference
between the armature and magnetic shafts under different excitation currents. For
#o = 1500 r-min~—!, then n; decreased, as the load torque increased under the same ex-
citation current. Taking An = 400 r-min~! as an example. When i was 15 A and T;. was
20.97 N'm, the magnetic shaft steady speed was 1100 r-min~. If the excitation current was
reduced to 14 A, the load torque was 18.43 N-m when the magnetic shaft was stable at
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1100 r-min~!. The load torque decreased to 16.29 N-m along with the excitation current
decreasing to 13 A.

To further study the dynamic output characteristics of the magnetic shaft with the
input speed of the armature shaft under different excitation currents, Figure 8 emulates the
relationship between the speeds of the magnetic shaft and the armature shaft under a load
torque of 6 N-m.

2500

2000

1500

n/r-min”

1000

1

500

. | . | . | . ! . ! ,
0 500 1000 1500 2000 2500
nﬂ/ r-min’

Figure 8. Curves of the input-output speeds.

In Figure 8, the output speed of the magnetic shaft increased linearly, as the input
speed increased at a certain constant excitation current. When the excitation current was
15 A, the sum of the load torque and the friction torque was greater than the electromagnetic
torque when the input speed of the armature was lower than 161 r-min~—?, and the output
speed of the magnetic shaft was zero. When the excitation current was decreased from 12 A

to 10 A, the critical speed of the armature was changed from 256 r-min~! to 397 r-min 1.

3. Case Study

In this section, the mathematical model of the ECFESS was established based on
Figure 2. The parameters are shown in Table 2.

Table 2. Parameters of the ECFESS.

Parameter Value
Mass (kg) 1500
Wheel radius (m) 0.3
Flywheel inertia/ (g»mz) 0.3
Flywheel maximum speed (r-min~1) 20,000
Flywheel initial speed (r-min~1) 7500
First gear pair ratio 1:4
Second gear pair ratio 1:5
Coupler rated power (kW) 1.1
Rated speed (r-min—1) 1000

Rated torque (N-m) 10
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Figure 9a shows the braking energy conversion process when the wheel decelerated
from an initial speed of 625 r-min~! to a cruising speed of 525 r-min~!, which means that
the vehicle speed changed from 70.69 km-h~! to 59.38 km-h~!. In this process, following
the driver’s demand, a rated torque of —10 N-m was applied to the mechanical port of
the coupler. At t =10.42 s, the kinetic energy of the flywheel absorbed from the rear
wheel was 177.05 k] (initial energy: 92.43 kJ). Therefore, the flywheel speed increased from
7500 r-min~! to 10,380 r-min .

2600 -
nﬂ
24004 >~ n,
_ 2200+
S 2000 - i
18001 T
_, deceleration cruise
1600 -~
’/ 1 v 1 M 1] N 1 M 1 T I v 1 v 1
2 4 6 8 10 12 14 16
/s
(a)
3000 - P
- —— - IJ

——= Cruise

12 14 16

(b)

Figure 9. Energy conversion during vehicle deceleration and cruising: (a) speed of the coupler

mechanical port; (b) power of the coupler mechanical port.
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In Figure 9b, the input power of the armature shaft was 2.62 kW, and the output power
of the magnetic shaft was 1.56 kW at t = 1.00 s. The output power of the coupler increased
from 1.56 kW to 2.20 kW in the period of 1.00-10.42 s. In this process, the power transmitted
by the mechanical port of the electromagnetic coupler was greater than its rated power.
To explain the energy stored in the battery (supercapacitor) of the ECFESS, the input energy
of the electromagnetic coupler E; and the output energy E, were defined as follows:

{ E = 110.42 Pydt
10.42 ' (14)

Eo = 1 Pdt

Figure 9b shows that the input energy of the electromagnetic couple (E; = E1 + Ej)
was 25.11 kJ and the output energy (E, = Ep) was 19.59 k]. Therefore, the maximum energy
recovered from the battery (E;) in the deceleration—cruise process was 5.52 k]J. In other
words, the ECFESS proposed in this paper could store directly 78.02% of kinetic energy
from the rear wheel in the flywheel, and 21.98% of the energy was converted through the
electrical port and stored in the battery eventually.

To analyze the energy conversion of the ECFESS quantitatively, Table 3 shows the
power transmitted by the mechanical and electrical ports when the wheel speed decreased
from 622.5 r-min~! to 535 r-min~! in the vehicle deceleration status.

Table 3. Power of the coupler ports.

r~nfi(;1 » r.m’;_l Po(kW) P;(kW) Py (kW) B
2490 1533 2.608 1.605 1.003 0.385
2465 1595 2.581 1.670 0911 0.353
2440 1634 2,555 1.710 0.845 0.331
2415 1659 2529 1.737 0.792 0.313
2390 1707 2.503 1.787 0.716 0.286
2365 1753 2.477 1.836 0.641 0.259
2340 1769 2451 1.853 0.598 0.244
2315 1809 2424 1.894 0.530 0.219
2290 1826 2398 1.912 0.486 0.203
2265 1857 2372 1.944 0.428 0.180
2240 1874 2.346 1.962 0.384 0.164
2215 1894 2320 1.983 0.377 0.163
2190 1949 2293 2.041 0.252 0.110
2165 1972 2.267 2.065 0.202 0.089
2140 1998 2.241 2.093 0.148 0.066

In Table 3, the output power P; of the electromagnetic coupler increased from 1.605 kW
t0 2.093 kW in the process of decreasing, and the transmitted power was approximately
1.46-1.90 times of the rated power. The slip power Ps processed by the electrical port was
reduced rapidly from 1.003 kW to 0.148 kW, and the ratio of the slip power to the input
power of the armature was reduced from 38.5% to 6.6%. According to the above data
variation rules, the proposed system can convert most of the kinetic energy in the process
of braking deceleration into mechanical energy, and the amount of energy conversion is
not limited by the rated capacity of the electromagnetic coupler.

4. Experimental Results

For the proof of the concept, an ECFESS test bench was designed and tested. The ex-
perimental information is shown in Figure 10 and Table 4. Flywheel I and flywheel II
were connected to a mechanical port by V-belts. Flywheel II could simulate the initial
energy of a decelerating condition at a certain speed. The energy from wheels could be
directly stored in flywheel I in the form of mechanical energy through a first-stage V-belt,
an electromagnetic coupler, and a second-stage V-belt.
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Figure 10. ECFESS test bench. —flywheel I; II—speed sensor (red circle); Ill—motor; IV—flywheel
II; V—torque sensor; VI—first-stage V-belt; VII—controller; VIII—data collection system; IX—
electromagnetic coupler; X—second-stage V-belt.

Table 4. Experimental parameters of the ECFESS.

Electromagnetic Coupler Parameters

Excitation voltage (V) <90
Excitation current (A) <1.8
Rated power (kW) 4.0
Rated speed (r-min—1) 1528
Rated torque (N-m) 25
Number of pole pairs 3
Drive motor parameters
Rated voltage (V) 220
Rated current (A) 8.29
Rated power (kW) 4.0
Rated speed (r-min~1) 2890
Rated torque (N-m) 13.2
Flywheel inertias (kg-m?)
Flywheel I 2.99
Flywheel II 4.82
V-belt speed ratio
First-stage V-belt 1:1.35
Second-stage V-belt 1:1.28

In this scenario, as shown in Figure 11a, flywheel Il had an initial speed of 702 r-min~!,

while flywheel I's speed was zero at the beginning. Meanwhile, a negative torque equal to
25 N-m was applied to coupler’s mechanical port (armature shaft and magnetic shaft), until
the speed of the mechanical port was about the same. The process ended at t = 5.72 s when
cruising. Figure 11b shows the power of the coupler mechanical port. During the process,
the power of armature shaft reduced from 1.85 kW to 1.27 kW. Therefore, a power of 8.93 k]
was input into the coupler, while a power of 4.81 k] was directly output to flywheel I in the
form of mechanical energy. Therefore, the maximum energy required for battery processing
was 4.1 kJ in the form of chemical energy.

If the magnetic shaft of the coupler was locked, the coupler was equal to a generator.
In the same situation, flywheel II also had an initial speed of 702 r-min~!, while a negative
torque equal to 25 N-m was applied to the coupler’s armature shaft. The same was true for
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an 8.93 kJ input into the coupler. However, all this required the battery to process in the
form of chemical energy.

In order to illustrate the power characteristics of the system furtherly, we increased
the input speed of the electromagnetic coupler to obtain the results in Figure 12. Figure 12a
shows that at t = 2.09 s, the electromagnetic coupler mechanical ports rotated at the rates
of 1904 r-min—! and 259 r-min~! in the same direction. At this moment, the flywheel 11
was powered off, and a 25 N-m torque was generated by the electromagnetic coupler. For
t = 8.49 s, the magnetic shaft speed increased to 1561 r-min~! due to the electromagnetic
torque, while the input speed decreased to 1621 r-min~!. In this process, the input power
of the electromagnetic coupler was reduced from 4.983 kW to 4.243 kW, while the output
power was increased from 0.678 kW to 4.085 kW. Therefore, the power transmitted by the
coupler was greater than its rated power. The maximum recoverable energy of the battery
in the vehicle deceleration—cruise condition was 14.281 kJ, i.e., E; in Figure 12b. Under
the same deceleration—cruise condition, the BEV needed to convert 29.523 k] from the
rotor shaft to electrochemical energy, which was stored in the battery. That is, the ECFESS
proposed in this paper can be of importance to chemical batteries by reducing the power
demand as well as the depth of charge and discharge.
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Figure 11. Experimental results of lower power transmission: (a) electromagnetic coupler mechanical

port speed; (b) electromagnetic coupler mechanical port power.
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Figure 12. Experimental results of high power transmission: (a) electromagnetic coupler mechanical

port speed; (b) electromagnetic coupler mechanical port power.

5. Conclusions

The hybrid vehicle technology is a well-conceived method of improving the effi-
ciency and quality of operation of vehicles. To meet requirements for hybrid powertrains,
advanced high power energy storage and conversion technologies are needed. These tech-
nologies should address issues of high power energy storage, energy/power management,
and auxiliary power. Advanced flywheel high power energy storage systems are one
possible way to meet high power energy storage and energy/power conversion needs.

In this paper, a new-type energy storage system, the ECFESS, was proposed based on
the high efficiency of flywheel energy storage and the characteristics of electromagnetic
couplers. The ECFESS was arranged on the rear axle of a vehicle, which can recover part of
the rear axle braking energy. Then, the electromagnetic coupler model was modelled in
MATLAB/Simulink, and the characteristics of this model were analyzed. In the deceleration
state, the ECFESS could store the vehicle kinetic energy in two parts. One part was
converted into electrochemical energy and stored in a battery, and the remainder was
directly converted into mechanical energy, which improved the brake energy recovery
efficiency, especially in stopping and going driving. As the vehicle wheel speed decreased,
the power processed by the electrical port of the electromagnetic coupler was much smaller
than the power transmitted by the mechanical port. In this way, the conversion power
between the battery and the electromagnetic coupler was lower. More importantly, in the
process of the vehicle deceleration and cruising, the power transmitted by the mechanical
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port was not limited by the rated capacity of the electromagnetic coupler. At the end, an
ECFESS test bench has been designed and tested for the proof of the concept.
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