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Abstract: A new method including suspension and wheel vibration energy regeneration is proposed
in this study to coordinate the contradiction between vibration energy regeneration and dynamic
performance of in-wheel motor electric vehicles (IWM-EVs). The influence mechanism of unsprung
mass on the dynamic characteristics of INM-EVs is investigated from the perspective of energy flow,
and potential of energy regeneration of IWM-EVs is explored on this basis. A parameter sensitivity
analysis of the proposed new method is conducted, and the optimal parameters are determined
for a comparative simulation analysis among focus-driven electric vehicles, IWM-EVs, and IWM-
EVs with linear electromagnetic dynamic vibration absorber (LEM-DVA). Results show that the
proposed new method effectively improves the dynamic performance and achieves coordination
between energy regeneration and dynamic performance despite its reduction of the vibration energy
regeneration potential of IWM-EVs. A new structure, which integrates a linear electromagnetic
damper (LEMD) and a LEM-DVA, is then proposed to implement the coordination method. The
equivalent prototype and control system are designed for a hardware-in-the-loop test. The test
results show good agreement with that of simulation despite some errors. This finding proves the
effectiveness of the new structure in coordinating the vibration energy regeneration and dynamic
performance of IWM-EVs.

Keywords: in-wheel motor electric vehicle; vibration energy regeneration; dynamic performance;
coordination method; linear electromagnetic damper; linear electromagnetic dynamic vibration absorber

1. Introduction

The electric vehicle (EV) is the main development direction of the automobile indus-
try at present and in the future because of its energy conservation and environmental
protection. As a special structure of EVs, the in-wheel motor electric vehicle (IWM-EV)
omits transmission components, such as transmission, universal joint, and differential
and half-axle, which reduces the vehicle quality, simplifies the vehicle structure, and im-
proves the space utilization and transmission efficiency [1]. Moreover, the INM-EV can
realize complex motion and dynamics control through wire control technology. Owing
to its unique technical advantages, the INM-EV has gained unprecedented attention and
development and has become a research hotspot [1-3]. However, many new problems
introduced by the IWM-EV cannot be ignored. Particularly, the negative effect of vertical
vibration caused by the increase in unsprung mass (installing the motor in the wheel can
increase the unsprung mass), which will lead to an increase in dynamic tire load and poor
road holding [4,5].

Many scholars have conducted useful explorations to solve the negative effect problem
of vertical vibration caused by the increase in unsprung mass, and the methods can be
summarized into three categories. The first is the lightweight design. The principle is to
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optimize the structure of the IWM to minimize its quality on the premise of ensuring the
dynamic performance of vehicles. However, this method is limited by material strength,
stiffness, and energy storage. The second is active suspension control. Shao proposed a
multi-objective robust He, reliable fuzzy control for active suspension systems of IWM-EV
with dynamic damping [6]. Wang designed a finite-frequency state feedback He, controller
for the active suspension of IWM-EV, which improves ride comfort and road holding [7].
Zheng investigated the coupling mechanism of permanent magnet synchronous motor and
proposed a multi-objective optimization method for the active suspension system to solve
the negative coupling effects [8]. However, the active suspension yields a bulky structure
and consumes a considerable amount of energy, which will affect the cruising range of
IWM-EV. The third is the dynamic vibration absorber (DVA) design to transfer the IWM
quality [9]. Luo proposed a novel electric wheel topology scheme with a built-in mounting
system [10]. In this scheme, the IWM as a whole is elastically isolated from the unsprung
mass via elastic element, and the IWM is transformed into the mass that is parallel to
the sprung mass. Tian proposed structural schemes of the in-wheel powertrain system
combining DVA. In this scheme, the in-wheel drive motor is suspended as a mass block;
therefore, a DVA is mounted on the unsprung mass to absorb the vibration [11]. Although
this method can effectively improve the negative impact of the increase in unsprung mass,
it has some shortcomings, such as complex structure, poor sealing, and low reliability of
moment transfer structure. In addition, the vibration energy, which can be regenerated,
is wasted.

Overall, the current studies focus on suppressing the vertical vibration of INM-EV.
Therefore, the vertical vibration of IWM-EV is regarded as a negative factor because it will
affect the dynamic performance of IWM-EV. However, the vertical vibration cannot be
eliminated by any means. This vibration continuously exists in the process of IWNM-EV
driving. Thus, if the vertical vibration is considered from another angle, it can have a
positive side [12]. The energy generated by vertical vibration can be converted into other
energy (e.g., electrical energy) for reuse. Mucka [13] systematically evaluated the potential
of vibration energy regeneration based on a real road database. The results show that for
asphalt, concrete, and rigid pavement, the average dissipated power range of the four
dampers of the whole vehicle model running at 60 km/h is 23.6 W to 25.9 W. The increase
in the unsprung mass of IWM-EV intensifies the wheel vibration. Therefore, additional
mechanical energy can be regenerated compared with conventional EVs. However, only a
few studies focus on this aspect.

The common method for vertical vibration energy regeneration is to replace the
hydraulic damper in the suspension system with a motor (linear/rotary motor). Thus, the
mechanical energy generated by the relative motion of the vehicle body and wheel can
be converted into electrical energy, which is dissipated as heat for the hydraulic damper.
Guo [14,15] explained the principle of suspension energy conversion and proved the
feasibility of the work of dissipated energy recovery. Shi [16] studied the influence of
suspension energy recovery on the fuel economy of hybrid EVs. Zuo [17,18] analyzed the
sensitive factors of vibration energy regeneration and designed an electromagnetic damper,
which integrates a gear, a rack, and a motor to perform tests. The average vibration energy
produced by the damper is 100-400 W when a medium-sized passenger car runs on a B-
or C-grade road at 25 m/s. Abdelkareem [19] analyzed the main factors affecting energy
regeneration and evaluated the recoverable energy on different road surfaces.

The aforementioned research demonstrates the feasibility of suspension energy re-
covery. However, only a few studies focused on the vibration energy regeneration of
IWM-EV, mainly because the suspension system is passive or semi-active during vibration
energy regeneration. Semi-active control can improve the dynamic performance to some
extent but fails to coordinate ride comfort and road holding effectively [20,21]. Thus, the
dynamic performance will be deteriorated due to the increased unsprung mass. In other
words, vibration energy regeneration and dynamic performance improvement are always
contradictory for IWM-EV, and a single vibration isolation system cannot effectively coor-
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dinate energy regeneration and dynamic performance. A new method for the vibration
energy regeneration of IWM-EV, specifically, a linear electromagnetic damper (LEMD), is
introduced in this study to regenerate the mechanical energy between the vehicle body
and wheel. Moreover, linear electromagnetic DVA (LEM-DVA) acts as an “absorber” of the
mechanical energy of the wheel. Thus, the vertical vibration can be effectively suppressed
while recovering vibration energy.

The main contributions and innovations of this paper are as follows: (1) The influence
mechanism of unsprung mass on dynamic characteristics of INM-EV is investigated
from the perspective of energy flow, and the energy regeneration potential of INM-EV
is explored on this basis. (2) A new method including suspension and wheel vibration
energy regeneration is proposed to coordinate the contradiction between vibration energy
regeneration and dynamic performance of INM-EV. (3) A new structure, which integrates
an LEMD and an LEM-DVA, is proposed to implement the coordination method.

This paper is organized as follows. Section 2 analyzes the influence mechanism of
unsprung mass on energy flow and dynamic characteristics. Section 3 proposes a new
method for the coordination of energy regeneration and dynamic characteristics. Section 4
designs the prototype to implement the coordination method and conducts a hardware-in-
the-loop test. Finally, Section 5 provides a general conclusion.

2. Influence Mechanism of Unsprung Mass on Energy Flow and Dynamic Characteristics

The increase in unsprung mass deteriorates the dynamic performance of vehicles.
However, only a few research results explain the influence mechanism. Therefore, the influ-
ence mechanism of unsprung mass on dynamic characteristics is investigated from the per-
spective of energy flow, and the energy regeneration potential of IWM-EV is also explored.

As shown in Figure 1, one-quarter suspension with a linear electromagnetic damper
(LEMD) of IWM-EV is taken as a research object, and a focus-driven EV is taken for
comparison. The dynamic equation of a one-quarter suspension system can be expressed as:

mu'xu:ks.<xsixu>+cs.(xs—xu)7kt-(xu*Xr)*Ct~(Xu*XY>

where ¢ is the equivalent damping of LEMD during energy regeneration; xs and x;, are the
vertical displacement of m; and m,,, respectively; x, is the motion excitation.

uollesauadas ASiau3

Figure 1. One-quarter suspension system.

The stochastic road is employed as motion excitation, which can be represented as [22]:

Xy = =27fox, + 27ng /Gy (ng)v - w )



Energies 2023, 16, 2968 40f 18

where f is the cut-off frequency, G,(n) is the road roughness coefficient, w is the Gaussian
white noise with zero mean value, 1, is the space frequency that is equal to 0.1 m~!, and v
is the vehicle velocity. The system parameters in Equations (1) and (2) are shown in Table 1.

Table 1. System parameters.

Symbols Description IWM-EV Focus EV Units
s Sprung mass 330 310 kg
my Unsprung mass 55 40 kg
ks Spring stiffness 19,600 19,600 N/m
ki Tire stiffness 200,000 200,000 N/m
Cs Suspension damping 1695 1695 Ns/m
ct Tire damping 200 200 Ns/m

Figure 2 shows the energy flow of a one-quarter suspension system under road
excitation. The road roughness and vehicle velocity form the input power to the vibration
isolation system. The input power flows into the wheel when absorbed by tire stiffness and
dissipated by tire damping, which causes wheel vibration. The power is then absorbed by
the suspension system (spring and LEMD) and flows into the vehicle body, which causes
body vibration. Notably, the power absorbed by LEMD will be regenerated to electric
power after its dissipation by internal resistance and regeneration circuit. The law of energy
conservation states that the power flow into the vibration isolation system is always equal
to the sum of dissipated thermal and regenerated electric power. Specifically, the wheel
and body will continue to vibrate due to the continued existence of road excitation, and
the power generated by the wheel and body vibration, despite the disappearance of road
excitation, will be converted into heat loss and electric power until the vibration stops.

1 I
Energy : : l = : : : + ]
flow H Tire damping Spring stiffness Resistance 1
i dissipated power absorbed power dissipated power 1
********** > | Heat |1
Dynamic ! losskuib
characteristics ! Tire stiffness Damper o o ~ Circuit :
! > utput power Lo ]
i absorbed power absorbed power dissipated power 1
| :
I
) I
TN ' Wheel vibration Body vibration Regenerated :
Road ! power !
. . 1 I
excitation : : : Energy flow :
Wheel  \_________ g Suspension ___________ ) AN I '
I I 1
I I 1

__________ S 2 2

1 . I

| Dynamic tire Suspension . Dynamic
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! load deflection Y characteristics i
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Figure 2. Energy flow of one-quarter suspension system.

The root mean square (RMS) of power is taken as an evaluation index of energy
to elaborate the influence mechanism of unsprung mass on energy flow and dynamic
characteristics, and the RMS of body acceleration, dynamic tire load, and suspension
deflection are taken for the evaluation of dynamic characteristics, which include ride
comfort, road holding, and suspension working space.

According to Equations (1) and (2), the power absorbed by a tire can be expressed
as [23]

T
RMS ;= \/;/0 ke (tu = x0) + 1+ (G — )] Geu — ) |2t 3)
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where the power dissipated by tire damping is

RMS,y = \/;/OT Hct (% — xr)ZHZdt 4)

and the power flow into the wheel is

1 /T . .2
RMS o = || [ - - Pt 5)

Similarly, the power absorbed by a suspension can be represented as

T
RMSps = \/;‘/o [ ks - (s — ) + s - (s — %) ] (ou — %) ||t ©)

where the power absorbed by LEMD (or the suspension vibration energy regeneration

potential) is
1 /T
RMSde - \/T/O

and the power flow into the body is

s (3s —xu)zuzdt )

1 /T 2
RMS iy = ?/o ms - s - x|t ®)

In addition, the RMS of body acceleration, dynamic tire load, and suspension deflection
is, respectively, shown in Equations (9)-(11) [20].

RMSqee = | /0 (AR ©)

1 /T . .
RMSdtl = \/T/O Hkt . (xu — Xr) +Ct - (Xu — xr) H2dl’ (10)

1 /T
RMSg; = \/T/O [ls — quzdt (11)

Figures 3 and 4, respectively, show the energy flow of IWM-EV and focus-driven EV
under different road excitations and vehicle velocities, where the road roughness coefficient
(Gy(np)) of Class Bis 64 x 107° m > and Class C is 256 x 1076 m~2.

Figure 3a,b, respectively, shows that the power absorbed by tires and dissipated by tire
damping is increased with the rise in road roughness and vehicle velocity. However, the
power dissipated by tire damping is considerably smaller than that of the power absorbed
by tires. This phenomenon is mainly due to the small tire damping, wherein power is
dissipated as heat but absorbed by tire stiffness and reacts on the road. In addition, the
power increase rate of IWM-EV is larger than that of focus-driven EV regardless of the
power. In other words, the increase in unsprung mass leads to additional power flow
into the wheel, which intensifies the wheel vibration (Figure 3c). Thus, the road holding
of IWM-EV is substantially deteriorated compared with that of focus-driven EV under
the same driving conditions (the same road roughness and vehicle velocity), as shown in
Figure 5b.
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Figure 3. Energy flow from road to wheel: (a) Tire absorbed power; (b) Tire damping dissipated
power; (c) Wheel vibration power.
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Figure 4. Energy flow from wheel to the body: (a) Suspension absorbed power; (b) Damper dissipated
power; (c) Body vibration power.
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Figure 5. Dynamic characteristics: (a) Body acceleration; (b) Dynamic tire load; (c) Suspension deflection.

Figure 4 shows the energy flow from wheel to body. The same phenomenon as shown
in Figure 3 can also be found. That is, the power absorbed by suspension and damper
(LEMD) is increased with the rise in road roughness and vehicle velocity considering
IWM-EV and focus-driven EV. However, the power absorbed by the two (suspension and
damper) is close to each other for transverse comparison (Figure 4a,b) mainly because the
damper is used for attenuating vibration to improve ride comfort. Thus, minimal power
flows into the body (Figure 4c). For vertical comparison, the suspension absorbed and
damper dissipated power of IWNM-EV is less than that of focus-driven EV (Figure 4a,b);
thus, the body vibration power of the former is higher than that of the latter (Figure 4c).
Moreover, the body acceleration and suspension deflection of IWNM-EV are deteriorated
(Figure 5a,c, respectively).
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The following two conclusions can be drawn on the basis of the above analysis.
First, the increase in unsprung mass allows additional power flow into the wheel, which
deteriorates the road holding. Second, the increase in unsprung mass reduces the dissipated
power of the damper, and additional power flows into the suspension and vehicle body,
which exacerbates the body acceleration and suspension travel.

3. New Method for Coordination of Energy Regeneration and Dynamic Characteristics
3.1. Presentation of the New Method

The influence mechanism of unsprung mass on dynamic characteristics is investigated
from the perspective of energy flow in Section 2. The increase in unsprung mass deterio-
rates the dynamic performance, especially the road holding, for INM-EV. However, this
phenomenon enhances the regeneration potential of wheel vibration energy. The existing
studies mainly focus on suspension vibration energy regeneration, and attention to wheel
vibration energy regeneration is minimal. Therefore, effectively coordinating road holding
and ride comfort only through the suspension system is difficult. Thus, a new method for
the coordination of energy regeneration and dynamic characteristics is proposed in this
study. Figure 6 shows that an LEM-DVA is used to absorb wheel vibration and convert
mechanical into electrical power. An LEMD is taken to recover the mechanical power gen-
erated by suspension vibration. Thus, the ride comfort and road holding can be considered
simultaneously while recovering the vibration energy of wheel and suspension.

LEMD/LEM-DVA Charging circuit
j Xs . grrom—— YA IR ——
Relative | -
velocity signal | Electrica
—> signal DC DC
H e > e i
-
Damping : AC DC
force signal | L

1

AC-DC: Rectification
k¢ = C¢ -
j DC-DC: Boost L
Xr

/\/ Supercapacitor

Figure 6. Principle of energy conversion.

Equation (1) is rewritten as shown below due to the introduction of LEM-DVA:

ms'%s = —ks - (xs — x4) _CS'.(’.‘S—.XM) ) ) . )
my xu :ks'(zs _Zu)+Cs' (xs._xu)._kt'(xu_xr) _Ct'(xu—xr) +kd'(xd_xu)+cd'(xd_xu) (12)
mg-Xq = —kg- (xq—xu) —cq- (Xa — xu)

where m; is the mass block, k; is the stiffness of elastic element, and c; is the equivalent
damping of LEM-DVA during energy regeneration.

Thus, the power absorbed by LEM-DVA (or the wheel vibration energy regeneration
potential) can be expressed as

RMS g = \/;/OT HCd. (%g — xu)ZHZdt (13)

Compared with the traditional vibration energy regeneration method, the new method
can further recover additional vibration energy and improve vehicle dynamic performance.
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3.2. Parameter Sensitivity Analysis

The introduction of LEM-DVA has changed the system structure. Different structural
parameters (14, kg, ¢z) of LEM-DVA will affect the system dynamic performance [24,25].
Therefore, the effect of structural parameters on the system dynamic performance is inves-
tigated to solve the optimal structural parameters. Thus, the wheel vibration energy can be
recovered on the premise of improving the dynamic performance.

The amplitude—frequency characteristics of body acceleration, dynamic tire load,
and suspension deflection are chosen as the evaluation indexes of dynamic performance.
Through Laplacian transform of Equation (12), the amplitude-frequency characteristics of
each index under the input of road velocity can be expressed as

ho= |2 = (14)
Xy Xr
k¢ (fu - -‘fr) +ct- (;Cu ;Cr) .
o= . _|ata S<x“—1)‘ (15)
X, s Xy
4 ¢ 1
5 = Xs - Xu _ 1 Xs — Xy (16)
X, S| x

where s is the Laplacian operator, and ' represents Laplace transform.

Figures 7-9, respectively, show three resonance peaks corresponding to the vibration
of the body, LEM-DVA, and wheel. All structural parameters mainly affect the amplitude—
frequency characteristics in a frequency band less than 3 Hz, which is dominated by vehicle
body vibration. Moreover, the influence on the suspension deflection is not observed
in an entire frequency band. Thus, the variations of the peak values of the second and
third resonance peaks with the structural parameters are discussed in this study. Figure 7
shows that the peak acceleration of IWM-EV with an LEM-DVA is decreased first and then
increased with the rise in mass block (1) in the first resonance peak compared with the
IWM-EV without LEM-DVA. Meanwhile, the peak acceleration is increased with the mass
block (i) in the second resonance peak, and the change in tire dynamic load is the same
as that of body acceleration. Figure 8 reveals that the peak acceleration and dynamic tire
load are decreased with the increase in damping values (c;) in the first resonance peak and
increased between the first and second resonance peaks. The peak values in the second
peak are the same (remained constant with the change in damping value). Figure 9 shows
that the peak acceleration and dynamic tire load are decreased with the increase in stiffness
(kz) in the first resonance peak and increased in the second resonance peak.

The above analysis indicates that the sensitivity of different dynamic performances
(especially ride comfort and road holding) to structural parameters is different. The
optimization of structural parameters will be conducted in the next section to coordinate
the dynamic performances effectively.

16— ; 6400 0.21 A
| —Without LEM-DVA = [ 0 f —Without LEM-DVA
T I --m =2.75Kg : i 5 pa I --m =2.75Kg
212 || | 4 -5k & 4800 j\ / S I d
c | ncreased ...m =5Kg z L o~ 5 e =5Kg
= | Sife \ 2
T |1 m,=11Kg § | 7 N 5 m,=11Kg
S 8 o 3200 i —Without LEM-DVA =
§ | Decreas_ed first and'\ ‘; :' --m,=2.75Kg g
_§\ 4; then increased § 1600—; md=5Kg § |
i} r — — & f* md=11Kg 2] r ~——_
G T —————
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Figure 7. Sensitivity analysis on 1.
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Figure 9. Sensitivity analysis on k.

3.3. Parameter Optimization

The parameters to be optimized include my, k;, and ¢y, and the optimization objectives
are ride comfort, road holding, and suspension travel. The optimization process includes
two parts: single- and multi-objective optimizations. The single-objective optimization
aims to optimize the three objectives separately and obtain the optimization parameters.
The multi-objective optimization is a weighted optimization based on single-objective
optimization. The objective function of single-objective optimization is defined as

n
]f:min(Z P,{f), i=1,23 (17)

which represents the minimizing peak value of the amplitude—frequency curve. P]{" is the ky,
peak value of the amplitude—frequency curve of J;. The objective function of multi-objective
optimization can be expressed as

n ] n ] n ]
y. B} Y. Bp x. Pf
P =min| w - o fwy S by S, i=1,2,3 (18)
i I JES

where JP (i = 1,2,3) is the optimal constant of single-objective optimization shown in
Equation (17), and w; (i = 1,2,3) is a weighted coefficient. The unsprung mass has a
considerable influence on the wheel performance; thus, w; = 0.3, wy = 0.5, and w3 = 0.2
are selected.

Figure 10 shows the optimization results with m; = 3.75 kg, ¢; = 65 Ns/m, and
k; = 8860 N/m. The peak acceleration of INM-EV is increased by 22.6% compared with
focus-driven EV. However, the IWM-EV with LEM-DVA is only increased by 6.2%. That
is, the LEM-DVA reduces the peak acceleration by 72.6%. In addition, the acceleration
amplitude of IWM-EV with LEM-DVA is always lower than that of focus-driven EV be-
tween 9 and 25 Hz, while IWM-EV is 11-25 Hz. The peak value of IWM-EV for dynamic
tire load is deteriorated by 31.4% compared with focus-driven EV, but 50.2% is improved
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by LEM-DVA. Moreover, the suspension travel of IWM-EV has not deteriorated signifi-
cantly compared with focus-driven EV. Therefore, the improvement of LEM-DVA is not
particularly observed. The above results show that the optimized structural parameters
can effectively improve the dynamic performance of INM-EV.
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Figure 10. Optimization results.

3.4. Simulation Analysis

According to the optimization results (m; = 3.75 kg, ¢; = 65 Ns/m, k; = 8860 N/m), a
comparative simulation analysis, including dynamic performance and energy regeneration
potential, is conducted among focus-driven EV, IWM-EV, and IWM-EV with LEM-DVA.
The simulation parameters are consistent with those of Table 1. Taking the stochastic road
of Grade B as input excitation, Figure 11 shows the dynamic performance comparison
in the time domain, and the specific results are shown in Table 2. Each performance
index of IWM-EV deteriorated compared with focus-driven EV, which is reduced by 10.8%
(body acceleration), 15.3% (dynamic tire load), and 4.9% (suspension deflection). The
results are in agreement with those of Section 2, which show the feasibility and validity of
analyzing the influence mechanism of unsprung mass on dynamic performance from the
energy flow perspective. Each performance index is improved by 22.2%, 9.4%, and 3.5%
compared with INM-EV with the introduction of the LEM-DVA. Interestingly, the body
acceleration is improved by 13.5% compared with focus-driven EV despite the continuous
deterioration of dynamic tire load and suspension deflection by 4.5% and 1.2%, respectively.
The results are inconsistent with those of the frequency domain. This difference is mainly
due to the various focuses of the response RMS and amplitude—frequency characteristics.
Specifically, the response RMS reflects the overall average level of performance indexes
of amplitude—frequency characteristics in a specific frequency band. The acceleration
amplitude for IWM EV with LEM-DVA is only deteriorated at 3~8 Hz but improved at
8-25 Hz (Figure 10). Therefore, the reduction of the RMS of body acceleration is feasible
from the overall viewpoint.
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Figure 11. Dynamic performance comparison in the time domain.
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PSD of body acceleration

Table 2. Performance comparison (simulation).

Index Focus EV  IWM-EV IWM-EV with LEM-DVA
RMS of body acceleration (m/ s2) 1.11 1.23 0.96
RMS of dynamic tire load (N) 666.3 768.2 696.1
RMS of suspension deflection (m) 0.0082 0.0086 0.0083
RMS of suspension regeneration potential (W) 107.8 100.2 63.8
RMS of wheel regeneration potential (W) - - 8.26

Figure 12 shows the power spectral density (PSD) of each performance index. The
amplitude of each performance index is the same in the body resonance frequency band,
and the performance amplitude of IWM-EV is remarkably increased in the wheel resonance
frequency band compared with focus-driven EV but is improved by the LEM-DVA. In
addition, the performance amplitude of INM-EV is increased in the LEM-DVA resonance
frequency band, but the peak value is always less than that of IWM-EV. This result is in
agreement with those of Figure 10, which indicates the effectiveness of optimization results.
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Figure 12. PSD of dynamic performances.

For energy regeneration potential, the INM-EV is slightly decreased compared with
focus-driven EV, and this condition is positively correlated with the increase in body
acceleration of IWM-EV. In other words, the reduced power absorbed by the suspension
will lead to additional power flow into the vehicle body, which results in increased body
acceleration and vice versa. Section 2 has elaborated on this phenomenon. The absorbed
suspension vibration power is further reduced considering IWM-EV with LEM-DVA.
This reduction is mainly because LEM-DVA absorbs part of the tire vibration power and
achieves power diversion, which reduces the relative motion between wheel and body and
the vibration power absorbed by suspension.

Overall, the introduction of LEM-DVA reduces the vibration energy regeneration
potential of INM-EV. However, LEM-DVA effectively improves the dynamic performance
and achieves coordination between energy regeneration and dynamic performance, which
shows the effectiveness of the proposed method in this study.

4. Test Verification
4.1. Structure Implementation

A new structure, which integrates LEMD and LEM-DVA, is proposed to implement the
coordination method in this section. Figure 13 shows that LEMD and LEM-DVA comprise
a mover and a stator, that is, a linear motor.

The stator for LEMD is connected to the vehicle body, which includes iron core and
coil windings. The mover, including steel tube and permanent magnets, is connected to the
wheel. Thus, the induced electromotive force (EMF) is generated between the stator and
the mover with the relative movement of the vehicle body to the wheel.

The LEM-DVA is fixed to the steel tube of LEMD, which is then fixed to the wheel.
Unlike the LEMD, the stator of LEM-DVA is fixed to the steel tube. When the wheel
vibrates, the permanent magnet acts as a mover to absorb the vibration of the wheel by
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compressing elastic material and generates induced EMF with the stator. In addition, two
axial sliding bearings (A and B) are installed inside the mover to ensure the axial motion of
the permanent magnet and reduce friction. An axial sliding bearing (C) is also observed
between the stator and the mover for the same consideration.

Stator Linear electromagnetic damper (4

(LEMD)

Iron core —»

Sliding bearing
4

Permanent magnets °

\

Elastic Mover Seal ring

Coil spring

v

y Mover A
~ —Iron core >
Linear electromagnetic
Permanent
/' |

macnets dynamic vibration absorber
Steel tube g (LEM-DVA) Stator  Sieel tube

7 &
/
/

Figure 13. Schematic of the new structure.

Overall, the LEMD can suppress the relative motion of the vehicle body and the wheel
while recovering the vibration energy. The LEM-DVA can also absorb the vibration of
the wheel and regenerate the vibration energy simultaneously. Thus, the coordination of
vibration energy regeneration and dynamic performance can be achieved. Notably, this
new structure increases the requirement for assembly space. However, the INM-EV omits
the transmission device and increases the chassis space, which contributes to the feasibility
of the structure for application on the IWM-EV.

4.2. Design of Energy Regeneration System

The linear motor (LEMD/LEM-DVA) is used to recover the vibration energy (mechan-
ical power), which outputs electric power to the supercapacitor. Except for a small part of
the energy dissipated in the coil and iron core, most of the mechanical power is converted to
electric power through electromagnetic action. This study assumes that the magnetic circuit
is unsaturated, and the resistance, inductance of stator windings are constant. Therefore,
Figure 14a shows that if the three-phase windings of linear motor are star-connected and
symmetrical in space, then the voltage equation of each phase winding is:

di

=+ Rload i (19)

=Ri+L
e 1+ it

where e, ep, ec are the the back EMF of windings A, B and C, respectively; ia, ip, ic are the
current of windings A, B and C, respectively; R is motor resistance; Rj,, is load resistance;
L is inductance.

The expression of the back EMF and damping force is as follows:

e = ke *Or (20)

Fdamping =ke ke vr/(R + Rload) (21)

where k, is the back EMF coefficient, k; is the thrust coefficient, and v, is the relative velocity
of the stator and mover. The parameters of LEMD and LEM-DVA are shown in Table 3.
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Figure 14. Energy regeneration system: (a) Windings circuit of linear motor; (b) Energy regenera-
tion circuit.

Table 3. Parameters of LEMD and LEM-DVA.

Parameters Units Description LEMD LEM-DVA
ke V-s/m Back EMF coefficient 88.5 14.5
ki N/A Thrust coefficient 95.6 24.7
R (@) Motor resistance 5.1 1.2
L mH Inductance 3.3 1.7

The energy regeneration system is completed when the linear motor (LEMD/LEM-
DVA) is connected with the external energy storage device, that is, the energy storage
device is used to replace the external load. As shown in Figure 14, the energy regeneration
process mainly includes rectifying, boosting, and charging the energy storage device. The
rectification aims to convert the three-phase AC voltage output to DC voltage using the
linear motor. The boost circuit is used to amplify the rectified DC voltage to provide
higher output voltage than the terminal voltage of the energy storage device to avoid the
phenomenon of “dead zone” (in which the damping force of the linear motor is zero when
the charging voltage is lower than the terminal voltage of the energy storage device). The
energy storage device adopts the supercapacitor due to its wide range of allowable voltage
variation for charging. Notably, the capacitor C; shown in Figure 14b is used to filter the
rectified voltage (Uj,), and C; is used to stabilize the voltage. The difference between the
output voltage (U;) and the rectified voltage (U;,,) is then considered as the input to adjust
the duty cycle of the converter.

4.3. Bench Test

Figure 15 shows the structure layout of the bench test, including the PC system,
dSPACE system, LEMD, LEM-DVA, electronic load, supercapacitor, current/voltage sensor,
oscilloscope, rectifier, booster, and INSTRON 8800 exciter. Specific functions are as follows:

1.  The PC system is used to establish the model, determine the system input and output,
and observe the simulation results.

2. The dSPACE is responsible for downloading and running the model of the PC system
and receiving /outputting signals.

3. The LEMD is used to generate a force to suppress vibration, and the LEM-DVA is
used to produce a force to absorb vibration. Both components convert the energy
generated by vibration into electrical energy.

4. The electronic load/supercapacitor are, respectively, connected to LEMD and LEM-
DVA. Notably, the connection of the electronic load to LEMD and LEM-DVA facilitates
testing of the output voltage characteristics of LEMD and LEM-DVA. Meanwhile, the
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connection of the electronic load to LEMD and LEM-DVA facilitates testing of the
energy regeneration characteristics.

5. The current/voltage sensor measures the voltage and current of the load resistance
to obtain the energy regeneration power of LEMD and LEM-DVA, respectively
(P=U x I). This measurement is different from simulation analysis whose eval-
uation index of energy regeneration is mechanical power, but the electrical power is
adopted in the bench test. The relationship between mechanical and electrical power
is conversion efficiency.

6.  The oscilloscope is used to observe current and voltage in real time.

7. The booster is used to convert the three-phase AC voltage into DC voltage, and the
booster is utilized to amplify the rectified DC voltage to realize a higher output voltage
than the terminal voltage of supercapacitors.

8. The INSTRON 8800 is responsible for simulating suspension displacement.

Unsprung mass acceleration

Suspension deflection
Accelerator Body acceleration

dSPACE
Output
voltage dSPACE

Displacemen Electronic load ’ pe/be
sensor Boost
W
Accelerator Dynamic tire load ﬂ

PC system

Oscilloscope

Exciter displacement

Control signal

(b)
Figure 15. Test bench and system. (a) Test bench. (b) Test system.

The terminal voltage of supercapacitors has an important impact on the energy regener-
ation efficiency of linear motors. Taking LEMD as an example, if the external supercapacitor
terminal voltage is too large, then the voltage after boosting may still be lower than the
supercapacitor terminal voltage and not be able to charge the supercapacitor, resulting in
the “dead zone” phenomenon. Therefore, this section will first test the output voltage char-
acteristics of LEMD and LEM-DVA to determine the reasonable supercapacitor terminal
voltage. At this time, the LEMD and LEM-DVA are connected with resistance (1 (2), and
the output voltage is obtained by measuring the resistance current. Figure 16a shows the
output voltage of LEMD in different excitation frequencies (f) and amplitudes (s) in differ-
ent velocities (v, = 2m+f+s). The maximum output voltage is close to 80 V at v, =0.94 m/s
(f =15 Hz and s = 1 cm), which covers the suspension velocity range (—1 m/s~1 m/s)
under normal driving state. The maximum output voltage for LEM-DVA is below 24 V
at v, =2.83 m/s (f = 15 Hz and s = 3 cm), which also covers the absorber velocity range
(=3 m/s~3 m/s). In addition, the bench test mainly aims to realize the theoretical method
and verify the accuracy of theoretical analysis. Therefore, the system parameters and
driving conditions (Class B) of the bench test will be similar to those of the simulation
analysis in Section 3.4. The relative velocity of the stator and mover on B-grade roads
is generally between —0.5 m/s and 0.5 m/s, and that of LEM-DVA is generally between
—1m/s and 1 m/s. Thus, the peak output voltage of LEMD on Class B will not exceed 48 V
and LEM-DVA will not exceed 12 V. Thus, 48 and 12 V supercapacitors are, respectively,
used for energy regeneration of LEMD and LEM-DVA.
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Figure 16. Output voltage. (a) Output voltage of LEMD. (b) Output voltage of LEM-DVA.

The output voltage of LEMD and LEM-DVA is random in the actual driving process.
The boost circuit when the output voltage of LEMD and LEM-DVA is lower than the
terminal voltage of each external supercapacitor is needed to boost the voltage to charge the
supercapacitor and avoid the “dead zone” phenomenon (Figure 17). The key to boosting
voltage is to determine a reasonable duty cycle (3). The duty cycle as shown in Equation (22)
is determined by reference [26].

keloy| < K
‘B — wey 4 lee<< |vr| - ke (22)
L 7t <ol

where o is the velocity ratio between the breakpoints of force-velocity curves with and
without a step-up chopper; ¢, is the battery voltage.

F damping

—— Dead zone

-oeyk, -epk,

»
ek, aeyk, v,

— Boost

Figure 17. Damping characteristics of PWM step-up chopper damper.

Figure 18 shows the regenerated power of INM-EV with an LEM-DVA. The specific
results, which include dynamic performance and regenerated power of INM-EV and INM-
EV with LEM-DVA, are shown in Table 4. Compared with INM-EV, the body acceleration of
IWM-EV with LEM-DVA is improved by 22.7%, and the dynamic tire load and suspension
deflection are 8.29% and 4.93%, respectively. However, the suspension regenerated power is
reduced by 24.91%. This result is consistent with that of the simulation result in Section 3.4.
That is, the LEM-DVA can improve the system dynamic performances of IWM-EV while
maintaining feedback vibration energy.
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Table 4. Performance comparison (test).
Index IWM-EV IWM-EV with LEM-DVA
RMS of body acceleration (m/ s?) 1.45 1.12
RMS of dynamic tire load (N) 655.9 601.5
RMS of suspension deflection (m) 0.0081 0.0077
RMS of suspension regenerated power (W) 22.60 16.97
RMS of wheel regenerated power (W) - 1.86

However, some errors between the experiment and simulation (Table 2), especially the
dynamic performances, are found. Taking INM-EV with LEM-DVA as an example, the body
acceleration of bench test is increased by 16.7% compared with that of simulation, and the
dynamic tire load and suspension deflection are, respectively, reduced by 13.6% and 7.2%.
This reduction is mainly due to the neglected friction between the stator and the mover in
the simulation, which increases the system damping force. Thus, the body acceleration is
increased, and the tire dynamic load and suspension dynamic travel are reduced under
the same driving conditions. Considering regenerated power of suspension or wheel,
regeneration potential, which is a theoretical value, is used for simulation. However, power
loss is observed in the bench test, which results in actual values (regeneration power). The
actual recovered power of LEMD and LEM-DVA, respectively, accounts for 26.6% and
22.5% of the theoretical power.

Overall, the accuracy of the theoretical analysis, the effectiveness of the coordination
method, and the feasibility of the designed structure are verified by the bench test.

5. Conclusions

A method is proposed in this study to coordinate the contradiction between vibration
energy regeneration and dynamic performance of IWM-EV, and a new structure is intro-
duced to implement the method. The effectiveness of the designed scheme and method is
verified by simulation analysis and bench test. The main results are as follows:

1. The influence mechanism of unsprung mass on energy flow and dynamic characteris-
tics is investigated. The increase in unsprung mass allows additional power flow into
the wheel, which deteriorates the road holding. The increased unsprung mass reduces
the dissipated power of the damper, and additional power flows into the suspension
and vehicle body, which exacerbates the body acceleration and suspension travel.

2. Anew coordination method, which includes an LEMD and an LEM-DVA, is proposed.
The LEMD is employed to recover the mechanical power generated by suspension
vibration, and LEM-DVA is used to absorb wheel vibration and convert the mechan-
ical energy into electrical power. The optimal structural parameters of LEM-DVA
are obtained, which decreases the body acceleration by 22.2% on a B-grade road
compared with that of INM-EV without LEM-DVA. Moreover, the dynamic tire load
and suspension deflection are, respectively, decreased by 9.4 and 3.5%. In addition,
the regeneration potential of LEMD and LEM-DVA is 63.8 and 8.26 W, respectively.
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3. A new structure, which integrates LEMD and LEM-DVA, is proposed to implement
the coordination method. The control system is also designed. The hardware in-
the-loop comparative test, including dynamic performance and energy regeneration
tests, is conducted. The test results are in good agreement with that of simulation
despite the existence of some errors. This finding proves the effectiveness of the new
structure in coordinating the vibration energy regeneration and dynamic performance
of INM-EV.
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