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In this paper, an electromagnetic energy-regenerative suspension system is proposed to achieve active control and vibration
energy harvesting. For this system, a PID controller based on BP neural network algorithm is designed and vehicle dynamic
performances are studied. Based on the traditional energy-regenerative efficiency calculation, a novel self-supply energy efficiency
concept is proposed to evaluate the utilization effect of the recycled energy for this dual-functional suspension. Simulations are
carried out, and the results show that the vehicle dynamic performances are effectively improved under different input conditions,
including road surfaces and vehicle speeds. Furthermore, the energy-regenerative suspension can recover part of vibration energy,
where the self-supply energy efficiency is about 55% and the energy-regenerative efficiency is about 16%. Meanwhile, the BP-PID
algorithm also enables the suspension system’s self-adaptability and stability characteristics on its energy recovery capability.

1. Introduction

Due to the limitation of the passive suspension, the
handing stability and ride comfort of the vehicle cannot be
satisfied at the same time. Therefore, the research and
application of the active suspension is becoming in-
creasingly popular, which effectively improves the vehicle
dynamic performance [1-3]. However, the active suspen-
sion adds a new problem in terms of vehicle energy con-
sumption while improving its vibration response.
Therefore, many scholars have begun to study the energy-
regenerative active suspension. By recovering the dissi-
pated vibration energy and storing it for the active control
of suspension, the energy-regenerative active suspension
can effectively improve the energy utilization and reduce
the energy loss at the same time [4-6]. Compared with
mechanical energy-regenerative suspension, the electro-
magnetic energy-regenerative suspension has faster re-
sponse and higher energy recovery efficiency, so it has
become the hotspot of research studies [7-9].

Okada et al. [10, 11] proposed an electromagnetic energy
regeneration system; in'whichrarlinear D€ motor is used as
an actuator, and a bidirectional voltage charging circuit is

used to harvest the electric energy generated by the high-
speed movement of the actuator and charge the battery. But
when the system moves at a low speed, the actuator cannot
charge the battery and provide enough power. Suda et al.
[12] developed a prototype of the electromagnetic damper,
which is composed of a rotating DC motor and a ball screw
mechanism. Later, they improved the suspension by adding
a planetary gear mechanism. Nakano et al. [13] proposed a
self-powered active vibration isolation control system that
uses a linear DC motor actuator to achieve the vibration
control and the energy regeneration. Martins et al. [14]
compared the layouts of the hydraulic and electromagnetic
active suspension, calculated the actuator requirements, and
proved the feasibility of electromagnetic suspension in ap-
plication. Li et al. [15, 16] designed a retrofit regenerative
shock absorber based on a permanent magnetic generator
and a rack-pinion mechanism and performed bench ex-
periments and road tests for validation.

Most of the references mentioned above achieve the
optimization of energy-regenerative suspension from the
structure. However, it turns out that the control algorithm
has a significant influence on the energy-regenerative ef-
ficiency [17, 18]. Due to its strong self-learning and self-
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adaptive ability, the neural network algorithm has been
widely used in the field of nonlinear control. As a mature
neural network algorithm, the BP neural network is often
used for the optimization of suspension control [19], but it
has the risk of slow convergence rate and is easy to fall into
local minimization. Therefore, some researchers combine
the BP neural network with other control algorithm to
solve these problems. Liu and Hu [20] proposed a PSO-BP
algorithm to optimize the vehicle suspension, which im-
proves the slow convergence rate and poor global con-
vergence of traditional BP algorithm and significantly
improves the suspension performances. Zhu et al. [21]
proposed a GA-BP algorithm to identify road surfaces in
the mining field. Compared with the standard BP algo-
rithm, the truck’s ride comfort is improved obviously
through simulations and road tests. Owing to its simple
structure and good real-time performance, PID controller
has been widely used in the active control of suspensions
[22-24], but none of previous studies combine BP neural
network with PID controller to solve energy regeneration
and active control for suspensions.

This paper proposes a new electromagnetic energy-
regenerative active suspension (EERAS) system for both
active control and energy recovery. Besides the improve-
ment of the vehicle dynamic performance as what the tra-
ditional suspension control studies have achieved, the new
system can recover the vibration energy from the suspension
working space simultaneously, which is conducive to saving
energy and increasing mileage. The suspension actuator
consists of a ball screw energy-regenerative shock absorber
and a permanent magnet brushless DC motor. The con-
troller is designed based on BP-PID algorithm. The control
effects and the energy-regenerative effects are analyzed
through simulations, which are performed under different
road surfaces or vehicle speeds. The paper is organized as
follows.

In Section 2, the model of EERAS system is established,
including the quarter-car model and the control circuit
model. In addition, a novel concept is proposed to measure
the utilization efficiency of the recovered energy. In Section
3, a controller based on BP-PID algorithm is designed for the
suspension control. In Section 4, the simulations are carried
out under different input conditions to verify the im-
provement of the suspension performances and the ability to
recover vibration energy of the suspension. The main
conclusions are drawn in Section 5.

2. Model of the EERAS System

2.1. Structure of the EERAS System. The structure of the
EERAS system is shown in Figure 1. It is mainly composed of
a spring, a ball screw actuator, a controller, a charging
circuit, batteries and corresponding sensors, and so on.
During the running of the vehicle, the energy-regenerative
device extends and compresses with the uneven road sur-
face. The screw shaft moves up and down to make the ball
nut rotate. The nut is connected to the motor through the
gear set to increase rotation. The motor works in the power
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FIGURe 1: Structure of the EERAS system.

generation or braking state according to the controller’s
instructions so as to actively attenuate and harvest the body
vibration. The recovered energy will be stored in the batteries
through the charging circuit.

2.2. Control Principle of the EERAS System. Based on a 2-
DOF quarter-car model, we apply the BP-PID control al-
gorithm to the electromagnetic energy-regenerative active
suspension. And a PI controller is added to ensure the
consistency between the actual force and the desired force.
The control principle is shown in Figure 2. For this system,
the BP-PID controller aims at reducing body acceleration to
improve vehicle ride comfort, so we define y as the body
acceleration, one of the 2-DOF quarter-car model’s output
parameters. 7 is the body acceleration with a desired value of
0. e is the deviation between the desired value and actual
value, which is taken as the input of the BP-PID controller.
Then, the BP-PID controller offers a desired force to the PI
controller, and the control circuit outputs actual force to the
quarter-car model. ¢ is the constant of the screw motor,
which is used to convert the desired force into the desired
current.

2.3. Quarter-Car Model. A 2-DOF quarter-car model is
established to analyze the suspension dynamic character-
istics, as shown in Figure 3. In the model, my, and m,, are the
sprung mass and unsprung mass; x;, and x,, are the dis-
placement of the sprung mass and unsprung mass; x, is the
road displacement; Kj is the suspension stiffness; K is the tire
stiffness; C; is the inherent damper coefficient of the system;
and F is the actuator control force.
The dynamic differential equations of the model are

mbx.b =K, ('xw—xb) * Cs(xw_xb) +F,
mwjéw = Kt(‘xg _xw) - K, ('xw _xb) _Cs (‘xw _xb) - F.

(1)

2.4. Random Road Model. When analyzing the dynamic
characteristics of the suspension system, the random road
model is an important part. In this paper, a filtering white
noise is used to describe the random road input,

X, (1) = —anoxg(t) + 27\ Gyvw (t), (2)
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FIGURE 2: BP-PID control schematic of the EERAS system.

my

FIGURE 3: 2-DOF quarter-car model.

where f; is the lower cutoft frequency and set as 0.1 Hz; G is
the road roughness coeflicient; v, is the forward vehicle
speed; and w is the Gaussian white noise expected to be zero
in mathematics.

2.5. Control Circuit Model. The circuit schematic diagram
is shown in Figure 4, where U is the power supply voltage;
I is the armature loop current; R is the armature loop
internal resistance; M is the DC motor; and L is the

inductance.
For an ideal actuator, it has the following characteristics
[15]:
Ey = 97, (3)
F = oI, (4)

where Ey; is the electromotive force of the motor; ¢ is the
constant of the screw motor, ¢ = k/d, k is the motor constant
and d is the screw lead; and z is the axial speed of the ball
screw.

The circuit equation can be obtained as follows from
Figure 4:

dI
Us=L+RI+Ey (5)

According to equations (4) and (5), we can learn that
when the screw’s motor constant is unchanged, the active

e armature 100p

pply voltage, the

armature loop current can be changed; then, the active
control force is adjusted.

The control circuit takes the deviation value of the ar-
mature current as the input signal:

F
Iy =-2,

¢ (6)
e=1,-1,

where Ij is the ideal armature loop current; F, is the ideal
active control force; and e is the deviation between the ideal
current and the actual current.

The PI control voltage formula is as follows:

t
U=er+Kij edt, (7)
0

where K, and K; are the proportional coefficient and integral
coeflicient of the PI controller, respectively.

Substituting equations (3) and (7) into equation (5), we
can get

! J . dI g
er+KiJOe t—¢z=LE+RI. (8)

Performing a Laplace transform on equation (8), we can
get

169=](K+ )92 e O

where s is a Laplacian operator.
Figure 5 is a schematic diagram of the PI controller.

2.6. Self-Supply Energy Efficiency. P, is the power of the
suspension to recover energy, and P. is the power of the
suspension to consume energy. The ratio between P, and P.
is defined as the self-supply energy efficiency, representing
the energy utilization effect of the suspension as follows:

n=-- (10)

When the motor functions as a generator, it can be
obtained from Figure 4(a) that

Up = Ey —Ugs (11)

where Up, is the power supply voltage in the generator state
and Uy is the voltage of the internal resistance.

Substituting equations (3) and (4) into equation (11), we
can get

. . FR
UD=<pz—IR=goz—?. (12)
Therefore, the power of the motor to recover energy is
. FR . F’R
P=Up-I=¢z-1-— -1=Fz—-—- (13)
? %

Similarly, we can get the power supply voltage Uy and the
power P, of the suspension to consume energy in the motor
state, as follows:
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. . FR
UE=EM+UR=(pz+IR=goz+?, (14)

. FR . F’R
PC=UE'I=(PZ'I+?'I=FZ+?.

(15)

Substituting equations (13) and (15) into equation (10),

we can get
P, Fz-FR/¢*> 2F°R/¢* 2

1= p. Fz+FRIg? = Fi+FRig® = 1+¢%2/RF

1+ Ey/UY
(16)

2.7. Energy-Regenerative Efficiency. The power Py of the
thermal energy dissipated by the passive suspension damper
is written as follows:

|
Pd =—CZZ,

5 (17)

where C is the damping of the passive suspension damper.

The energy-regenerative efficiency 7 is defined as the
ratio between P, and Py, representing the suspension energy
recovery effect; then, we can get

Pr
. (18)

nszp_d

3. BP-PID Controller Design
3.1. Principle of BP-PID Controller. A new BP-PID controller

P erfOIHlS ClOSed—

The BP neural

network adjusts the three parameters K, K;, and Ky for the
PID controller. The parameters can be adjusted in real time
according to the state of the system so as to achieve a better
dynamic performance.

3.2. BP-PID Algorithm. We firstly built a three-layer
structure for the BP neural network. The number of
nodes in the input layer is 4. The input vector is x = [r(k),
y(k), e(k), 1], where r(k) is the desired output value of the
system, y(k) is the actual output value of the system, and
e(k) is the deviation between the expected output and the
actual output of the system. For the hidden layer, the
number of nodes is 5. And the number of nodes in the
output layer is 3, corresponding to the three parameters K,,,
K;, and Kj. Therefore, the structure of this BP neural
network is 4-5-3.

The input of the j-th neuron in the input layer is x;, and
the output is

O;” =x, j=12734 (19)

J

The input of the i-th neuron in the hidden layer is

4
net? (k) = Y w70 +6, i=1,2,3,45 (20
j=1

j i
where w'? is the connection weight between the hidden
layer neuron i and the input layer neuron j and 01-(2) is the
threshold of the hidden layer neuron i.

The output of the i-th neuron in the hidden layer is

0 = f(net? (k)), (21)

1

where f(-) is the activation function. It takes the positive
and negative symmetric sigmoid function, that is,

)=

er—e™

eX + e (22)

The input of the I-th neuron in the output layer is

5
net/” (k) = Z w0 + 6%, 1=1,23,
i=1

(23)

where wl(i3) is the connection weight between the output

layer neuron [ and the hidden layer neuron i and 91(3) is the
threshold of the output layer neuron I.
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The output of the I-th neuron in the output layer is
0/ = g(net” (k)), (24)

where OfS) = KP,OZ(3) =K, 03(3) = K. Since K, K;, and K4
are always positive, the activation function takes a non-
negative sigmoid function, that is,

X

e
9 = (25)
The performance index function is as follows:
1
E(k) =5 (r(k) - y (k). (26)

The weight correction of BP neural network adopts the
gradient descent method. An inertia term is added, to make
the search procedure quickly converge to the global
minimum.

OE (k)

(3) _
Awy; (k) =-n awl(-3) )

+ adw)? (k- 1), (27)

where # is the learning rate and « is the inertia coefficient.

OE(k) _OE(k) dy(k) du(k) 90 (k) .anetl“)(k)
awl(i3) (k) B 8y (k) Ou(k) aol(3) (k) anetl(3) (k) awl(i3) ) >

et (1) _ o0 g
0w (k)

(28)

We substitute the symbolic function sgn [0y (k)/0u (k)]for
the unknown quantity 0y (k)/0u (k). And the resulting
calculation inaccuracy is compensated by adjusting
the learning rate 7. Therefore, the correction formulas for
the weights and thresholds of the output layer are as
follows:

Aw? (k) = atwy” (k= 1) + 18 O (),

MO (k) = and (k- 1) + 5o, (29)

oy (k)| ou(k) ’(netl(3)(k)),

au (k) | 00} (k)¢

61(3) = e(k)sgn [

where g' (-) = g(x) (1-g(x)).
Similarly, we can get the modified formulas for the
weights and thresholds of the hidden layer:

Mw? (k) = adw? (k1) + 18705 (k),

@) 1y _ @7 ©)
A6 (k) = aAB;” (k—1) + 16, (30)

3
81'(2) = fl(neti(z) (k)) Z 51(3)“)1(1'3) (k),

I=1

where f'(-) = (1- f%(x))/2.

4. Simulation Analysis

The time domain response simulations between the energy-
regenerative active suspension and the passive suspension
are carried out in MATLAB/Simulink so as to examine the
improvement effects and calculate the energy regeneration
efficiency of the active suspension. Meanwhile, a single PID
control simulation is performed to illustrate the improve-
ment of the PID controller combined with the BP algorithm.
Also, the three parameters of the fixed gain PID controller
are determined through repeated trials and simulations;
among them, the proportional coefficient K, is 500, the
integral coeflicient K; is 5, and the differential coefficient K4
is 1. The vehicle runs at a speed of 20 m/s on a B-grade road,
and the simulation time is 20s. The other parameters are
listed in Table 1.

As for the control circuit, it is adjusted by the PI con-
troller. Set the proportional coefficient K, to 3000 and the
integral coefficient K; to 3. Figure 7 is a comparison chart
between desired control force and actual control force. We
can see the two curves coincide well. The root mean square
values of the two curves are 116.88 N and 115.05N, re-
spectively. The difference is only 1.57%, indicating a good
control effect.

Figures 8-10 give the time-domain response of the body
acceleration (BA), suspension working space (SWS), and
dynamic tire deflection (DTD) of the active suspension using
different controllers compared to the passive suspension. It
can be seen that the peak values of these performance in-
dicators using the BP-PID controller are reduced most.
Among them, the BA decreases most obviously; the SWS
and the DTD are reduced to a certain extent. Therefore, the
BP-PID controller can improve the vehicle dynamic per-
formance, especially the vehicle ride comfort.

According to Figures 8-10, we calculated the root mean
square (RMS) values of suspension performance indicators
to quantitatively describe the improvement effects, which are
listed in Table 2.

Compared with the passive suspension, the RMS values
of the BA, SWS, and DTD are reduced by 46.31%, 16.96%,
and 27.55% by using the BP-PID controller, while these data
are 28.70%, 14.04%, and 18.37% with the PID controller.
That is to say, the BP-PID controller has better improvement
effect than the PID controller, and the qualitative calculation
is consistent with the analysis.

In addition, we perform more simulations on the C- and
D-class roads at the same vehicle speed. The RMS values are
listed in Table 3. To make it clear, the improvements of these
performance indicators using the BP-PID controller are
demonstrated in Figure 11.
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TaBLE 1: Simulation parameters.

Parameter Value

K. 20000 N/m

K, 200000 N/m

Go 64 %107 m’/cycle

R 10Q

My 40kg

C, 1000 N-s/m

Fy 0.1 Hz

L 0.3H

® 90 N/A
400

200

-200

Active control force (N)

-400

Time (s)

------ Desired control force
—— Actual control force

FIGURE 7: Active control force.

Body acceleration (m/s2)

4 , . L
0 5 10 15 20
Time (s)
------ Passive
--- PID
—— BP-PID

FIGURE 8: Body acceleration.

According to Table 3 and Figure 11, we can know that
these performance indicators are sensitive to the road
surface. Compared with the passive suspension, the RMS
values of the BA are reduced by 46.31%, 43.52%, and 42.23%
under the B-, C-, and D-class roads. For the SWS, these data
are 16.96%, 15.54%, and 14.79%. And for the DTD, they are
27.55%, 26.53%, and 25.32%. It can be proved that the

i road surface be-
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FIGURE 9: Suspension working space.
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F1GURE 10: Dynamic tire deflection.

TABLE 2: RMS values of suspension performance indicators of
B-class road.

Performance indicator BA (m/s?) SWS (m) DTD (m)
Passive 1.0648 0.0171 0.0098
PID 0.7592 0.0147 0.0080
BP-PID 0.5717 0.0142 0.0071

TaBLE 3: RMS values of suspension performance indicators under
different roads.

Performance 5
indicator BA (m/s”) SWS (m) DTD (m)

Passive 1.0648 0.0171 0.0098

B-class
BP-PID 0.5717 0.0142 0.0071
ol Passive 2.1296 0.0341 0.0196
CasS Bp_pID 1.2029 0.0288 0.0144
Doclass  Passive 4.2592 0.0683 0.0391
BP-PID 2.4604 0.0582 0.0292

Furthermore, we perform simulations at different ve-
hicle speeds on the same B-class road. The RMS values are
listed in Table 4. Also, the improvements of these
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FIGURE 11: Performance improvement under different roads.

TaBLE 4: RMS values of suspension performance indicators at
different vehicle speeds.

Performance

2
indicator BA (m/s) SWS (m) DTD (m)
10m/ Passive 0.7529 0.0121 0.0070
s BP-PID 0.3935 0.0098 0.0050
Passive 1.0648 0.0171 0.0098
20m/s
BP-PID 0.5717 0.0142 0.0071
30 m/s Passive 1.3041 0.0209 0.0120
BP-PID 0.7131 0.0178 0.0088

performance indicators using the BP-PID controller are
demonstrated in Figure 12.

According to Table 4 and Figure 12, we can learn that these
performance indicators are also relative with the vehicle speed.
Compared with the passive suspension, the RMS values of the
BA are reduced by 47.74%, 46.31%, and 45.32% at different
vehicle speeds. The RMS values of SWS are reduced by 19.01%,
16.96%, and 14.83%. And for the DTD, they are reduced by
28.57%, 27.55%, and 26.67%. That is to say, the control effects
are slightly reduced as the vehicle speed increases.

At last, the self-supply energy efficiency (SSEE) and
energy-regenerative efficiency (ERE) of the active suspen-
sion with the BP-PID controller are calculated, respectively.
The simulation results at the same 20 m/s speed are listed in
Table 5. And the calculation data on the same B-class road
are listed in Table 6.

According to Tables 5 and 6, we can see that the SSEE is
more than 50%, mainly due to the high axial speed of ball
screw and the low energy consumption with BP-PID con-
troller. Besides, the SSEE and the ERE are almost constant
when the road surface or the vehicle speed is changed.
Therefore, it can be proved that the SSEE and the ERE are
independent of the input conditions, which include the road
surface and the vehicle speed.

In order to study the actual effect of the recovered en-
ergy, we take a typical B-class road as an example, and the
vehicle is driven at a speed of 72 km/h. Through simulations
and calculations, we know that the suspension system can

can be used to
o | of

W W o AUl
oS © U ©

— N
(52 I

Performance improvement (%)
— [39)
[ w

BA SWS DTD

B 10m/s
M 20m/s
m 30m/s

FIGURE 12: Performance improvement at different vehicle speeds.

TaBLE 5: Self-supply energy efficiency under different roads.

Road surface P./w PJjw Py/w  SSEE (%) ERE (%)
B-class 44.16 79.85 268.13 55.30 16.47
C-class 180.29 324.02 1072.67 55.64 16.81
D-class 719.26 1293.53 4290.69 55.60 16.76

TABLE 6: Self-supply energy efficiency at different vehicle speeds.

Vehicle speed PJ/w  PJw Pg/w  SSEE (%) ERE (%)
10 m/s 21.56 3892 134.06 55.40 16.08
20 m/s 4416 79.85 268.13 55.30 16.47
30m/s 66.01 119.25 402.21 55.35 16.41

5. Conclusions

In this paper, a new energy-regenerative active suspension
system is established to achieve active control and vibration
energy recovery. The actuator is composed of an energy-
regenerative shock absorber and a DC motor. The BP neural
network offers the self-adaptive parameters for the PID
controller. Also, the control circuit is adjusted by a PI
controller. Through simulations, the actual control force
coincides with the desired control force well, indicating a
good control effect. In addition, the improvement effects of
the suspension performances and the system’s ability to
harvest the suspension vibration energy are verified.

The RMS values of the BA, SWS, and DTD are reduced by
more than 40%, 10%, and 20% by using the BP-PID controller,
which indicates this system can effectively improve the ride
comfort and handing stability of the vehicle, especially the
former. In addition, the optimization effects of these perfor-
mance indicators slightly decrease with the deterioration of the
road surface and the increase of the vehicle speed.

A concept of self-supply energy efficiency (SSEE) is
proposed to represent the utilization effect of the recovered
energy. The SSEE exceeds 50% under different input con-
ditions, mainly due to the high axial speed of ball screw and
the low energy consumption with the BP-PID controller.
And the energy-regenerative efficiency (ERE) is about 16%.
Furthermore, the SSEE and the ERE are almost unchanged
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under different road surfaces or vehicle speed input, which
indicates the BP-PID controller has good driving condition
adaptability and stability.

In future study, the real car experiments will be carried
out to further verify the feasibility of this new EERAS system
firstly; then, combined with simulations and experiments,
the systematic analysis will be conducted to achieve a better
or optimal balance between active control and energy
regeneration.
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