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ABSTRACT To effectively improve the vehicle suspension dynamic performances, minimizing discomfort
of passengers and realize vibration energy recovery, a new kind of electromagnetic hybrid suspension
(EMHS) system with parallel structure of linear motor and solenoid valve shock absorber is put forward.
The linear motor actuator can work at the active state for active control or energy-regenerative state for
energy recovery, the solenoid valve shock absorber work at the semi-active state for damping control.
Firstly, for the analysis of the hybrid suspension, a quarter dynamic model of EMHS is established.
Meanwhile, themathematicalmodels of linearmotor actuator and solenoid valve shock absorber are founded,
respectively. Then, for the better suspension control effect based on fuzzy control strategy, a novel endocrine
composite fuzzy control strategy is designed. By learning the biological endocrine hormone regulation
mechanism, the endocrine control with long feedback and ultra-short feedback is designed. The control laws
of the fuzzy controller and endocrine controller are, respectively, designed. Finally, the simulation analysis
of suspension dynamic performances and energy-regenerative characteristics is done, respectively. At the
same time, the bench test is carried out based on the rapid control prototype with dSPACE platform. The
results show the control effect of endocrine composite fuzzy control is better than that of fuzzy control,
which improves the dynamic performances. Moreover, part of vibration energy is recovered.

INDEX TERMS Electromagnetic hybrid suspension, endocrine control, fuzzy control, long feedback, ultra-
short feedback.

I. INTRODUCTION
The suspension of a vehicle acts as a significant role in
minimizing the shocks and vibration from the road excita-
tion. There are basically three types of vehicle suspension
system, namely passive suspension, semi-active suspension
and active suspension [1], [2]. The passive suspension cannot
adjust the vehicle dynamic performances, which can only
support fixed damping or stiffness. Semi-active suspension
can adjust the dynamic performances within the limited
range, which consumes less energy. Active suspension can
timely adjust the performances, but the shortage is much
external energy needed than semi-active suspension.

Recently, scholars have carried out researches on how
to balance the contradiction between suspension dynamic
performance and energy consumption [3]–[5]. Among them,
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many scholars proposed the hybrid suspension systems with
hybrid actuator structure, which can work at different modes
to coordinate the contradictions between dynamic perfor-
mance and energy consumption. For example, in [6], a hybrid
electromagnetic suspension that consists of linear motor and
passive damper is proposed. Thereafter, energy regeneration,
ride comfort, and driving safety are taken as control object
and the effect of damping values on different control objects
are studied. Finally, a bench test of 1/4 suspension is per-
formed,and the test results verify the accuracy of the simula-
tion results. In [7], a modified energy-saving skyhookhybrid
suspension system consisting of active control and energy
regeneratio is proposed, then a hybri electromagnetic actuator
is designed to satisfy the control requirements. Finally, a pro-
totype is fabricated and the bench test is conducte, the results
show that the structure can satisfy the control requirement,
which can coordinate the dynamic performance and energy
consumption effectively.
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At the same time, the control strategy has great influence
on the vibration attenuation performance of hybrid suspen-
sion system. In recent years, fuzzy control has been widely
studied in different control engineering areas [8], [9], espe-
cially in active or semi-active suspension control areas, due
to its good robustness and strong stability [10]–[14]. How-
ever, the control laws of fuzzy control strategy are based
on the experiences in a large number of experiments, and
the relevant parameters in the designed fuzzy controller are
fixed, so it is difficult to achieve the expected control effect,
under the different external conditions. Therefore, many
scholars carried out research on composite control strategies
based on fuzzy control, and introduce other control strate-
gies on the basis of fuzzy control to make better control
effect [15]–[17]. Pang et al [18] proposed a T-S fuzzy control
strategy based on fuzzy neural network, and used the structure
of neural network to describe the change of the expansion
factor. The simulation results show that the designed fuzzy
control strategy in the variable domain could effectively
improve the vehicle riding comfort and control stability.
In [1], a nonlinear optimal sliding mode fuzzy control method
for the active shock absorber inside the electric wheel was
proposed, based on the fuzzy control theory. The comparative
simulation verification was carried out, the results show that
the negative effect of vertical vibration of hub motor can be
effectively reduced, by the nonlinear optimal sliding mode
fuzzy control of the active shock absorber in the electric
wheel, which can ensure the better overall smoothness per-
formances of the electric vehicle.

Recently, endocrine control has been widely studied in var-
ious control fields, due to its good self-learning and adaptive
performance [20]–[22]. Shu et al. [23] proposed an intelligent
controller based on neuroendocrine algorithm, and applied
it to the control system of permanent magnet synchronous
motor. The experiment shows that the intelligent controller
has fast dynamic response, and could effectively improve the
robustness of the system. Jin et al. [2] proposed an endocrine
composite LQR control strategy for active suspension sys-
tem. The results show that endocrine composite LQR control
has better effect than traditional LQR control. The above
research shows that endocrine control has good self-learning
and adaptive performance in control engineerin, while fuzzy
control strategy actuallyneeds this to achieve better control
effect. At present, there is no research concerned on both
fuzzy control and endocrine control. If the fuzzy control can
inherit the good self-learning and adaptive performances of
endocrine control when the two control strategies compound
each other, then the propose composite control strategy will
get better control effect than traditional fuzzy control strategy,
which will propose a novel control strategy in suspension
vibration control areas.

In this paper, a new kind of EMHS system with the parallel
structure of linear motor and solenoid valve shock absorbe is
proposed. The linear motor actuator can work at the active
state or the energy-regenerative state, also, the solenoid valve
shock absorber can achieve semi-active continuous damping

control. Therefore,the proposedEMHS actuator structure can
work in different states, so as to recover vibration energy,
while ensuring vehicle suspension dynamic performance.
In Section 3, the mathematical models of EMHS actuator
are founded. In section 4, anovel endocrine compositefuzzy
control strategy is designe, which is combined the long feed-
back control and ultra-short feedback control on the basis of
fuzzy control. Finally, in section 5, the simulation analysisand
bench test are carried out to validate the effectiveness of
proposed novel control strategy.

II. STRUCTURE AND PRINCIPLE OF EMHS SYSTEM
The structure of EMHS system is shown in Figure 1,
which is mainly composed of spring, linear motor actuator,
solenoid valve shock absorber, controller, battery and corre-
sponding signal detection sensors. The linear motor actua-
tor can choose to work in active state for active control or
energy-regenerative state for energy recovery.

FIGURE 1. dStructure of the EMHS system.

The working principle of EMHS system is divided by
different working modes of the suspension, it can work in
the economy mode or sports mode. The road condition is
better under the economymode, then the solenoid valve shock
absorber works in the semi-active state, outputs adjustable
damping force to attenuate vibration, and the linear motor
actuator works in the energy-regenerative state for energy
recovery. The road condition is worse under the sports mode,
then the linear motor actuator works in the active state,
to output the active force for vibration attenuation. At the
same time, no control current passes through the solenoid
valve shock absorber, which is equivalent to the traditional
hydraulic shock absorber for less energy loss.

When linear motor actuator works in the active state,
the ideal force is obtained by the endocrine composite fuzzy
control strategy. By inputting controllable current into the
linear motor according to the ideal force, the actual force
is generated to achieve vibration attenuation. When linear
motor actuator works in the energy-regenerative state, by cut-
ting the magnetic induction line, the counter electromotive
force (CEMF) is generated and electric energy is stored in the
super capacity, to realize the vibration energy recovery.When
the solenoid valve shock absorber works in the semi-active
state, the ideal force is obtained by the endocrine composite
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fuzzy control strategy of the suspension controller, then the
actual damping force is generated by the controllable current
input according to the ideal force. The energy of active control
for linear motor and semi-active control for solenoid valve
shock absorber is provided by the battery.

The linear motor actuator prototype and solenoid valve
shock absorber prototype are fabricated, and displayed
in Figure 2.

FIGURE 2. EMHS actuator Prototypes.

III. EMHS SYSTEM DYNAMIC MODEL
A. EMHS MODEL
A quarter vehicle dynamic model of EMHS system is
designed as shown in Figure 3, which consists of sprung
mass, unsprungmass, spring, tire and EMHS actuator. EMHS
actuator includes linear motor actuator and solenoid valve
shock absorber, which acts as the parallel connecting part
between sprung mass and unsprung mass [25].

FIGURE 3. Two DOF EMHS Model.

where LM represents linear motor actuator; and SV repre-
sents solenoid valve shock absorber.

From Figure 3, based on the Newtons laws of motion,
the EMHS system dynamic motion equations can be
expressed as:{

msẍs + ks(xs − xu)+ F = 0,
muẍu − ks(xs − xu)+ kt(xu − z)− F = 0.

(1)

The state variable and output vector are selected as follows:

X = [xs − xu ẋs xu − z ẋu]T ,

Y = [ẍs xs − xu kt (xu − z) ẋu]T ,

wherems is sprungmass andmu is unsprungmass; ks is spring
stiffness coefficient and kt is tire stiffness coefficient; F is
suspension control force (especially FL is the active force
of linear motor, and Fs is the semi-active control force of
solenoid valve shock absorber); Z is road input displacement;
xs is sprung mass displacement; and xu is unsprung mass
displacement.

In this way, the state-space equations of suspension can be
expressed as follows:{

Ẋ = AX+ BU,
Y = CX+ DU,

(2)

where A is state matrix; B is input matrix; C is output matrix;
and D is transfer matrix. When the control input force F is 0,
it becomes passive suspension.
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ż
F

)
.

A filtered white noise is adopted as the road surface input
model [26]:

ż(t) = −2π f0z(t)+ 2π
√
G0u0ω0(t), (3)

where G0 is road irregularity coefficient; f0 is lower cutoff
frequency; u0 is vehicle speed; and ω0 (t) is unit white noise.
The different driving condition can be made up of different
road irregularity and driving speed.

B. EMHS ACTUATOR MODELS
For linear motor actuator in the active state, by inputting
controllable current, the active force is generated to atten-
uate vibration. Linear motor actuator model is obtained
as follows, under the two-phase rotating d− q coordinate
system [27], [28]:

did
dt
= −

R
Ld
id +

Lq
Ld
ωiq +

ud
Ld
,

diq
dt
= −

R
Lq
iq −

Ld
Lq
ωid −

ϕf

Lq
ω +

uq
Lq
.

(4)
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where R is winding resistance; Ld is direct axis inductance;
Lq is quadrature axis inductance; ϕf is permanent magnet
flux linkage; ω is electrical angular velocity; id is direct axis
current; iq is quadrature axis current; ud is direct axis voltage;
and uq is quadrature axis voltage.

The generated active force of linear motor is expressed as:

FL = 1.5Pnπϕfiq/τ, (5)

where FL is the active force generated by linear motor; Pn is
the pole logarithm; and τ is the pole distance.
Then, the thrust coefficient of the active force for linear

motor is expressed as:

Ki =
3Pnπϕf

2τ
, (6)

where Ki is the thrust coefficient of the active force for linear
motor.

The mechanical motion equation of linear motor is
expressed as:

M
dv
dt
= FL − f1 − Bv. (7)

where M is the mass of moving parts; v is the velocity of
moving parts; f1 is the load; and B is the viscous damping
coefficient.

For linear motor actuator in the energy-regenerative state,
by cutting linear motor magnetic induction line[2], the CEMF
is generated, then the regenerative voltage charges the super
capacity, the regenerative voltage is expressed as:

Ur = Keẋs-u, (8)

where Ur is the regenerative voltage; ẋs−u is the suspension
velocity; and Ke is the CEMF coefficient of linear motor.

The regenerative power of linear motor is used, to repre-
sent the energy-regenerative characteristics of EMHS system,
which is expressed as:

Pr = Ur · ir =
U2
r

R
. (9)

where Pr is the regenerative power of linear motor; and ir is
the coil current of linear motor in energy-regenerative state.

For solenoid valve shock absorber in the semi-active state,
the normally close structure type is chose, andthe solenoid
valve shock absorber model is built through test modelling
in Figure 4. The solenoid valve shock absorber installed on
the test-bed, the sinusoidal excitation of frequency is at 2Hz
and the amplitude is at 5mm from vibration table, is taken as
road input. The regulated DC power supplies adjustable cur-
rent to the solenoid valve shock absorber, then the damping
force and suspension displacement signals are measured by
force sensor and displacement sensor, respectively. The col-
lected signals are processed by data acquisition instrument.
Finally, under various control currents, the regression fitting
curves of velocity characteristics for solenoid valve shock
absorber, are shown in Figure 5.

FIGURE 4. Test modelling of solenoid valve shock absorber.

FIGURE 5. Regression fitting curves oftest modelling.

Then, the damping force Fs of solenoid valve shock
absorber is expressed as:

Fs =
3∑

k=0

(bkI2 + ckI + dk)ẋs-uk , (10)

where k is 0, 1, 2, 3; bk, ck and dk are polynomial coefficients;
and I is control current of solenoid valve shock absorber.

The regression analysis is taken to identify the polynomial
model parameters, and the identified resultsare as shown in
Table 1. Finally, the polynomial model can be obtained by
taking the identified parameters results into equation (10).

TABLE 1. Parameter identification results.

IV. ENDOCRINE COMPOSITE FUZZY CONTROL
STRATEGY DESIGN
For better control effect of EMHS system,a novel Endocrine
composite fuzzy control strategy is proposed, which is com-
posed of endocrine control and fuzzy control. By learning
the endocrine regulation mechanism of biological hormone,
the designed endocrine control includes long feedback
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control unit and ultra-short feedback control unit. The EMHS
system control block diagram is shown in Figure 6.

FIGURE 6. Control block diagram of EMHS system.

From Figure 6, LM = 1 represents the active state of
linear motor, LM = 2 represents the energy-regenerative
state of linear motor. SV = 0 represents that solenoid valve
shock absorber acts as the ordinary hydraulic shock absorber
with no current; SV = 1 represents the semi-active state of
solenoid valve shock absorber.

Under the better driving conditions with better road sur-
face level and lower vehicle speed, the EHMS system is
selected to work in the economy mode, then the solenoid
valve shock absorber works in the semi-active state, to gen-
erate damping force for attenuate vibration. The solenoid
valve shock absorber can achieve better vibration attenuation
control effect with less energy consumption in the semi-
active state. Meanwhile, the linear motor actuator choose to
work in the energy-regenerative state, to recover vibration
energy.

Under the worse driving conditions with worse road sur-
face level and higher vehicle speed, the vibration attenuation
comes first place, then the EMHS system is selected to work
in the sports mode. The vibration attenuation effect of linear
motor actuator in the active state is better than the semi-active
state of the solenoid valve shock absorber, cause the linear
motor has a larger output power. Hence, the linear motor is
selected to work in the active state, to generate the active force
for vibration attenuation. The solenoid valve shock absorber
is not energized, which acts as the ordinary hydraulic shock
absorber to reduce the energy consumption.

A. STRUCTURE OF ENDOCRINE COMPOSITE FUZZY
CONTROL STRATEGY
The endocrine composite fuzzy control strategy is based on
the mechanism of hormone feedback regulation [30], [31].
The endocrine hormone regulating system makes up of the
hypothalamus, pituitary and endocrine glands. The specific
process of hormone regulation is as follows:

Firstly, the regulation loop contains positive feedback reg-
ulation and negative feedback regulation, the positive feed-
back regulation is from hypothalamus to endocrine gland,
on the contrary, the negative feedback regulation is from
endocrine gland to hypothalamus. In the positive feed-
back regulation, the hypothalamus secreted pituitary hor-
mone H1, then H1 stimulates the pituitary to secrete the

endocrine gland stimulating hormone H2, which in turn stim-
ulates the endocrine glands to produce the corresponding
hormone H3.

In the negative feedback regulation, the concentration of
hormone H3 comes too high, which in turn acts on the
hypothalamus and pituitary gland to inhibit the secretion of
corresponding hormones.The positive and negative feedback
regulation of hormone H3 on the hypothalamus and pituitary
forms long feedback loop.

Otherwise, the gland stimulating hormone H2 released by
the pituitary not only affects the endocrine glands, but also
affects the pituitary itself, forming ultra-short feedback loop.
The working principle is shown in Figure 7.

FIGURE 7. Hormone regulation loop of endocrine system.

In view of the above regulating mechanism, the proposed
control structure is shown in Figure 8, which is composed of
the fuzzy controller and endocrine controller. The endocrine
controller includes the long feedback control unit and the
ultra-short feedback control unit, the long feedback control
unit consists of the primary control unit and the secondary
control unit.

FIGURE 8. Control structure block diagram of endocrine composite fuzzy.

where F0 is the output ideal force from the fuzzy controller;
F1 is the output control force of primary control unit; F2
is the output control force of secondary control unit; F3 is
the output control force of ultra-short feedback control unit;
F is the output control force of EMHA actuator; e1, e2, and
e3 are the output deviation signals of primary control unit,
secondary control unit and ultra-short feedback control unit,
respectively; ẋs is the sprung mass velocity; and ẍs is the
sprung mass acceleration.

The primary control unit and the secondary control unit
simulate the hypothalamus and pituitary, in the endocrine
controller, respectively. The direct feedback index is sprung
mass acceleration. The ultra-short feedback control unit
simulates the ultra-short feedback loop in the biological
endocrine system.
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B. ENDOCRINE COMPOSITE FUZZY CONTROLLER DESIGN
The endocrine composite fuzzy controller consists of fuzzy
controller and endocrine controller. The output force of the
fuzzy controller and the sprung mass acceleration feedback
of EMHS system, are used as the input of the endocrine
controller.

1) FUZZY CONTROLLER DESIGN
The two variables input and single variable output structure
of the fuzzy controller is designed. The main evaluation index
is sprung mass in suspension control area, s he sprung mass
acceleration and its changing rate are used as input variables,
to design the fuzzy controller. Seven language sets are used
to describe the fuzzy state of input variables and output vari-
ables [32]–[34]. The seven specific language sets are named
{negative big, negativemedium, negative small, zero, positive
small, positive medium and positive big}, the short form of
them is {NB NM NS ZE PS PM PB}, respectively.
The basic fuzzy domain of sprung mass acceleration

(E used to represent) and its changing rate (Ec used to rep-
resent) are set as [−6 6]. The basic fuzzy domain of output
variable (u used to represent) is set as [−7, 7]. When the
basic fuzzy domain is determined, the membership function
of fuzzy language variables, which is called the assignment of
fuzzy variables, should be determined according to the actual
situation. Fuzzy language is finally described by membership
function. Generally speaking, the steeper the shape of the
membership function, the higher the resolution and the higher
the control sensitivity. On the contrary, if the membership
function changes slowly, the control characteristics are rel-
atively gentle and the stability of the system is relatively
good. Therefore, in the selection of membership functions,
the membership functions with higher resolution are gener-
ally adopted in the regions near the zero error, while in the
regions with greater error, the membership functions with
lower resolution can always be adopted in order to make
the system have good robustness. The triangle membership
function is simple, and can satisfy the control precision of
general control system, so thegeneral triangle function is used
for the membership function of input and output variables,
mamdani method is used for fuzzy reasoning, and centroid
method is used for fuzzy solving. Fuzzy rules use language
to specifically describe the relationship between input and
output variables. Whether the rules are reasonable or not
directly affects the vibration attenuation effect of EMHS
system. Finally, the specific fuzzy rules are shown in Table 2.

The input and output surface of the fuzzy control system is
finally shown in Figure 9.

2) ENDOCRINE CONTROLLER DESIGN
By learning from the biological hormone feedback regula-
tion, the designed endocrine controller makes up of long
feedback and ultra-short feedback control unit, especially
long feedback control unit consists of primary control unit
and secondary control unit. The designed control law of each
unit is as follows.

TABLE 2. Rules of fuzzy control.

FIGURE 9. Input and output surface of fuzzy inference system.

a: LONG FEEDBACK CONTROL LAW
For the primary control, the proportional adjustment can
easily reach a stable state, the output control force F1 is
expressed as:

F1 = F0 + K1e1 (11)

The deviation signal e1 of the primary control unit is
expressed as:

e1 = F0 − ẍs, (12)

The deviation signal e3 of the ultra-short feedback control
unit is expressed as:

e3 = F2 − F1, (13)

whereK1 is the proportional coefficient of the primary control
unit; and F0 is the output ideal force of different modes from
the fuzzy controller.

The PID control is taken for secondary control unit, the out-
put control force F2 is expressed as:

F2 = Kpe2 + Ki

∫
e2dt + Kd

de2
dt
+ F3, (14)
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where F3 is the output force of ultra-short feedback control
unit.

The deviation signal e2 for the secondary control unit is as
follows:

e2 = F1 − ẍs, (15)

where KP,Ki and Kd are the proportional coefficient, inte-
gral coefficient and differential coefficient of PID control,
respectively.

b: ULTRA-SHORT FEEDBACK CONTROL LAW
The ultra-short feedback control adopts the endocrine regu-
lation law, the output changing rate of the secondary control
unit is taken as the input signal of the ultra-short feedback
unit. According to the general rule of endocrine hormones
proposed in literature [35], the control variable is ultra-short
feedback processed, and the nonlinear feedback function is
obtained as follows:

F3 = bc
{

[1F2(k)]n

1+ [1F2(k)]n

}
(16)

b =

{
+1 e2 ≥ 0
−1 e2 ≤ 0

(17)

where cn is the factor coefficient, which determines the
amplitude of ultra-short feedback compensation; b is the con-
stant coefficient, which determines the direction of ultra-short
feedback compensation, and the choice is enhancement or
inhibition.

The changing rate of the secondary control unit is selected
as the ultra-short feedback input signal. Finally, the output of
the secondary control unit after the ultra-short feedback unit
is considered as follows:

F2=Kpe2+Ki

∫
e2dt + Kd

de2
dt
+ bc

{
[1F2(k)]n

1+[1F2(k)]n

}
,

(18)

V. ANALYSIS AND BENCH TEST
In order to verify the effectiveness of the endocrine composite
fuzzy control strategy of the EMHS system, the simulation
analysis of the random road was carried out with passive
suspension, fuzzy control strategy and endocrine compos-
ite fuzzy control strategy, respectively. Also, the energy-
regenerative characteristic analysis was carried out. The road
conditions under economy mode and sports mode are with
different vehicle speed and road surface level, the specific
parameters about road conditions as shown in the Table 3
below.

TABLE 3. Driving conditions.

The corresponding road input displacement is shown
in Figure 10.

FIGURE 10. Corresponding road input displacement in different modes.

The specific suspension system parameters are shown
in Table 4 below.

TABLE 4. Vehicle parameters.

The parameters of endocrine controller of different modes
are finally shown in Table 5 after the adjustment.

TABLE 5. Endocrine composite fuzzy controller parameters.

A. SIMULATION ANALYSIS
The simulation analysis in time domain and frequency
domain of the passive suspension, the suspension with fuzzy
control strategy and the suspension with endocrine composite
fuzzy control strategy, are respectively carried out. Also,
the energy-regenerative characteristics are analyzed.

1) TIME DOMAIN ANALYSIS
Finally, the time domain responses of sprung mass accelera-
tion, suspension working space and dynamic tire load of all
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FIGURE 11. The suspension time domain responses.

types of suspension, under different modes, are obtained as
shown in Figure 11. The root mean square (RMS) values of
dynamic performance indexes and control effect of all types
of suspension, are as shown in Table 6.

In order to clearly compare the control effects, the RMS
values of all indexes are shown in Table 6.

It can be seen from Figure 11 and Table 6, the fuzzy control
and endocrine composite fuzzy control greatly improve the
vehicle dynamic performances compared with passive sus-
pension, and the control effect of endocrine composite fuzzy
control is superior to the fuzzy control under different modes.
For example, under the economy mode, the sprung mass
acceleration, suspension working space and the dynamic tire
load are respectively reduced by 10.1%, 9.8% and 9.9% with
fuzzy control, compared with the passive suspension. The
same indexes with endocrine composite fuzzy control are

FIGURE 12. The suspension frequency domain responses.

respectively reduced by 18.9%, 13.8% and 19.1%. Under
the sports mode, the sprung mass acceleration, suspension
working space and the dynamic tire load are respectively
reduced by 20%, 24.5% and 17.5% with fuzzy control. The
same indexes are respectively reduced by 31.4%,27.9% and
31.1%with endocrine composite fuzzy control. It can be seen
that, endocrine composite fuzzy control get better control
effect than fuzzy control, which effectively improves vehicle
riding comfort and handling stability.

2) FREQUENCY DOMAIN ANALYSIS
In order to analyze the control effects of each strategy, from
the perspective of frequency domain, the power spectral den-
sity (PSD) responses of all indexes are shown in Figure 12.
The highest peak values in the frequency bands are quantified,
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TABLE 6. RMS values of time domain responses of each index.

TABLE 7. The highest peak values quantification and control effect of the PSD value for different suspensions.

and the reduction degree of the highest peak values is taken
as the evaluation standard of the frequency domain analysis.
The results are shown in Table 7.

It can be seen from Figure 12 and Table 7, the fuzzy con-
trol and endocrine composite fuzzy control greatly improve
the vehicle dynamic performances compared with passive
suspension, and the control effect of endocrine composite
fuzzy control is superior to the fuzzy control in frequency
domain. For example, the sprung mass acceleration, suspen-
sion working space and the dynamic tire load are respectively
reduced by 23.8%,19.6% and 22.6%with fuzzy control, com-
pared with the passive suspension. The same indexes with
endocrine composite fuzzy control are respectively reduced
by 33.5%,31.6% and 33.3%. It can be seen that, endocrine
composite fuzzy control get better control effect than fuzzy
control, which effectively improves vehicle riding comfort
and handling stability.

3) ENERGY-REGENERATIVECHARACTERISTI
The energy-regenerative characteristic of EMHS system is
expressed by the regenerative power of linear motor, which
is shown in Figure 13.

Passive suspension cannot regenerate energy, only the
designed EMHS suspension system with fuzzy control or
endocrine composite fuzzy control can regenerate energy
under the economy mode. Figure 13 shows the energy-
regenerative characteristic of fuzzy control and endocrine
composite fuzzy control. It can been seen that the linearmotor
is in the energy-regenerative state during 0-5s. Combing with
the road input displacement in Figure 10, it can be known that,
this period is under economy mode. When the EMHS system

FIGURE 13. The regenerative power.

works at the economy mode, the damping force is outputted
by solenoid valve shock absorber, and the linear motor is in
the energy-regenerative state. Figure 13 shows that the peak
value of regenerative power with two control strategies is
almost to 35W, the difference value of average regenerative
voltage is within 3.5%. These two control strategies have little
difference in energy-regenerative effects.

B. BENCH TEST
In order to verify the simulation results of the designed
endocrine composite fuzzy control strategy, the bench test is
carried out based on the rapid control prototype with dSPACE
platform. The bench test system mainly includes designed
endocrine composite fuzzy controller, the EMHS system
composed of linear motor actuator and solenoid valve shock
absorber, ESG-62 vibration table to simulate road excita-
tion input, acceleration sensor, and DH5902 data acquisition
instrument for signal acquisition.
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The designed endocrine composite fuzzy suspension con-
troller model was imported into the dSPACE platform, and
the ControlDesk software of dSPACE platform was used to
configure IO port. Also, the dSPACE platform was connected
with the inverter or energy-regenerative circuit. The EMHS
actuator can output the control force for vibration attenuation
or recover the energy. The structure of the bench test is shown
in Figure 14.

FIGURE 14. Structure of the bench test.

The endocrine composite fuzzy control of EMHS system
was tested and compared with the simulation results. With
the limitation of test conditions, only sprung mass accel-
eration was detected, the time domain response results of
sprung mass acceleration of the EMHS system are shown
in Figure15, and the relative error with test result and sim-
ulation result is shown in Figure 16.

FIGURE 15. Test result of sprung mass acceleration in time domain.

From Figure 15, the test results are basically consis-
tent with simulation results. In Figure 16, the relative error
between them is from 2%-4%, which is within the acceptable
rang. The test results has validated the accuracy of simulation
results. Under economy mode, road condition is better, so the
relative error is less. Under sports mode, road condition is
worse, so the relative error is greater. The error is mainly
contributed for two reasons. On the one hand, accuracy error
between the mathematical modeling of the EMHS actuator
in the simulation and the actual actuator prototype exists.
On the other hand, more vibration noise and interfere exists
in the actual test, worse road condition leads more noise and

FIGURE 16. The relative error of test and simulation result.

interfere, also, the measuring instruments exists measuring
errors, which finally lead the error between the simulation
results and test results.

The frequency domain of sprung mass acceleration is
shown in Figure 17, the test result and simulation result
are basically consistent, the peak values for test result are
little bigger. The main reason for the error is the simu-
lation condition is much more ideal, the vibration noise
exists in test condition, also, the filtering error exists in data
acquisition.

FIGURE 17. Test result of sprung mass acceleration in frequency domain.

Figure 18 shows the comparison of regenerative power
between test result and simulation result, there is little differ-
ence between them overall. As for the peak values, test result
is little bit lower than simulation result. The main reason for
the difference is losses of the electronic components of the
energy-regenerative circuit.

FIGURE 18. Test result of regenerative power.
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VI. CONCLUSION
In this paper, a new kind of EMHS system is put for-
ward, which is based on the actuator wit the parallel struc-
ture of linear motor and solenoid valve shock absorber.
The mathematical models of linear motor are founded,
both in the active and energy-regenerative state. Mean-
while, the velocity characteristic tests of solenoid valve
shock absorber are carried out, to obtain the polynomial
mathematical model in the semi-active state. The EMHS
actuator can work in the different states under different
modes.

For better control effect, the endocrine control with long
feedback and ultra-short feedback is proposed, then a novel
endocrine composite fuzzy control strategy is designed. Sim-
ulation analysis and bench test are carried out, to validate
the control effect of endocrine composite fuzzy control strat-
egy. The results show that the proposed endocrine composite
fuzzy control get better control effect than traditional fuzzy
control. For example, under the sports mode, the sprung mass
acceleration, suspension working space and the dynamic tire
load are respectively reduced by 20%, 24.5% and 17.5% with
fuzzy control. The same indexes are respectively reduced by
31.4%, 27.9% and 31.1% with endocrine composite fuzzy
control. Meanwhile, under the economy mode, part of vibra-
tion energy is recovered while the vehicle dynamic per-
formance is guaranteed, and little difference about energy-
regenerative characteristic of fuzzy control and endocrine
composite fuzzy control. The future works include:1) Design-
ing and manufacturing the integrated EMHS actuator so
as to reduce actual installation space; 2) Optimization and
improvement of endocrine control law to get better control
effect.
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