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Abstract—In this paper, an active suspension system utilizing
a low-cost high-performance linear switched reluctance actuator
with proportional-derivative (PD) control is presented. With the
tracking differentiator (TD) calculating the displacement and its
derivatives directly under the presence of noise, velocity and ac-
celeration can be evaluated, and accurate position control can be
achieved. Comparison is made between linear and nonlinear PD
control methods in terms of various system parameters and road
profiles. A nonlinear PD controller with better dynamic responses
is evaluated and developed for real-time suspension application.
The proposed PD control schemes are simulated, tested, and ana-
lyzed to prove its robustness and reliability. Finally, a quarter-car
active suspension system prototype is built to demonstrate the
effectiveness of the proposed control schemes with experiment
results.

Index Terms—Active suspension system, linear switched re-
luctance actuator (LSRA), nonlinear PD, tracking differentiator
(TD).

I. INTRODUCTION

CTIVE suspension systems have been investigated and

developed for decades. Compared with the passive and
active hydraulic suspension system, the active electromagnetic
suspension system is more suitable for the electric vehicle
due to its simple mechanical construction and fast dynamic
response. It can also be used for any vehicle for comfort
improvement through better position and acceleration control
of the sprung mass part.

Linear permanent-magnet actuators are the most popu-
lar type of electric actuator for active suspension system.
Martins et al. proposed the potential of permanent-magnet actu-
ator for implementing the active suspension system [1] to meet
the requirement of “reduced comfort boundary” [2]. The study
of an active suspension system with tubular permanent-magnet
actuator is attempted in [3] to specify the design constraints
for passenger vehicles. The response of a quarter-car active
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electromagnetic suspension system is presented in [4] with
direct drive of linear actuator, which indicated the probability of
all electric active suspension systems to reject road disturbance.

High cost, difficult assembly, and maintenance are the main
drawbacks of permanent-magnet actuators, particularly due to
the rapidly rising cost of rare earth. Linear switched reluctance
actuator (LSRA) is a potential alternative for active electro-
magnetic suspension system due to its simple structure and low
cost as well as reliability and high performance [5]. Recently,
the LSRA has been investigated and applied in vertical propul-
sion systems for elevators. Its direct drive control method is
developed to overcome the control complexity, and satisfied
performance is achieved [6]-[10]. An LSRA with PD control
in an electromagnetic active suspension system of automotive
application is the first ever developed and presented in this
paper.

The main objective of the active suspension system is to
minimize or eliminate vibration hazards and isolate the vehicle
body from road irregularities. Nowadays, much research work
has been done on intelligent control methods and H., con-
trol, which enhance the flexibility of active suspension control
systems to fulfill the requirements [11]-[14], [15]. Intelligent
control methods [11]-[14] are theoretically available and have
excellent performance. H,, control methods [15] are widely
discussed for their robustness of parameter variation and dis-
turbances. However, these methods impose huge calculation
burdens to the controller, which are impractical in real-time
embedded control systems.

To overcome this drawback in embedded control systems,
the PD controller offers a simple and reliable solution [16]. In
this paper, a nonlinear PD controller [17]-[19] is developed
to enhance the robustness of the embedded control system.
Both linear and nonlinear PD control methods are validated in
simulation and verified by experiment results.

Meanwhile, vertical displacement, velocity, and acceleration
are critical attributes in active suspension system control and
hardware implementation. Acquiring velocity parameters using
conventional calculations is obstructed by the noisy feedback
displacement signal. A novel tracking differentiator (TD) is
introduced to track the feedback displacement signal and cal-
culate its velocity directly through the numerical method based
on optimal control theory [17], [19].

This paper is organized as follows. A description of the active
suspension system and design of the experimental platform are
proposed in Section II. Section III shows how the TD calculates
the derivative of displacement and how linear and nonlinear
PD controls are implemented to generate active forces and
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Fig. 2. Configuration of quarter-car active suspension system. (a) Sketch. (b) Prototype.
TABLE 1

reject vertical vibrations. Simulation and experiment results
that verify the validity of the proposed controllers are demon-
strated in Section IV. The conclusion and future development
are discussed in Section V.

II. SYSTEM DESCRIPTION AND PLATFORM DESIGN
A. Active Suspension System Overview

A block diagram showing a quarter-car active suspension
system is given in Fig. 1. A series of commands, such as vertical
displacement and limitation of velocity, are input into the con-
trol unit. Meanwhile, system status, such as phase currents and
position signals, is acquired by sensors and feedback to the DSP
controller. Then, the LSRA is turned on and off in sequence
through the power converter and generates the required force
to sustain the sprung mass subsystem regardless of vertical
vibration.

B. System Configuration

The sketch of the quarter-car active suspension system is
described in Fig. 2(a). The active suspension unit is composed
of a passive spring and an active linear actuator. They are
parallel connected with the aim to 1) sustain the sprung mass
subsystems, and 2) reject the road irregularities, which are
experienced by the unsprung mass subsystem. The elasticity
of the wheel is simply presented by a passive linear spring
with large stiffness in Fig. 2(a). In Fig. 2(b), an experimental
prototype is set up in the laboratory. The bottom roller is driven

SYMBOL OF ACTIVE SUSPENSION SYSTEM

Symbol Quantity

Displacement of sprung mass subsystem
Displacement of unsprung mass subsystem
Road disturbance

Actuator force

Sprung mass

Unsprung mass

Spring stiffness

LR

&5

Tire stiffness

by a mover that delivers the vertical vibrations to the wheel to
generate man-made road irregularities. Table I lists the symbols
used in the active suspension system.

C. LSRA

The proposed LSRA is composed of four identical double-
sided actuator modules, as shown in Fig. 3. The stator and
translator core are laminated to reduce eddy current losses.
Fig. 3(a) shows the configuration of the double-sided module,
which is made of four phases with eight pairs of stator poles
and eight translator poles. The translator weight is considerably
reduced due to the absence of excitation windings and back
iron. Moreover, there is no permanent magnet, which is more
suitable for harsh environments. A double-sided structure has
the advantage of higher force density than a single-sided struc-
ture, and four double-sided LSRA modules can be integrated
in a more compact configuration as depicted in Fig. 3(b). A
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Fig. 3.

LSRA model. (a) Configuration of double-sided LSRA module. (b) 3-D FEM model of LSRA.

TABLE 1I
SPECIFICATION OF LSRA

Quantity Value Quantity Value
Number of modules 4 DC-link voltage 200 V
Number of phases per module 4 Nominal current 10 A

Number of stator poles per module 16 Peak transient power 4.8 kW
Number of translator poles per module 8 Stroke 96 mm
Stator pole pitch 36 mm Nominal force 125N
Translator pole pitch 48 mm Peak force 500N

Stator pole width 13mm

Translator pole width 17 mm

Stator pole height 49 mm

Stator yoke thickness 13 mm

Stack length 43 mm

high propulsion force is provided by four modules in parallel,
whereas the lateral forces generated by both sides of the stator
are eliminated by force balancing. Moreover, this elimination
is helpful for reducing acoustic noise during the operation.
Finally, this configuration is easier for heat dissipation due
to the good thermal contact of the coil and the actuator
frame, which consequently enhances the overload capability of
the LSRA.

The force characteristic of the proposed LSRA is calculated
by the finite element analysis (FEA) method. Compromise
between actuator size and output electromagnetic force has
been taken into account in the design procedure of the LSRA.
The detailed parameters of the LSRA module are specified in
Table II. The peak force of the LSRA is determined as 2000 N
to satisfy the requirement of a medium-sized vehicle based
on “reduced comfort boundary” [2]. The force characteristic
of a double-sided LSRA module shows that positive (upward)

and negative (downward) forces are generated symmetrically
in a period (48 mm) and varied with positions and currents,
as shown in Fig. 4(a). In Fig. 4(b), the derivative of the phase
inductance according the position is obtained by the FEA
method, which is used to generate current command in the inner
current closed-loop control [20]-[23].

The same phases of each module are connected in series, and
the converter units can be minimized to reduce the converter
cost. In this application, capacitors of large capacitance are con-
nected electrically in parallel with batteries. Thus, the transient
energy required by the peak power can be supplied by both
the capacitors and the batteries. In addition, the capacitors are
used to store the regenerated transient energy from the active
suspension.

The actual power consumption for the suspension depends on
the road surface. The energy consumed depends on the duration
that a vehicle passes through a ramp or any uneven surface.
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Fig. 4. Characteristic of LSRA module. (a) Force characteristics. (b) Derivative of inductance versus position.

In our laboratory test, the average consumed power is about
350 W. Hence, the total required power for a four-wheel vehicle
is 1.4 kW.

D. Sensors

The active suspension system can be classified as mechanical
and electrical systems; therefore, both types of sensors are
required in the real-time application. For the mechanical part,
an internal linear variable displacement transducer (LVDT) is
used to detect the relative position of stator and translator
for appropriate conduction. The external LVDT monitors the
displacement of the sprung mass subsystem for control purpose.
For the electrical part, the voltage sensor is connected in the bus
to protect the LSRA from overvoltage; four current sensors are
independently installed to each phase to realize the closed-loop
implementation.

III. LINEAR AND NONLINEAR PD CONTROL
METHOD WITH TRACKING DIFFERENTIATOR

In this section, the active suspension system is modeled
linearly to describe the motion relationship, and then a reduced
model is extracted for control purpose. The TD is introduced in
this system to acquire and smoothen both vertical displacement
and its velocity of sprung mass subsystem. Linear/nonlinear PD
control is used to generate the required electric force and then
suppresses the vertical vibration. The control schematic of the
active suspension system is presented in Fig. 5(a), whereas the
direct force drive of the LSRA is shown in Fig. 5(b).

A. Model of Active Suspension System

The active suspension system described in Fig. 2 can be
modeled as follows by applying the force balancing principle:

_Ks(zs - zu) - Cs<2.:s -

Mz, = Zu)+ F
Mu:z:u - Ks(zs - Zu) + Cs(za -

Z20) — F — Ky (24 — 2)
6]
where C is equivalent damper coefficient due to friction in the
active suspension system.
The control objective is to keep the sprung mass subsys-
tem stable, whose position and velocity are chosen as state
variables, and the position and velocity of the unsprung mass
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Fig. 5. Schematic of active electromagnetic suspension system. (a) Control of
active suspension system. (b) Direct force drive of LSRA.

system can be regarded as external disturbances. Letting x1 =

Zg, Ty = 25, dy = [z, #,]T, the model can be rewritten as

[2] B [—K?/Ms —Csl/MJ Bﬂ

0 0 0
+[1/M3]F+[KS/MQ GS/MJ‘I“' @

B. Direct Drive of LSRA
Voltage balancing of the LSRA is presented as

d\; di; dL;
Uj:Rsij+7]:Rsij+Lj£ UijT;,

dt +

j=ua,b,c,d
3)

where u; and ¢; are the phase voltage and phase current, R, and
L are the related resistance and inductance, \; = L;i; is phase
flux linkage, x is the translator displacement, while v = z is its
velocity.
The phase current equation is obtained from (3) as
% Rs . v dLJ .

= ——1. +

-y — i =a,bcd (4
dt ij Lj dx i L] J @, 0, C, ()

Uj,
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where the phase inductance is a function of position and phase
current: L; = L;(x, ;).

The output force of the LSRA is the sum of phase forces;
the phase force is a function of the current and the derivative of
the inductance according the position. The relationship can be

written as
1 [dL;\ ,
iy By =5 (dw) i

where Fj; is the phase electrical force, and F' is the total
electrical force.

Phase overlapping control is not adopted in this applica-
tion due to the small high force intersecting area implied by
Fig. 4(a). The inductance and its derivative of LSRA are highly
nonlinear and varied with phase currents and position, as shown
in Fig. 4(b). Several methods are attempted to describe the
complicated behavior of phase inductance variation, such as
numerical and analytical functions [20]-[23]. A lookup table
is a convenient tool to depict the inductance change rate; the
only requirement is to pre-obtain a large amount of data by
measurement or FEA. To overcome this drawback, a simple
and easy method with least data is tried to be developed in
this paper to reduce the computation burden. A force factor
function T'f (x) is introduced here to estimate the value of the
inductance change rate, which is based on the FEA curve of
phase inductance at nominal current. The difference between
the force factor 7' f(x) and the real derivative of the phase
inductance (dL/dx) can be compensated by the closed-loop
current controller [6]. The force factor can be chosen in many
forms based on the maximum value of derivative of inductance,
which appears around the center of the phase conducting inter-
val; one simple quadratic form is

(l _ (m — xcj)Q
max 36

where (dL;/dx)|max is the maximum inductance change rate
at nominal current, z.; are the centers of phase conducting
zones that satisfy |z — x.;| < 6, and ¢, is the ratio between the
minimum and maximum value of change rate curve and set to
be 0.2 in this paper.

The current command is estimated as

j:a7b’67d (5)

dL,

. ZF; ;
BN T @

The control schematic is shown in Fig. 5(b); a closed-loop
current control with proportional-integral control is used to
drive the LSRA and provide high force to stabilize the active
suspension system.

C. TD

Nonlinear TD [17], [24] is an effective way to solve
the practical acquisition of a differential signal for real-time

application. The discrete signals 7y and ro of TD are the traces
of the reference input r following an optimal path
Tl(k+1):T1(/€)+hT2(k) (8)
ro(k 4+ 1) =ro(k) + hfst (ri(k) —r(k),ro(k), v, ch)

where h is the sampling step, v is the tracking velocity factor for
signal tracking, and c is the filtering factor to reject stochastic
noise. The update function fst(p1,p2,v, H) is of the form

la| > d

—wvsign(a),
o <a  ©

a
_UE7

fSt(p17p2>U7 H) = {
with

o= dP2 + %sign('yg, ly| > d?

d=vH, v =uvps +dps, b =+/d? + 8|y|.

For the active suspension system, the external LVDT signal
zs 18 acquitted to the controller with sensor white noise, and the
first step is to smooth the signal and calculate vertical velocity
by TD. The smoothed displacement signal z; and the vertical
velocity 29 are derived from

Zg(k + 1) = 22(]{) + hfSt (Zl (k) - Zs(k)a ZZ(k)7 v, Ch()lo)

The performance of nonlinear TD mainly depends on v and
c. A large v is beneficial for fast transition and tracking, and
a large c is helpful to reject stochastic sensor noise. However,
improper choice of parameters will deteriorate the system per-
formance. A too large v causes chattering of the output signals,
particularly the derivative of the reference signal. A too large
c will delay the response of the system. Moreover, there is
a tradeoff between tracking and filtering. In [17], a general
principle of selecting parameters is stated as follows: for the
reference signal with maximum noise of 0.01, v € [2.5, 50];
for the reference signal with larger noise, v will be increased
to obtain good tracking performance, whereas the differential
signal will be deteriorated.

In this application, the filtering factor is fixed first. As men-
tioned above, a large filtering factor is required to cancel the
sensor noise injected by components and motor drive. Then,
a large velocity factor is used for the simulation test. Several
combinations of (v, ¢) are tested, i.e., (250, 10), (200, 10),
(200, 5), and (150, 5). Based on the simulation results, (200,
10) is selected as the best parameters of TD. To demonstrate
the effect of nonlinear TD, tracking of sinusoidal road with
measured noise is shown. The reference of TD is 0.05 m with
a frequency of 3.33 Hz and 0.001 m white noise. The tracking
of reference is achieved as shown in Fig. 6, and the velocity is
obtained simultaneously, which is unavailable in conventional
calculation. Furthermore, the acceleration is easy to obtain
through tracking the output velocity by one more TD.



LIN et al.: ACTIVE SUSPENSION SYSTEM BASED ON LSRA AND CONTROL SCHEMES 567

TD of road with input noise

Displacement (m)
Velocity (m/s)

Fig. 6. TD of sinusoidal road profile (v = 200, ¢ = 10, h = 0.00025).

D. PD Controller

The feedback displacement and its velocity can be obtained
through TD, as previously discussed . The reference commands
of the active suspension system are referred to as zero displace-
ment and zero velocity, i.e., z; = 0 and 2} = 0; hence, the input
errors are classified into proportional error ), = 2 — 21 = — 21
and derivative error eq = 2% — 29 = —2».

The conventional linear PD controller is of the form

F* = klpep + kiq€q (11)
where k;,, and k4 are the proportional and derivative gains.

The PD controller of (11) is composed of a proportional item
related to displacement and a derivative item related to velocity.
The derivative gain k;4 should be determined first to suppress
the vertical vibration due to road disturbance; the proportional
gain k;,, is tuned later to smooth the response of the system.

The linear PD controller is simple and satisfied enough for
implementation. The possible drawback is the linear fixed gain
between output and errors. A nonlinear feedback error strategy
is helpful to solve that conflict [17]-[19]. The form of nonlinear
PD control law is similar to classical PD control and can be
synthesized as

F* = knp(~>6p+k‘nd(-)€d (12)
where k,,,,(+) and k,,4(+) are error-dependent time-varying non-
linear gains.

The purpose of employing nonlinear PD controller is to
reduce the rise time of small error and to enhance the robustness
of large error, which is mainly due to the increasing amplitude
of road disturbance. One possible nonlinear PD controller is of
the form

F* = kpp(ep, 0p, ap1, apa) + kap(ea, da, aar, aqz) (13)
where k,, and kg are the proportional and derivative gains to be

determined, d, and d4 are error set points, and a1, 02, q1,
and a9 are converging factors.

The nonlinear error function p(e, §, ay, a2) is denoted as

le/d]|*1sign(e), IzI >0 5> 0.

p(e7 57 g, 042) = { |€/6|Q2Sign(€), < 5

Substituting (14) into (13), the nonlinear time-varying gains
are obtained as

oy = {157, 1] >,
" kplep|@r2= 162 |e| < 6,8, >0

(14)

k Otd1—15*0‘d1 5
knd(')—{ aledl a s lel > da (15)

1 e—augs,le|<s .
kd|8d|0‘d2 1(5dad2 lel< 4 8,>0

The analysis of linear and nonlinear PD is further examined in
the following.

1) Main Difference Between Linear PD and Nonlinear PD
Controllers: From (15), the nonlinear PD controller is with
time-varying gains, whereas the gains of linear PD are fixed,
which provides a more flexible choice for the closed-loop con-
trolled system and enhances the system performance [17], [18].
It is assumed that the linear and nonlinear PD controllers have
identical output at their error set points, such as the proportional
terms in both controllers have the same force at |e| = 6 = 0. 1.
The outputs of the nonlinear PD controller related to different
error zones and converging factors are depicted in Fig. 7. As
shown in Fig. 7(a), the nonlinear PD controllers with « €
(0, 1) produce higher force than the linear PD controller, in
which the error is located at the interval with |e| < & except
the set points. In practical applications, a higher force can
eliminate errors effectively and is better for position and speed
tracking. When large error appears with |e| > ¢ in Fig. 7(b),
selecting «w € (1, oo) is appropriate to generate higher force,
which allows the suspension part to converge to the original
point and stabilize the system. Therefore, the nonlinear PD
controller provides higher force than the linear PD controller.
It reduces the response time of small vibration and suppresses
large oscillation.

For the proposed nonlinear PD controller in this paper, the
converging factor is selected as o € (0, 1) with small error
and o € (1, oo) with large error. The parameters of nonlinear
PD are listed in Table IV. It can be concluded that the time-
varying nonlinear gains are greater than the linear gains in most
cases, 1.€.,

knp > klp7 knd > k:ld~ (16)

2) Stability of Nonlinear PD Controller: The Popov sta-
bility criterion provides sufficient stability judgment for time-
varying nonlinear controlled system. The transfer function of
the controlled active suspension model can be expressed as

%{s(knp + knas)

Wi(s) = G(s)(knp + knas) =
() = Gk + o) = S

a7)

where G(s) = (1/(My))/s* + (Cs/Ms)s + (Ks/Ms) is the
transfer function of the suspension system model.

By applying the Popov criterion, the time-varying nonlinear
gains are chosen to make sure that the Popov plot lies entirely to
the right of a straight line with nonnegative slope and intersect
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Fig. 7. Comparison between the outputs of linear and nonlinear PD controllers. (a) Small error. (b) Large error.

the negative real axis [25]. As discussed in [17], [19], the Popov
plot can be divided into two cases: 1) Cskyp > K k,q and
2) Cskpp < Kkyq. The stability of the nonlinear PD con-
trolled system for both cases can be guaranteed by k,,;, > 0 and
kna > 0.

3) Robustness Analysis: The robustness analysis of the lin-
ear PD controller and the nonlinear PD controller discussed
here is divided into two parts: 1) parameters variation, and
2) external disturbance. The frequently varied parameter of the
active suspension system is the sprung mass. From (17), the
variation of sprung mass changes the poles of the controlled
system; the effects of parameter variation are almost the same
on both controlled system. Moreover, the system parameters are
positive all the time. The Popov plots of the controlled systems
lie entirely to the right side of the straight line; therefore, both
systems are always stable.

When the external bounded disturbances are injected, the
input errors are nonzero, and some bounded gains exist to
represent the disturbance as follows:

K,
M

S

ﬁzu é g1 ()Zs +92()ZS = _91(')610_92(')611

(18)

d,= Zut+

where g1(-) and go(-) are bounded nonlinear time-varying
terms related to external bounded disturbances. When external
disturbances occur, the active suspension system vibrates, and
then e, and e, are not equal to zero. Hence, nonzero ¢:(-) and
g2(+) exist for (18). Furthermore, it is reasonable to say that
large terms appear when large disturbances are injected.

The general transfer function with equivalent external distur-
bance (18) is

) - Tl )
r 2 Cs K,
s< + ES+ M

19)

where kipr = kpr = ki — g1 and kijgr = kg = kig — g2 for
the linear PD controller, and Ky, = kpr = knp — g1 Fnar =
kaqr = kna — go for the nonlinear PD controller.

From (16) and (19), the following inequality always ex-
ists: kppr > kipr, and kyqr > kigr. When the disturbances are
small, particularly within the set-point errors, the controller
gains of both controllers are large enough to keep the system
stable. As the disturbances increase, if g; and go increase as
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error
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g 0
g W W
@
€ -0.02f
=3
o
©
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9
b=
g -0.06, \ 1 . )
0 1 2 3 4
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Fig. 8. Road profile of test rig.

TABLE 1II
PARAMETER OF ACTIVE SUSPENSION SYSTEM

Symbol Value
M 110 kg
M, 90 kg
Ky 18600 N/m
K, 160000 N/m
Cy 600 N/(m/s)

well, the control gains kypr, Kngr, kipr, and kg, decrease
eventually. Once the external disturbances exceed the tipping
point, Ky, and/or kiq, decrease to minus negative, whereas
knpr and k,, g, still remain positive. Based on the Popov stability
criterion, the linear PD controller has negative gains, and the
Popov plot lies into the left side of the straight line. The
controlled system becomes unstable. Meanwhile, the nonlinear
PD controller lies entirely in the right side of the straight
line, and the controlled system is therefore stable. Therefore,
the nonlinear PD controller is more robust than the linear PD
controller with regard to the variation of external disturbances.

IV. SIMULATION AND EXPERIMENT RESULTS

A test rig of the quarter-car active suspension system based
on TMS320F2808 fix-point DSP was built at the laboratory, as
shown in Fig. 2. The road model of the test rig is a rolling wheel
with concave plates. Hence, the road profile is a periodical
surface with three isolated bumps described in Fig. 8. The
system parameters are specified in Table III. The parameters
of the TD and PD controllers are tuned through simulation and
listed in Table IV.

Suppose that the car is running on a road similar to the
test rig. The output force of the LSRA is restricted within
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TABLE 1V
PARAMETER OF CONTROLLER

Symbol Value

Symbol Value
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Fig. 9. Comparison of passive and active suspension system with variation
of sprung mass and actuator force restriction. (a) My = Mgo. (b) Ms =
80% M so.

[—900, 900] due to the mechanical limitation and protection
of the whole system. Examinations of robustness are simulated
with the variation of sprung mass and external disturbance,
as shown in Figs. 9 and 10. The responses of the passive
and active suspension system are figured out first when the
sprung mass varies from 80% to 100% of its nominal value.
The vertical displacement and acceleration of the sprung mass
subsystem are suppressed significantly with PD controllers,
which indicate that the performance of the active suspension
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Fig. 10. Response of active suspension with different road inputs. (a) Road
disturbance with nominal amplitude. (b) Road disturbance with two times
nominal amplitude.

system is better than the passive suspensions system. Moreover,
the responses of the linear and nonlinear PD controllers are
almost the same on both cases. The results show that the sprung
mass variations have the same effects on both controllers, as
previously discussed.

The robustness of PD controllers related to road disturbances
is verified in Fig. 10. The road profile amplitude is assumed to
be deepened to twice of the original road terrain. In Fig. 10(a),
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Fig. 11. Experiment results of active suspension system with varied sprung
mass. (a) Ms = Mgg. (b) Ms = 80%Mso.

both control methods are stable, and the displacement con-
verges to zero quickly. When the disturbance increases twice,
the equivalent control gains will be decreased, as discussed in
(19). It can be seen that the equivalent control gains of the linear
PD in (19) are closer to zero than the gains of the nonlinear
PD controller. Hence, the performance of the controlled system
with linear PD will be deteriorated dramatically. Fig. 10(b)
shows that the displacement of the system using the nonlinear
PD controller is reduced significantly compared with the linear
PD controller due to the higher generated peak force. It is
verified that the nonlinear PD controller is more robust than
the linear PD controller when the external disturbance increases
dramatically.

To verify the effectiveness of the linear PD controller and the
proposed nonlinear PD controller, experiments are conducted
with a variety of sprung masses. It is obvious that active
suspension systems are more effective than passive suspension
systems according to the experiment results shown in Fig. 11,
and both the displacement and the acceleration of sprung mass

are reduced significantly. From the experimental results shown
in Fig. 11, a minor deviation between the linear PD controller
and the proposed nonlinear PD controller is observed, which
cannot be observed in the simulation results shown in Fig. 9.
One of the possible reasons to that incoherence is the limita-
tion and accuracy in computation of the DSP. The nonlinear
PD controller deals with more floating-point calculations, and
hence, a compromise has to be made between data accuracy and
range, which result in the produced force difference between
simulation and experiment occasionally. Other possible reasons
are the estimation error of parameters, such as the equivalent
damper coefficient and the difference of force characteristics of
LSRA between FEA data and practical force.

In Fig. 11(a), the maximum accelerations of active suspen-
sion and passive suspension are almost the same under the
deepest hole, which is due to the restriction of peak force
provided by the LSRA. To reduce the maximum acceleration,
the peak output force value of the LSRA should be increased to
suppress the dynamic oscillation significantly.

V. CONCLUSION

A novel active electromagnetic suspension system adopting
LSRA has been presented in this paper. The developed linear
actuator is simple and reliable and offers a favorable alternative
in low-cost high-performance linear propulsion application. TD
is introduced to calculate the velocity directly from vertical
displacement and reject the sensor noise effectively, which is
unavailable in conventional calculation. PD control methods,
both linear and nonlinear cases, are studied and designed to
achieve the required dynamic performance while maintaining
its simplicity and robustness, which is suitable for real-time
application. A thorough comparison between linear PD con-
trol and nonlinear PD control has been made. Simulation and
experiment results have demonstrated the effectiveness of the
active suspension system with LSRA adopting the two control
methods. Moreover, the proposed nonlinear PD control method
enhances the robustness of the active suspension system and is
more suitable in complicated road terrain than the linear PD
controller.

The force characteristic of LSRA is altered with position and
current and is also affected by saturation effect. To enhance the
force control accuracy, the nonlinearity of the LSRA should
be studied, and a compensation method will be proposed to
achieve precise control.

APPENDIX

For a given reference signal r(t), the purpose of TD is to
obtain its tracking signal r1(t) = r(t) and derivative ro(t) =
7(t). Two lemmas and Theorem 1 are presented here. The proof
can be referred to [17] and [24].

Lemma 1: For a continuous function z(t), where t > 0
satisfies limy_,, 2(¢) = 0, if w(t) = z(Qt), Q > 0 exists, then
the equation limg_, fOT |w(t)|dt =0, VT > 0is valid.

Lemma 2: 1If the solutions to the system

Z1 = 29
{2'2 = f(z1, 22) (AD
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satisfy that z1(t) — 0 and z2(¢) — 0 as t — oo, then for an
arbitrarily constant ¢ and T > 0, the solution wq(t) to the
following system

u')l = W2
{ ’li)Q = ng(wl —C, ’LUQ/Q) (AZ)
meets
T
lim / lwn (£) — | dt = 0. (A3)
Q—o0
0

The proof of Lemmas 1 and 2 based on the mean value theorem
and the associated Theorem 1 [17], [24] are described below.

Theorem 1: If arbitrary solutions to the system, as shown
in (Al), satisfy z1(t) = 0 and z3(t) = 0 as ¢t — oo, then
for any arbitrarily bounded integrable function (¢) and given
constant 7' > 0, the solution 71 (¢) to the system

T = T2
{Té =O%f(r1 — 1, 12/Q) &4)
satisfies
T
lim / i1 (£) — r(t)) dt = 0. (AS)
Q—oo
0

Theorem 1 shows that for a bounded integrable function r(t),
r1(t) on average converges to r(t) following the TD, and ()
weakly converges to the generalized derivative of r(¢).
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