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Abstract—A direct instantaneous force control with improved
efficiency for the linear switched reluctance actuator (LSRA) is
proposed in this paper. Four-quadrant operation is investigated
for application in the active suspension system. Force ripple min-
imization is considered as the primary objective due to the direct
impact on passenger ride comfort. An adaptive force distribution
function based on the instantaneous force feedback is proposed to
achieve a ripple-free system. The choice of switching parameters
for improved operation efficiency is examined. The optimal switch-
ing positions are online adjusted with respect to the force demand.
Simulation and experimental results are presented to verify the
effectiveness of the proposed control strategy.

Index Terms—Active suspension system, direct instantaneous
force control (DIFC), force distribution function (FDF), linear
switched reluctance actuator (LSRA).

1. INTRODUCTION

LECTROMAGNETIC active suspension systems have
been introduced in vehicle applications over the past
decade and have become a more competitive candidate than
their hydraulic counterparts. To date, various electromagnetic
actuators have been proposed by researchers and companies
[1]-[4], and the permanent magnetic actuator was extensively
investigated for its high force density. The structure of the elec-
tromagnetic active suspension system from Bose Corporation is
shown in Fig. 1. However, the permanent magnet is quite ex-
pensive and tends to lose magnetization as the temperature rises.
A linear switched reluctance actuator (LSRA)-based electro-
magnetic active suspension system has the advantages of robust
structure, low cost, high reliability, and fast dynamic response
[5]. Moreover, LSRA can be operated in regenerating mode as
well. The kinetic energy, which is dissipated to heat in passive
suspensions, can be recovered back to the power source or
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Fig. 1. Electromagnetic active suspension system.

provided to other instruments under certain circumstance [6],
[7]. The regenerative power can compensate for the energy
consumption and improve the overall efficiency of the active
suspension system.

However, the inherent force ripple of LSRA will degrade the
performance of active suspensions, particularly the passenger
ride comfort. Therefore, a high-performance control technique
for force ripple minimization is critical for the active suspension
system. The energy consumption is another important issue
for the potential application of active suspensions in electric
vehicle, which has a direct impact on the travel range. The
problem can be improved by reducing the copper loss during
operation.

LSRA has been studied in many applications, such as au-
tomation machine [8] and elevator [9]. Most applications are
concerned about position control [10], [11], whereas the control
objective in the active suspension system is to track the force
demand generated from the suspension controller. There are
primarily two types of techniques for force control. One is
regarded as indirect method that the required force is converted
to equivalent current demand and controlled by regulating the
excitation current [12], [13]. The other way is direct instanta-
neous force control (DIFC), which considers the instantaneous
force as a control variable and directly counteracts the force
error [ 14]. Hence, fast dynamic response and good capability to
eliminate the force ripple can be obtained.

This paper presents an improved DIFC that incorporates
force distribution function (FDF), instantaneous force estima-
tion, and online determination of switching positions. FDF is
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Fig. 2. Quarter-car model of electromagnetic suspension system.

considered to be an effective way to alleviate the problem of
force ripple when there is an overlap of effective force region
between adjacent phases. The estimated forces are not only
feedbacked for hysteresis force control but also provided to
improve the FDF. Since the primary goal of LSRA control is
precise traction of force demand and force ripple minimization,
the operation efficiency is subjected to the force dynamics.
In the premise of ensuring acceptable force ripple, the energy
efficiency of both motoring and regenerating mode is optimized
by online adjusting the turn-ON and turn-OFF positions as the
variation of force demand.

II. FOUR-QUADRANT OPERATION OF LINEAR SWITCHED
RELUCTANCE ACTUATOR

A. System Description

To simplify the analysis of electromagnetic suspension sys-
tem and determine the operation mode for LSRA, a quarter
car model is used, as shown in Fig. 2. Although the roll and
pitch behaviors are eliminated, the fundamental performance of
the suspension system can be evaluated. The quarter-car model
of the electromagnetic suspension system consists of a linear
spring and an LSRA supporting the sprung mass together. The
tire is modeled as a spring of high stiffness acting on both
unsprung and sprung masses.

The dynamic motion can be represented by the following
equations:

msi‘s""_k‘s(xs _xus) =u (1)
musjius - k.s(xs - xus) + kt(xus — .1'7-) = —U (2)

where m s and m,,s are the sprung and unsprung masses, x5 and
T, are the displacements of the respective masses, ks and k;
are the spring stiffness, u is the active force, and z, represents
the road disturbance.

B. Configuration of LSRA

For potential application in commercial vehicles, the volume
of the LSRA should be compact enough to install in the limited
space, without major modification to the vehicle structure.
Double-sided LSRA has the advantage of higher force density
than single-sided structure [5], and four double-sided LSRA
modules can be arranged in a more compact configuration
because the lateral forces by both sides of the stator are
eliminated. Moreover, the elimination is helpful to reduce the
acoustic noise during the operation [15].
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Fig. 3. Topology of proposed LSRA. (a) Double-sided LSRA module. (b)
Cross-section of proposed LSRA.

Fig. 3(a) shows the configuration of the double-sided mod-
ule, which is made of four phases with eight pairs of stator poles
and eight translator poles. Four coils per phase are connected
in series. The translator weight is considerably reduced due to
the absence of excitation windings and back iron. The cross-
section of the proposed LSRA is demonstrated in Fig. 3(b).
It is composed of four identical double-sided LSRA modules.
The translators per module are connected together by a hollow
shaft, where the spring can be placed. The coils of the same
phase from four modules are connected in series, whereas the
magnetic circuit of each module is independent.

C. Operation Principle

The equivalent circuit is always used to analyze the dynamic
performance of the LSRA and helpful for understanding the
operation. Neglecting the mutual inductance between phases,
the corresponding voltage equation is then given by
d\(i, ) di  .dLdx

L dr 4L dL

—E'Zg—’lﬂa (4)

e
where V' is the applied voltage, ¢ is the phase current, R is the
phase resistance, L is the phase inductance, A is the flux linkage
per phase, e is the back emf, v is the movement speed, and x
is the translator position. It can be observed that the sign of
e is determined by dL/dx. If phase winding is excited after
the unaligned position, where the variation of phase inductance
is positive, dL/dxz > 0, the LSRA operates in motoring mode.
If the phase winding is excited after the aligned position,
where the variation of phase inductance is negative, dL/dx <
0, the LSRA operates in regenerating mode. The variation of
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Fig. 4. Four-quadrant operation.

TABLE 1
SWITCHING CONDITIONS OF OPERATION MODE

Suspension Relative Active Force Operation
Deflection Velocity Mode
Xs— Xus 2 0 Motorin
Xs — Xus > 0 _‘ . " Stretch g
Xs— Xus < 0 Regenerating
Xs — Xus = 0 Regeneratin
Xs — Xus < 0 o Contraction & ) &
Xs— Xus < 0 Motoring
Xs—Xus =0 Xs — Xus =0 Null Standby

inductance and force with translator position is illustrated in
Fig. 4. Considering the motion direction, four-quadrant oper-
ation is achieved by regulating the excitation sequence and
switching position of each phase.

The switching condition of four operation modes depends on
the suspension deflection and relative velocity of the sprung
and unsprung masses, as shown in Table I. For example, the
suspension deflection and the relative velocity become positive
as the wheel falling into a sunken obstacle. To reduce the
downward acceleration of sprung mass, an active stretching
force is needed to support the sprung mass and prevent it
from falling. The actuator operates at motoring mode during
this stage. After the wheel reaches the bottom and moves
upward, the relative velocity turns negative. A damping force
is generated by the actuator, and the mechanical energy can
be recovered by operating in regenerating mode. A similar
situation with negative suspension deflection goes for the raised
obstacle.

The stator and translator of LSRA are connected to the un-
sprung and sprung masses, respectively. Hence, the regenerative
energy is captured when there is relative movement between the
sprung and unsprung masses due to the road irregularities. The
experimental setup of the quarter-car model with the proposed
LSRA is demonstrated in Fig. 5.
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Fig. 5. Experimental setup of quarter-vehicle model.

D. Optimization Criteria

Although the force ripple is the dominant criterion of LSRA
control for suspension application, other operation criteria,
for example, the efficiency, are also critical for system per-
formance. The efficiency has a direct impact on the energy
consumption of vehicles, particularly for the electric vehicles.
Therefore, to obtain a high-performance active suspension sys-
tem, the force ripple and operation efficiency are selected as the
optimization criteria in this paper.

For the simplicity of calculation, the force ripple in this paper
is defined as the ratio of the difference between the maximum
and minimum forces to the maximum force, which can be
written as

Fmax - Fmin

FR - Fmax

x 100%. (5)
Copper loss is the energy dissipated by the resistance of
phase winding and contributes to a large decrease of the ac-
tuator efficiency. It increases as the square of the Root Mean

Square (RMS) phase current /,,,s and is given by
Pcu=mI? R (6)

rms

where m is the number of phase, and R is the resistance of
the phase winding. Therefore, it is justified to examine the
efficiency by the value of RMS phase current.

III. DIRECT INSTANTANEOUS FORCE CONTROL

The proposed DIFC scheme for LSRA is composed of the
FDF, the force estimation unit, the hysteresis force controller,
and the online determination unit of the switching position.
The structure of this scheme is demonstrated in Fig. 6. The
FDF is implemented to distribute the total force demand among
four phases. The force reference per phase is varied with the
translator position, but the sum of four individual values is
equivalent to the total force demand at any position. Before the
incoming phase is energized, the actuator force is contributed
by the outgoing phase with the reference of the total force
demand. The force references of the remaining three phases are
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Fig. 6. Structure of DIFC.

determined as zero. When entering the effective force region of
the incoming phase, the force demand of the outgoing phase
is slowly reduced following the given function, and that of
the incoming phase is increased accordingly. The total force
demand is distributed between these two adjacent phases until
the outgoing phase is turned OFF. The rest of the two phases
are turned OFF during this stage. By this means, four individual
phase demands are generated and then compared with the
estimated force of the corresponding phase, respectively. The
switching signals are generated by the hysteresis controller in
accordance to the force errors and driving sequence. Although
the acceptable force ripple can be achieved within a wide
range of switching positions, the efficiency can be improved by
optimizing the turn-ON and turn-OFF positions. Moreover, the
optimal switching positions are varied with the force demand.
The selection of the optimal value can be realized by the online
determination scheme.

A. Force Estimation

The accuracy of force estimation directly decides the perfor-
mance of the DIFC. However, the nonlinearity and discontinu-
ous mode of operation make the relationship between the force
and excitation current too complex to express in an analytical
equation. The force depends not only on the excitation current
but also on the translator position as well. Therefore, the look-
up table and neural network are the most practical ways to
online estimate the instantaneous force, and the look-up table
is more favorable in real-time application due to the lower
computation time [14], [16]-[18].

In this paper, the measured force characteristics as a func-
tion of excitation current and translator position are used to
develop the look-up table, as presented in Fig. 7. By ignoring
the mutual coupling effects and minor error between phases
induced from manufacturing, the characteristic of the single
phase is used to decrease the size of the look-up table [5], [19]—
[21]. Furthermore, the negative force value can be omitted from
the table and predicted from the symmetrical positive force.
The interpolation algorithm is used to estimate the rest values
among the measured points stored in the look-up table.

B. FDF

The effective force regions of neighboring phases are over-
lapped to ensure the two-phase excitation simultaneously dur-
ing the phase commutation. It makes the FDF an effective way
to reduce the force ripple. By distributing the force demand
between two neighboring phases, the phase force is individually
regulated and varied smoothly with the translator position.
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Since there is no unique option for distribution function, a
great many FDFs, such as linear, cubic, sinusoidal, and expo-
nential function, have been proposed and studied by previous
researchers [22]-[25]. Among these four FDFs, the exponential
FDF is considered to be a better choice for improving both
the efficiency and the speed range [26]. The typical profile of
exponential FDF is shown in Fig. 8 and can be expressed by

0, 0< 2z <zon

Elp_j(z)7 Ton S x S ZTon + Tov
FDF,(x) = F, Ton + Tov < T < Ton + X4
Fdn_j(x)7 xon+mq§x§xon+xq+xov
0, Ton +Tg+ 2oy < x < T

(N

where z,, denotes the turn-ON position, x, is the overlap
region, x, and x,, are the stroke and translator pole pitch, F,
is the total force demand, and F,,, j(,) and Fy, () represent
the function of the rising and declining portions, which can be

written as
i 2
(T — ZTon) >} ®

‘TOV

_xq)z)] O

However, force ripple minimization cannot be achieved by
exponential FDF over a wide range of switching positions. It
can be observed from Fig. 9 that significant force ripple is
generated during commutation with exponential FDF. To ob-
tain a high-performance force control, an adaptive exponential
FDF based on the force estimator is proposed in this paper.

Fup_j(z) = F, {1 — exp (

—(x — Ton

Fan_j(z) = F) [GXP(

Tov
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Fig. 9. Force profile with exponential FDF.

Compared with the conventional exponential FDF, the proposed
FDF can distribute the total force adaptively between two
adjacent phases in real time. The discrepancy between the total
force demand and the output force can be minimized, and
hence, the force ripple can be reduced.

During the overlap region, the force demand of the outgoing
phase changes with the translator position in the form of the
exponential function, which is the same as the conventional
exponential FDF. However, the force demand of the incoming
phase is adaptively varied with the difference between the total
force demand and the estimated force of the outgoing phase.
By this means, the phase commutation is coordinated to a
certain extent by basically following the exponential function,
and the force ripple minimization is ensured in a wider range of
switching position. This adaptive process can further extend to
the single-phase excitation region in case that the current in the
outgoing phase has not fallen to zero when it is turned OFF. The
proposed adaptive FDF can be expressed as

0, 0<z<x06,

- Fup_j(x), Ton ST < Zon + Xy
FDF; (x) = Fan_j(2), ZTon+2¢ <o <Zon+2q+ Tov
07 won"‘xq'f'iﬁovgxg;rp

10)

Fup_j(x) =Fp = Fesi_j1 (11)
— — _ 2
Fdn_j(x) :FT |:eXp ( (37 Lon xq) >:| (12)
xOV

where F;. is the total force demand, F; ;j_; is the estimated
force of the outgoing phase, and Fy, j(,) and Fy,_j(,) denote
the rising and declining distribution functions of the incoming
phase, respectively. To verify the effectiveness of the proposed
FDF, many simulations are carried out under the same force
demand and switching positions with the exponential FDF.
It can be observed from Fig. 10 that the force ripple is sig-
nificantly reduced, compared with that of the conventional
exponential FDF.

Although the force ripple is the dominant criterion of LSRA
control for suspension application, other operation criteria,
for example, the efficiency, are also critical for the system
performance. The efficiency has a direct impact on the energy
consumption of vehicles, particularly for the electric vehicles.
Therefore, to obtain a high-performance active suspension sys-
tem, the force ripple and operation efficiency are selected as the
optimization criteria in this paper.
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Fig. 10.  Force profile with proposed adaptive FDF.

C. Hpysteresis Force Control

The total force demand is distributed to four individual force
references for each phase and compared with the estimated
phase force, respectively. Thereby, the individual force of each
phase is regarded as a control variable instead of the total
force. The control signals were generated by a hysteresis force
controller in response to the errors between the force reference
and the estimated value of the corresponding phase. The phase
commutation is considerably simplified by the separated force
control algorithm. Because of the presence of mutual coupling
when two adjacent phases are excited, the flux distribution
and magnetic saturation are different from that of single-phase
excitation mode as well as the ability of force output. Certain
discrepancy between the estimated force and the actual force
is introduced by ignoring the effect of mutual coupling. Since
the force of each phase is estimated and controlled separately
in this control method, the error could be increased during
commutation, where two phases are excited simultaneously.
However, this minor discrepancy is ignored for most practical
purposes.

To improve the tracking accuracy and minimize the force
ripple, a relative high-bandwidth hysteresis controller is needed
in DIFC. However, it will increase the switching losses and
sensitivity to signal noise. There is a tradeoff to determine
the hysteresis band. The force dynamics for the magnetizing,
freewheeling, and demagnetizing states and noise immunity
margin should be carefully examined. It is practical to alter and
optimize the hysteresis band by comparing the experimental
results.

D. Switching Parameter Optimization

Although force ripple minimization is achieved over a wider
range of switching parameters, the efficiency can be consider-
ably different for the various selections of switching positions.
Therefore, the turn-ON and turn-OFF positions can be optimized
to improve the operation efficiency based on the force demand
and motion speed. Because LSRA is basically operated below
the base speed in the active suspension system, the impact of
speed is not considered in this paper.

For motoring operation, it can be observed from Fig. 11 that
the RMS phase current is insensitive to the change of turn-OFF
position. Thus, the efficiency is decided by the selection of turn-
ON position. The optimal value is determined as the excitation
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current is built up when entering the effective force region.
Certain advance or delay will result in increased peak and RMS
current, as shown in Fig. 12. Moreover, the advance turn-ON
position will extend the conductive region, thus increasing the
RMS current. The optimal turn-ON position can be obtained
from Fig. 13. It can be observed that the turn-ON position with
the lowest RMS current is advanced gradually with the increase
of force demand. It is because that more time is required to build
up the higher phase current.

For the regenerating operation, the aim is to keep the force
profile smooth during commutation and reduce the force ripple;
hence, the improvement of efficiency is subject to the primary
objective, which is different from the control strategy of the
other switched reluctance generator. It can be observed from
Fig. 14 that both switching positions contribute to the RMS
phase current. The efficiency is basically increased with the
decrease of turn-ON and turn-OFF positions. Although the low-
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est RMS current is obtained when the phase is turned-OFF at
36 mm, the force ripple deteriorates because of the lack of an
overlap region of neighboring phases.

As demonstrated in Fig. 15, the optimal turn-ON position
in regenerative operation is increased as the growth of force
demand. The turn-OFF position remains constant at low force
demand and then increases to ensure an adequate overlap region
as the force demand gets larger.

The effective force regions of neighboring phases are over-
lapped to ensure the two-phase excitation simultaneously dur-
ing the phase commutation. It makes the FDF an effective way
to reduce the force ripple. By distributing the force demand
between two neighboring phases, the phase force is individually
regulated and varied smoothly with the translator position.

IV. EXPERIMENTAL RESULTS

The performance of the DIFC strategy has been experimen-
tally verified based on the dSPACE DS 1104 controller board. A
linear variable differential transformer (LVDT) position sensor
was installed inside the LSRA to measure the translator posi-
tion. To obtain the static force profile and construct the force
estimator, a load cell was implemented to measure the force in
a step of 2 mm under the excitation current from 2 to 20 A.
The LSRA is placed vertically when testing with load and the
regenerative operation mode. The external force can be varied
with the different weights attached to the translator.

First, to compare the performance of proposed adaptive FDF,
the experimental results with exponential FDF and without FDF
are illustrated in Figs. 16 and 17, respectively. The control
method without FDF means that the force of two neighboring
phases is regulated indirectly by comparing the total force
during commutation. The experimental force and current profile
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with adaptive FDF are shown in Fig. 18. Three experiments
were carried out in both the motoring and regenerating modes
under the same external force and switching positions. The
external force for regeneration is exerted by the gravity of the
translator itself and the load attached to it. The translator is
first controlled in motoring operation to move upward, and then
move downward by the effect of gravity. Meanwhile, the LSRA
is operated in regenerative mode and produces an upward force.
The operation mode changes between modes I and I'V. Hence,
the sign of force in both motoring and regenerating is negative.
It can be observed that the force profile of the exponential FDF
is significantly deteriorated during phase commutation at both
operation modes, although the RMS current is relative low. The
force ripple without FDF is reduced, but at the cost of high
peak and RMS phase current. In contrast, the force ripple mini-
mization is achieved with higher efficiency by the application
of an adaptive FDF. Because the force characteristics under
low excitation current are relatively flat between 8 and 22 mm,
which is the operating region of generating mode, there is no
need for a much higher phase current at both turn-ON and turn-
OFF positions for a low force demand. Hence, the phase current
seems flat top in generating mode.
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Further experimental tests are conducted to verify the com-
mutation optimization process. The LSRA is placed horizon-
tally and controlled to move back and forth continuously. The
operation mode is changed between modes I and III. Therefore,
the force profile oscillated between positive and negative. Sev-
eral combinations of switching parameters were implemented
under a variation of force demand. The experimental results of
total force, phase force, and excitation current with different
switching positions are demonstrated in Figs. 19 and 20. It can
be observed that the force profiles of two switching conditions
have similar shapes with reduced force ripple, whereas the
RMS force current with advance turn-ON position is much
greater than that with optimal turn-ON position. Figs. 18 and 21
illustrate the optimal response at a different force demand. The
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experimental results are consistent with the theoretical analysis

and simulation results. Therefore, it is very practical to change

the switching parameters under different operation conditions.
Fig. 22 compares the operation efficiencies under optimal

and normal switching positions over a wide range of force

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 61, NO. 4, MAY 2012

100 !
Optimal switching position

20
\ A

80

70 [ e s R

60 o Normal switching position

Efficiency %

50

40

30

20
100 200 300 400 500 600 700 800 900

Force (N)

1000 1100
Fig. 22. Efficiency improvement with switching position optimization.

demand. Since the force ripple minimization is the primary
objective, the comparison of efficiency is conducted among
situations with acceptable force ripple. It can be observed that
the operation efficiency is improved considerably by optimizing
the switching parameters, and the efficiencies under both modes
are enhanced as the force demand increased.

V. CONCLUSION

For application in the active suspension system, an improved
DIFC has been investigated in this paper for four-quadrant
operation of LSRA. This control strategy is composed of instan-
taneous force estimation, force demand distribution, hysteresis
force control, and commutation optimization. An adaptive FDF
is proposed to minimize the force ripple during phase commu-
tation. Efficiency is then improved by online optimization of the
switching parameters in the premise of ensuring minimum force
ripple. The effectiveness of the proposed strategy is verified by
both simulation and experimental results.

APPENDIX

Parameters of the LSRA used in the experimentation:

Number of module: 4
Number of phase: 4
Number of stator pole per module: 16
Number of translator pole: 8
Stator pole pitch: 36 mm
Translator pole pitch: 48 mm
Stator pole width: 13 mm
Translator pole width: 17 mm
Stator pole height: 49 mm
Stator yoke thickness: 13 mm
Stack length: 43 mm
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