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Abstract

Electromagnetic active suspension system is attracting more and more attention
due to recent advances in motor design, power electronics and modern control
method. Compared to the hydraulic active suspension system, it is more
energy-efficient, and has a faster dynamic response. In this thesis, a novel
configuration of linear switched reluctance actuator (LSRA) is proposed for the
application in active suspension system. The robust construction, low manufacturing
and maintenance cost, less thermal problem, good fault tolerance capability and high
reliability in harsh environments make LSRA attractive alternative to permanent

magnet actuator.

In order to determine the requirements on actuator design, the effects of
suspension parameters on system characteristics are analyzed by the frequency
response Bode plots method. A Linear Quadratic Regulator (LQR) controller is
developed and simulated with the quarter-vehicle model to obtain the optimal force
requirement on LSRA. By considering the requirements and constraints, a novel
configuration of LSRA that comprises of four double-sided modules is proposed.
The whole design procedure, ranging from the determination of basic actuator
parameters to the calculation of flux linkage and force characteristics, is
demonstrated in this thesis. The accuracy of the analytical design is then verified by
the finite element method (FEM). Besides, the longitudinal and transversal end

effects of double-sided LSRA are evaluated by analyzing the sensitivities of
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translator position and excitation current.

To improve the performance of designed actuator, a multi-objective optimization
method to obtain higher average force, reduced force ripple and higher force density
is proposed in this thesis. Some practical constraints are taken into consideration in
the optimization procedure. The effects of stator and translator pole width on the
three optimization criteria and the actuator volume are analyzed. Based on the
optimized specification, a prototype of the proposed LSRA was fabricated. The flux
linkage and force characteristics were measured to verify the theoretical design.

Finally, an improved direct instantaneous force control (DIFC) scheme for
four-quadrant operation of the proposed LSRA is developed. The controller
incorporates adaptive force distribution function (FDF), instantaneous force
estimation, hysteresis force controller and on-line determination of switching
positions. By introducing the on-line estimated force of outgoing phase to FDF, the
force demand of incoming phase is adaptively adjusted. Hence, the force ripple can
be minimized over a wider range of switching positions. On the other hand, the
operational efficiency is improved by on-line optimizing the switching positions
according to the force demand. The simulation and experimental results demonstrate

the effectiveness of the proposed control scheme.
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Chapter 1

Introduction

1.1 Background

Vehicle systems have complex dynamics, due to road irregularities, breaking and
cornering, changeable load effects, and other nonlinearities. The undesired
oscillations may reduce the vehicle service life, lower the driving safety and riding
comfort, and cause damages to cargo [1]. Therefore, suspension system is one of the
most important components of any vehicle. The fundamental purpose of ground
vehicle suspension system is to maintain continuous contact between the wheels and
road surface, and to isolate the passengers or the cargo from the vibration induced by
the road irregularities [2]. These two purposes are responsible for the road handling
quality and the riding comfort, respectively. However, these goals are generally
contradictory; it is difficult to achieve simultaneously best performance of riding
comfort and road handling under all driving conditions [3].

There are three types of suspension systems applied in ground vehicle: passive,
semi-active and active [4]. Each type appears in several structures and sizes
according to their applications and intent. Passive suspension system is the most
common type used in vehicle for its simplicity, reliability and low cost. It is

composed of a spring and a damper with constant coefficients. Both coefficients are



pre-set at a fixed value to achieve the desired performance by making proper
compromise between road handling and riding comfort. As a result, the suspension
can only be tuned within a narrow range of performance. For example, race car is
designed for better handing whose suspension is generally very stiff and sacrifices
the ride quality, while the situation is completely different for a luxury car.

Semi-active suspension system is almost identical in mechanical structure to its
passive counterpart, but the damper can be actively controlled through a low power
signal. The damper force reacts accordingly to different damping coefficients. The
operation range with good performance is thus beyond that of than the passive
suspension. However, it can not provide an external force and can only control the
energy dissipation of the system [5]. Furthermore, its performance will degrade with
time because of the sealing problem.

Superior performance without compromise in road handling quality and ride
comfort is obtained by active suspension system. External controllable force is
introduced between the sprung mass and unsprung mass by means of several types
of actuators. A spring is mounted in parallel with the actuator to shore the load.
Active suspensions can enhance the dynamic characteristic of suspensions, and it
can also achieve the adjustment of vehicle height. The relatively higher consumption
of energy, implementation cost and size are its biggest disadvantages, which

prevents its widespread use in common commercial cars.



1.2 Literature Review

1.2.1 Active suspension system

Although current active suspension system is complex and expensive, it shows
significant improvements in riding comfort and road handling capability compared
to passive and semi-active suspensions. Furthermore, with the developments in
power electronics, control methods, sensor technologies and permanent magnet
materials, the cost and size of active suspensions can be decreasing with improved

performance.

Linear
Potentiometer

Chamber

Pressure
Transducer

Pressure  Mist %parator

Regulator
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Compressor & Storage
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Fig. 1-1 A schematic of pneumatic system
The breakthrough in active suspension development is the implementation of an
external force actuator between the vehicle body and the wheel. According to the
type of actuator, active suspension system can be classified into three types:
pneumatic, hydraulic and electromagnetic [6]. Pneumatic active suspension system,
shown in Fig. 1-1, consists of a compressor and a storage reservoir which produce

the compressed air. The compressed air is then transmitted to a chamber from the



reservoir, and its pressure is applied on the diaphragm in the chamber. The air
pressure is converted into active force which is controlled by an electrical regulator,
according to the pressure sensor mounted at the entry of the chamber [7]. Pneumatic
actuators provide a high force density with a relatively low cost due to cheap power
source and easy maintenance. However, this type of actuator has a complex structure,
and it reacts at a relatively low bandwidth (around 1Hz), which is inefficient for
continuous irregular road surface. Also, due to the air compressor and the complex
friction in the chamber, pneumatic actuator tends to be highly nonlinear. This

increases the complexity of control and degrades the overall performance.
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Fig. 1-2 A schematic of hydraulic system
Hydraulic active suspension systems have been extensively studied and
developed [8-12]. Many car manufacturers, like Lotus, Nissan, and Citroén,
have developed several prototypes or commercial products. Hydraulic actuator is
always driven by the vehicle engine through a hydraulic pump. By adjusting the

flow rate of the hydraulic fluid, the hydraulic pressure is controlled and converted to



active force in the piston, which is located between the vehicle body and the wheels,
as shown in Fig. 1-2. Hydraulic suspension system has the advantages of high force
density, high reliability, technical maturity and high availability. However, it suffers
the same problem of large time constant as the pneumatic actuator. It is because of
the large inertia of the fluid and the valve’s motion in the piston. Moreover, the
hydraulic actuator exhibits highly nonlinearity due to the dry friction. The
continuous pressure requirement increases the energy consumption [13].

Comparing with passive suspension system, the high complexity and poor
performance in the high frequency range limit the application of pneumatic and
hydraulic active suspension systems. On the other hand, electromagnetic active
suspension system has been studied and introduced in vehicles over the past decades
[14-16]. Compared to hydraulic suspension systems, the electromagnetic actuator
suspension system has a higher bandwidth (10-50Hz) and it is more
environment-friendly due to the absence of acid fluid. Although the force density of
electromagnetic actuator is lower than the hydraulic device, the system structure is
simpler, due to reduced mechanical components and connection. Furthermore, the
electromagnetic actuator is much more energy-efficient, because it does not need
continuous power supply, and it can operate in both motoring and generating mode.
The kinetic energy from road irregularities, which is dissipated as heat in the
dampers, can be regenerated and stored in the battery or in the electromagnetic
actuators [17-21]. Furthermore, the actuator can provides a damper force to absorb
the road vibrations. Thus, electromagnetic active suspension system is attracting

more and more attention. The developments in power electronics, permanent magnet



material and modern control method justify the implementation of electromagnetic

actuator in vehicle suspension systems.

Fig. 1-3 The Bose® electromagnetic active suspension

Various technologies of rotary and linear machine have been proposed and
employed in active suspension systems. Toyota proposed a rotary type active
suspension that composed of DC brushless motor, reduction gear and torsion spring
[22]. Michelin Corp. developed an active wheel integrated with active suspension.
The active force is provided by an in-wheel rotary motor [23]. However, the desired
motion of suspension system is linear; in both cases the electromagnetic force
applied by rotary motor has to be converted to linear motion by mechanical
transmission devices like gear and lead screw. The friction and transmission result in
energy loss and reduced accuracy. The acceleration and reliability of the suspension
system are also affected. Therefore, direct drive by linear electromagnetic actuator
would be a better choice for suspension application. Bose Corp. is the most

representative corporation in developing this kind of linear electromagnetic actuator.



The researchers had developed the first prototype in 1989 [24]. Since then, the
performance of their motor has been improved in both the size and
energy-consumption. Fig. 1-3 shows the recent Bose® suspension front module.
More linear electromagnetic actuators were proposed in the past decade. Ismenio, et
al. constructed a cylindrical linear actuator with axially magnetized NdFeB [25]. The
prototype with their dimensions can fit in the available space of commercial vehicles,
but it is larger than the equivalent hydraulic actuator. Bart, et al. proposed a slot-less
brushless tubular permanent magnetic actuator [26]. Both interior and
exterior-magnet topologies are investigated for three different magnetization patterns
in his research, as shown in Fig. 1-4. Similar active suspensions with tubular linear
permanent magnetic actuator were proposed in [27]. The mover is composed of a
series of cylindrical permanent magnets and the coils are placed at stator side.
However, the force and dimension of the prototype are scaled down for laboratory
test. To reduce the production cost, another tubular permanent magnets motor with

solid stator core is proposed in [28].

Mechanical

Parmanent

magnata Permanent

magnets

Fig. 1-4 Suspension struts with permanent magnets



It can be observed that most of linear electromagnetic actuators consist of
NdFeB permanent magnet. It justifies the development of permanent magnetic
materials with high-energy density in the recent years. Therefore, smaller and lighter
actuators are achieved at the same power and they become more suitable for
suspension application. However, the NdFeB magnet is expensive which make this
kind of suspension more expensive than other suspension systems. Furthermore,
there is a big drawback in NdFeB magnet. It would lose its magnetization

characteristics at around 150°C. The suspension systems are usually working under

tough environment. Thus, the temperature rise in the suspension has to be controlled

within the acceptable range by sacrificing the performance.

1.2.2 Linear switched reluctance actuator

Switched reluctance motor (SRM) is an electric motor with doubly salient and
singly excited structure, which operates according to the minimum reluctance
principle. The rotor tries to align its poles with the position with minimum
reluctance for the magnetic circuit. By exciting the windings sequentially with the
position, full rotation of SRM is achieved. There is no need for permanent magnets,
and the coils are concentrated rather than distributed.

Linear switched reluctance actuator (LSRA) is based on the rotary switched
reluctance motor (RSRM) principle and it retains the merits of its counterparts. The
robust construction, low manufacture and maintenance cost, less thermal problem,
good fault tolerance capability and high reliability in harsh environments make

LSRA an attractive alternatives in industrial applications, especially for use in linear



motions. Compared with the RSRM, LSRA has a quicker response, higher accuracy
and less energy consumption due to the absence of rotary-to-linear mechanical
transformation. Up to now, various configurations of LSRA have been introduced
and studied. A standard design procedure by converting the specifications of RSRM
for single-sided LSRA is proposed by B. S. Lee [29]. A novel configuration of LSRA
for high precision position control is proposed in [30]. Deshpande, et al. proposed a
high force density LSRA with the configuration of double-side, double-translator [31,
32]. Another high force density LSRA with segmented translator and
full-pitch-winding stator was presented in [33]. Liu, et al. designed a micro LSRA
for high precision application in semiconductor fabrication [34]. Lim, et al.
constructed a new configuration of double-sided LSRA for the propulsion of a ship
elevator [35, 36].

LSRAs not only inherit the merits of RSRMs, but also retain the drawbacks of
inherent nonlinearity and force ripple problem. The problem is severer and even
intolerable in direct-driven servo motion system. Two major approaches were
applied to reduce the force ripple: geometry design optimization and control
technologies improvement. The geometry optimization is realized by adjusting the
shape or width of stator and translator poles. This is considered to be the most
effective way to alleviate the inherent problem. A great variety of methods were
proposed to optimize the geometry of RSRM, such as progressive quadratic response
surface method [37], genetic algorithm [38, 39], fuzzy logic algorithm [40, 41],
Neural-network method [42] and deterministic methods [43]. Although plenty of

articles have been published on the geometric optimization of RSRM, there is little



literature related to the LSRA. The control method is optimized by adjusting the
control parameters, such as turn-on/off positions, and excitation current [44-49].
Instantaneous force control is another practical way to minimize the force ripple of
LSRA. The instantaneous force is on-line estimated from the measurable quantities
like translator position and phase current, and then adapted directly from a force
controller. The faster response and better elimination of force ripple are achieved
without the indirect modulation of phase current [50]. A typical direct instantaneous
torque control of RSRM was proposed by Inderka [51]. The instantaneous torque is
estimated by a lookup table from measuring phase current and flux linkage, and
regulated by a hysteresis torque controller. Another direct instantaneous torque
control using a novel 4-level converter is presented in [52]. Fast magnetization and
demagnetization is achieved to improve the dynamic performance and efficiency. In
[53], the direct instantaneous torque control is discussed for four-quadrant operation.
A novel switching scheme is developed for both operation modes from a state chart
in this paper. In [54], an iterative learning control based direct instantaneous torque
controller is proposed, and sliding mode control is applied to improve the

performance during transient periods.

1.3 Objectives and Structure of this thesis

1.3.1 Objectives

Although LSRAs have so many advantages over other motors, there is no
previous work or researches related to the application of electromagnetic active

suspension system. Therefore, the primary objective of this research is to design an

10



LSRA based on the requirements and implement in the active suspension system.
Since the force ripple will degrade the performance of LSRA, the second objective is

to minimize the force ripple at both design and control stage.

1.3.2 Structure

The structure of this thesis is outlined as following:

Chapter 1 gives some background on the vehicle suspension system. In this
chapter the merits and drawbacks of different kinds of suspension system are
discussed and the methods for force ripple minimization of LSRA are introduced.
The objectives and structures of this research are summarized at the end of this
chapter.

In Chapter 2, quarter-car model of suspension system is described and the effects
of suspension parameters, such as spring stiffness, damping coefficient, sprung and
unsprung mass are discussed. Based on the analysis, the design aspects for the LSRA
are identified in this chapter.

Chapter 3 introduces the basic operation principle of the LSRA and details the
preliminary design procedure. In this chapter, the configuration of the LSRA for the
active suspension system is proposed and its magnetic circuit analysis is conducted
for the preparation of the preliminary design.

In order to improve the accuracy of FEA, the longitudinal and transversal end
effects are discussed in Chapter 4. The FEA results are presented to verify the
preliminary design.

In Chapter 5, a multi-objective optimization for the proposed LSRA is conducted

11



to achieve higher average force, reduced force ripple and higher average force per
core volume. The effects of stator pole and translator pole width are discussed in this
chapter.

Chapter 6 introduces a direct instantaneous force control scheme for LSRA,
which incorporates instantaneous force estimation, force distribution function,
hysteresis force control and on-line determination of switching position.

In the last chapter, the major contributions and achievements of this thesis are
summarized, and some suggestions for further research on the proposed actuator are

concluded.
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Chapter 2

Design Aspects for the

Linear Switched Reluctance Actuator

Vehicle system is highly dynamic and nonlinear that exhibits vibration under
external road irregularities. The performance of road handling and riding comfort is
largely dependent on the feature of vehicle suspension system. In order to analyze
the system and identify the suspension parameters, three vehicle models have been
developed: quarter-vehicle [55], half-vehicle [56] and full-vehicle model [57].

Generally, full-vehicle model is preferred in the analysis of suspension dynamics,
because the seven degree-of-freedom model can reflect more realistic dynamic
characteristics by evaluating the vehicle roll and pitch motion, vertical displacement
of vehicle body and four wheels [11, 58, 59]. However, the full-vehicle model is
very complex when the four wheel suspension models are coupled together.
Quarter-vehicle model is more extensively used to analyze and understand the
influence of suspension parameters. It has simpler structure with two degrees of
freedom in the vertical direction only. This structure can be easily applied for the
design and control of suspension systems. Although roll and pitch behaviors are

eliminated in this kind of model, they can be simulated as external disturbance
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acting on the vehicle body [60]. Hence, the quarter-vehicle model is selected in this
thesis for the analysis. To identify the suspension parameters and optimize the
design of the LSRA based active suspension, the quarter-vehicle model is analyzed
by frequency response with the variations of spring stiffness, damping coefficient,

unsprung and sprung mass through the Bode-plot analysis.

2.1Quarter-vehicle Model Description

2.1.1 The Passive Suspension

Fig. 2-1 Quarter-vehicle model of passive suspension

The quarter-vehicle model with conventional passive suspension, as shown in
Fig. 2-1, is a lumped element model with two degrees of freedom. It is modeled by a
linear spring and damper. The spring is considered to support the sprung mass,
which is valued at one fourth of the total vehicle body mass. The damper is used to
dissipate the energy generated by the vibration. The tire is modeled as a spring of

high stiffness without damping, which acting on both unsprung and sprung mass.
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The dynamic motion can be represented by the following equations:
mX, +k (x, —x,)+b (% —x,)=0 (2-1)
My Xy =Ko (X, = %,) =D, (¥, =%, ) + K, (x,, —x,) =0 (2-2)
where m_ and m  are the sprung mass and unsprung mass respectively, x, and

x, are the displacements of respective masses respectively, k, and k, are the

spring stiffness, b, is the damper coefficient and x, represents the road

disturbance.

2.1.2 The Active Suspension

The quarter-vehicle models of the hydraulic and electromagnetic active
suspension system are shown in Fig. 2-2 (a) and (b), respectively. The hydraulic
active suspension is modeled by a conventional passive suspension with an addition
of active actuator between the sprung and unsprung masses. In the electromagnetic
suspension system the passive damper is replaced by an active actuator. The

damping effect of tire is negligible in the active suspension model.

(a) Hydraulic (b) Electromagnetic

Fig 2-2 Quarter-vehicle model of active suspension
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The dynamic equations of active suspensions are:
msjés + ks (xs - xus) + bs ('xs - xus) =u (2'3)

m X, —k(x —x,)—=b(x,—x,)+k(x, —x)=—u (2-4)

us*Vus
where u is the active force generated by actuator. The damping coefficient is set to
zero when analyzing the electromagnetic suspension.

Considering the following state variables

X, =x, —x, Suspension deflection

X, =X Sprung mass velocity

s
x, =x, —x, Tire deflection

X, =X Unsprung mass velocity

us

The state space equation can be obtained as:

X =AX +Bu+Lx, (2-5)
[0 1 0 —1 ]
kb b,
where 4= ! ) !
0 0 0 1
k, b kb
L muS mus mus mus _
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2.2Effect analysis of suspension parameters

To investigate the influence of suspension parameters on system characteristics,
the frequency response of the quarter-vehicle model is analyzed by varying the
spring stiffness, damping coefficient, sprung and unsprung mass. The sprung mass
acceleration, suspension deflection and tire deflection are selected as the criteria to
evaluate the suspension performance, and the tire’s vertical velocity is considered as
external disturbance.

From the dynamic equations, the open loop transfer functions are obtained. The
effect of each system parameter is investigated by referring to the bode plot. The
transfer function from road vertical velocity to sprung mass acceleration, suspension
deflection and tire deflection are respectively:

N

X _ks(bs+k,)

2-6
. y (2-6)
X, —X km_s
s us . _ s -7
X, d @7
X, —X, mmm§3 +(m,, + mv)bqs2 +(m, +m )k s
s __mm ‘ Ad : A s ), (2-8)
X

where d is the system characteristic polynomial.

d= musmss4 +(m, +m, )bss3 +[(m , +m )k, +mk, ]52 +bks+kk (2-9)
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2.2.1 Effects of spring stiffness

The effect of spring stiffness can be examined by comparing five curves with
increasing stiffness, as is shown in Fig. 2-3. It can be observed that there exist two
peaks for each curve in each sub-Bode-plot of Fig. 2-3. The first peak occurs at a
lower frequency, which is called as vehicle body natural frequency, and the other
peak occurs at vehicle wheel natural frequency. The exact value of two natural

frequencies can be obtained by solving the system characteristic polynomial.

1 |k

fm=g - (2-10)
1 k

fm=g mt (2-11)

Fig. 2-3(a) shows the frequency response of sprung mass acceleration to vertical
wheel velocity. It can be seen that the isolation of vibration is increasingly improved
as the spring stiffness is decreased. However, the performance of suspension
deflection at low frequencies become more severe, which results in larger
suspension stroke, as shown in Fig. 2-3(b). The tire deflection is reduced with lower
spring stiffness around the body natural frequency. It can be observed that the spring
stiffness has little influence on suspension performance beyond the wheel natural

frequency.
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2.2.2 Effects of damping coefficient

To investigate the effect of damper, the resultant Bode plots for five damping
coefficients are demonstrated in Fig. 2-4. It can be seen from the Fig. 2-4 (a), as the
suspension damping coefficient decreases, the sprung mass acceleration response
will deteriorate at low frequencies, and then improve beyond the body natural
frequencies, except for the frequencies around wheel natural frequency. The
suspension deflection is improved obviously around two natural frequencies with
increased damping coefficient, but it has little influence at other frequencies, as is
shown in Fig. 2-4 (b). The effect on tire deflection is illustrated in Fig. 2-4 (c).
Reduced tire deflection is obtained between the two natural frequencies with smaller
damper. However, the tire deflection responses around two natural frequencies

become worse.

2.2.3 Invariant property of active suspension

Considering the quarter-vehicle model of active suspensions, it can be observed
that the effects of spring, damper and active force on sprung mass and unsprung
mass are equal, but at opposite directions. By adding the two dynamic equations (2-3)

and (2-4), the following can be obtained:

mx +m,X, =k (x, —x,) (2-12)

us - us
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The relationship between the transfer function of sprung mass acceleration and
suspension deflection to wheel vertical velocity is then derived from equation (2-12),

and it is expressed as:

2
X ms +k x —x k
‘s —__us t s ‘ us + t (2_13)
X, m.s X, m.s

From equation (2-13), it can be observed that the transfer function of sprung
mass acceleration is only dependent on the tire stiffness, sprung and unsprung mass

at the frequency defined by equation (2-14), and rewritten as equation (2-15).

kt
s = (2-14)
mus
‘.X..g' ktmus
o N7t w (2-15)
X m

Therefore, at this specific frequency, the transfer function of sprung mass
acceleration is irrelevant to the active force, which indicates that the response is

invariant no matter what kind of control method is applied.

2.2.4 Effects of sprung and unsprung mass

Through the discussion mentioned above, it can be concluded that the sprung
and unsprung mass have a significant impact on the characteristic of suspension
system. The suspension natural frequencies and the invariant frequency of active
suspension are varied with both of its masses. The ratio between sprung and
unsprung mass is considered as one of the most important aspects that influence road

handling and riding performance.
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The unsprung mass is comprised of the mass of wheels, the brake components,
parts of the suspension system and other components that are connected directly to
the wheels. The rest of the mass that is supported by the suspension is the sprung
mass. It includes the mass of the engine, transmission, passenger cabin and various
mechanical and electrical components [61]. Hence, the road irregularities are
directly reflected by the vibration of unsprung mass and generate significant vertical
acceleration to unsprung mass. Therefore, more kinetic energy is transmitted from
the road with greater unsprung mass. The resultant vertical force will degrade the
contact of wheel and road surface, and deteriorate the road handling capability and
driving safety. On the other hand, the sprung mass provides the spring a compressive
force to keep good contact between the wheel and road. The contact pressure is
enhanced with heavier sprung mass.

The effect of both masses on suspension characteristic can also be investigated
by frequency response analysis. From the bode plots in Fig. 2-5, with five increasing
sprung masses and in Fig. 2-6 with five increasing unsprung masses, it can be
observed that the isolation of vibration is deteriorated with the decrease of sprung
mass and with the increase of unsprung mass. On the other hand, the tire deflection
is significantly reduced by decreasing the unsprung mass. The results obtained by
the bode plots are consistent with the above analysis conclusion. Therefore, higher

ratio of sprung mass to unsprung mass is preferred in suspension design.
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2.3Design Aspects of the Linear Switched Reluctance Actuator

Before the design of LSRA for active suspension, there are some more
parameters need to be identified, such as peak force, continuous force and maximum
stroke length. Each parameter has significant influence on the performance of active
suspension. Numerical simulations based on the quarter-vehicle model were carried

out to obtain the parameters on LSRA design.

2.3.1 Requirements on force and stroke length

The required active force and stroke length are mainly dependent on the vehicle
body weight, road irregularities and the expected performance. The vibration
magnitude of sprung mass should be controlled within an acceptable range for
passenger comfort. Approximate indications that human react to the magnitudes of
vibration are presented in ISO2631. The value varies with the duration and the type
of activities under vibration by passengers. Moreover, sufficient damping force
should be exerted by the actuator when the system is working in regenerative mode.

Maximum stroke is the available travel distance between the sprung and
unsprung mass. The value is selected not only to meet the requirements for roll and
pitch behavior, but also to absorb the road irregularities. Movement that exceeds the
maximum stroke length can lead to serious damage to the actuator and can cause
extreme uncomfortable ride to passengers; thus longer stroke is preferred to ensure
the function and safety of the suspension. However, too much margin in stroke will
extend the length and increase the weight and size of the actuator.

In order to identify the parameters for the design of LSRA in active suspension
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system, a LQR optimal controller is conducted and simulated with quarter-vehicle
model to obtain the required force. The LQR is a full state feedback controller with
an aim to minimize a quadratic cost function [62]. The controller block diagram is

shown in Fig. 2-7.

u Active Suspension
System

Suspension Deflection

Sprung Mass Velocity

Tire deflection

Unsprung Mass Velocity

A A A A

Fig. 2-7 Block diagram of LQR controller

Considering the system state space model in equation (2-5), the quadratic cost

function can be defined as:
. 1 ¢
min.J/ =— jo (x" ()0x(t) +u" (t)Ru(t) )dt (2-16)

then the feedback control that minimizes the cost is

u=-KX (2-17)
where K is given by

K=R"'B"P(t) (2-18)
and P(¢)is found by solving the continuous time Riccati differential equation

A"P(t)+ P(t)A— P(t)BR'B"P(t)+ O = —P(¢) (2-19)
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TABLE 2-1
SPECIFICATION OF THE SUSPENSION SYSTEM

Parameters Value

Sprung mass 300 kg

Unsprung mass 60 kg
Spring Stiffness 18600 N/m
Damping coefficient 1000 N/m/s
Tire stiffness 180000 N/m

Simulations are performed in the Matlab/Simulink environment with the system
parameters shown in Table 2-1, which is based on the actual vehicle specification.
Responses of sprung mass acceleration to 10 rad/s and 100 rad/s sinuous disturbance
are demonstrated in Fig. 2-8 and Fig. 2-9, respectively. Both frequencies of
disturbance are approximate to the suspension natural frequencies, which are the
most severe working point of active suspension system. It can be observed that the
acceleration of sprung mass is reduced significantly to the acceptable range for
comfort. The required active force for expected performance is then obtained for the

actuator design.
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2.3.2 Volume and weight constraints

The passive suspension system is located in a compact space between the vehicle
body and four wheels. Without major modification to the vehicle mechanical
structure, the room available for the active suspension strut is limited. The maximum
constraint on the size and length of actuator can not be defined exactly for its
dependence on the vehicle grade and specific design. Take Benz C-class for example,
the maximum length for the suspension strut should be less than 700mm according
to the vehicle dimension. After extensive investigation of vehicle suspension, the
volume constraint on the LSRA is identified as 300mm x300mm x 600mm. The
additional weight of active suspension system will increase the weight of total
vehicle, and hence the fuel consumption. Therefore, the actuator should be designed

as light as possible by increasing the force density of the LSRA.

2.4 Summary

In this chapter, the quarter-car model is selected to analyze the parameters of the
active suspension system. The effects of spring stiffness, damping coefficient,
sprung mass and unsprung mass are investigated through the bode plot. In order to
identify the requirements on the design of LSRA in active suspension system, a LQR

optimal controller is formulated and simulated with the quarter-car model.
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Chapter 3

Preliminary Design of

Linear Switched Reluctance Actuator

LSRA is the linear counterpart of rotary switched reluctance motor (RSRM),
whose force is generated by the tendency of the translator to align its position with
minimum reluctance in the magnetic circuit [63]. The continuous movement is then
achieved as the phase windings are sequentially energized with the translator
position. By changing the switching position and sequence of excited phase properly,

LSRA can be operated at four quadrants.

3.1 Operation Principle

3.1.1 Variation of induction with translator position

The variation of phase inductance determines the dynamic characteristics of
LSRA. During the motion of the translator, the inductance of LSRA wvaries
periodically, as illustrated in Fig. 3-1. The inductance of the excited phase reaches

the maximum value, L__, when the translator poles are fully aligned with the stator

max

pole. As the translator keeps moving from the aligned position, the phase inductance

is decreased, and falls at a minimum value, L_. , when the translator poles are fully

‘min
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unaligned with the stator pole. The mutual inductance has little contribution to the
overall effect, and it is neglected in the analysis.

The linear approximation of inductance profile is related to the actuator
parameters such as the number of phase and pole, the stator and translator pole width.

Two adjacent phases with six translator positions are presented to describe their

relationship:
1
Xo :E(Wts _M}sp (3-1)
X=Xy =X, =X, = min(wsp, th) (3-2)
x2_'x1=‘va_th (3_3)
(x,—x))=1,= w, + W, (3-4)
(xs—x,)=0= % (3-5)

ph

where w,, and w, are the stator and translator pole width, w, is the translator pole
slot, 7, is the translator pole pitch, o is the stroke, and N, is the number of phase. It

can be observed that positive force is generated only in the region with increased
inductance; thus the phase current should be decreased to zero before the negative
force is generated in the region with decreased inductance. Although the overlap
region of stator and translator pole contributes no force, it is effective to prevent the

current conducting in the region of negative force.
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Translator PositionX

v

Force

Fig. 3-1 Variation of phase inductance

3.1.2 Equivalent circuit

An equivalent circuit is used to analyze the dynamic performance of a machine.
Neglecting the mutual inductance between the phases, the equivalent circuit for one

phase of the LSRA is shown in Fig 3-2.

R L |

Fig. 3-2 Equivalent circuit
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The corresponding voltage equation is given by

v=r.i+% (3-6)
dt
A=L-i (3-7)
dx
= —_— 3'8
V="l (3-8)

The overall voltage equation is

V:R~i+L«ﬂ+v~i-d—L (3-9)
dt dx

where V is the applied voltage, i is the phase current, R is the phase resistance, L is
the phase inductance, A is the flux linkage per phase, vis the movement speed, and
x1is the translator position. The right hand side of equation (3-9) represents the
voltage drop in phase resistance, the inductance and the induced EMF, e ,

respectively.
e=v-i-— (3-10)

Then, by multiplied by i on each side of equation (3-9), we know the input
electrical power is

VizRi 4L 9y 90 (3-11)
dt dx

Subtracting the energy consumed by resistance, and the rate of change of
magnetic stored energy from the input power, the mechanical power is obtained. The
rate of change of magnetic stored energy can be derived by

i(lL.iZ):liz d_L

dt 2 2 dt

L.i.ﬂzlv.iZ.d_LJrL.i.ﬂ (3-12)
dt 2 dx dt
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and the mechanical power is
P=F v (3-13)
Finally, the dynamic force is thus calculated from above equations

p_ldl

__ 4 3-14
¢ 2dxl ( )

It can be observed that the direction of force is determined by the change of

inductance with translator position, and irrespective to the direction of phase current.

3.1.3 Energy conversion principle
The steady-state and dynamic-state performance of LSRA can be evaluated by
calculating the energy conversion for one stroke. Consider the energy conversion
procedure for one phase as shown in Fig. 3-3. Assuming the translator moves for a
distance dx under the action of force F', the mechanical work is
dW,  =Fdx (3-15)
If losses are neglected, the amount of electrical energy We is transferred into

the magnetic field #; and mechanical work /¥, which can be written as in (3-16)
aw,=dw, +dw, (3-16)
From the above equations, we can write down
dw, =dW,—F,dx=idA— Fdx (3-17)
If we define the area between the aligned and unaligned curves as the

coenergy W, ', which does not exist physically, we can obtain

oW, ., oW, .
fg”m+ ACLIpN

de '(i,x) = Adi+ F,dx =
Oi ox

(3-18)
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Therefore,

oW, (i,
),:M (3-19)
Oi
ow., (i,
E:_Jﬁlﬁ (3-20)
ox

From the diagram shown in Fig. 3-3, the coenergy for one stroke can be

calculated by
W, Gx) = [ (2,0 %) = 2, G, )i (3-21)
A
()
(@)
2 .
c Aligned
£
X
=
L
x+dx
X
Unaligned
>
urrent

Fig. 3-3 Energy conversion procedures
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3.2 Structure of the Proposed LSRA

3.2.1 Design requirements

On the basis of extensive analysis and simulations presented in Chapter 2, the
requirements on LSRA design are obtained and summarized in Table 3-1. The
requirements are determined to achieve satisfactory performance of riding comfort
and road handling quality over a wide range of driving condition. Furthermore, the
volume of suspension system is proposed as a critical design constraint for the

potential practical application in commercial vehicles.

TABLE 3-1
DESIGN REQUIREMENTS ON LSRA
Parameters Value
Peak force 1000N
Continuous force 500N
Max. Displacement 100mm
Max. Speed Im/s

Max. Volume 300*300*600mm

3.2.2 Structure determination

A. Selection of topology

Double-sided structure has the advantage of higher force density than
single-sided structure [64], 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, this elimination is helpful for reducing the acoustic noise
during the operation [65]. Lastly, 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 LSRA.
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B. Selection of number of phases

A higher number of phases, N, can alleviates the problem of force dips, and can

increase the average force. Meanwhile, it is more efficient to reduce the force ripple

during dynamic operation with smaller static force dip, due to the unnecessary peak

current in the low torque region. Moreover, higher power density can be obtained by

a higher number of phases. On the other hand, the actuator with higher number of

phase will have less winding area, increased number of power switching devices and

current transducer, which consequently increase the cost of actuator drives.

After considering the above factors, a four-phase topology is chosen by making a

compromise. More effective force region overlap between two neighboring phases is

ensured by four-phase topology than three-phase topology; hence the force ripple

problem can be alleviated, and the reliability is increased with relative simple

structure.

Phase A& B
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Fig. 3-4 Movement of translator poles
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C. Selection of number of pole

The number of stator pole, N, , is consequently determined at eight for single

side, since the actuator has a four phase structure. For the industrial design of rotary
switched reluctance motor, the number of rotor pole is fixed at six as a common
combination with eight stator poles. However, the situation is not suitable for

determining the number of translator pole of LSRA, N, , which is related to the

range of movement. More translator poles can extend the movement distance, but
result in a longer and heavier translator.

The operation modes of rightward and leftward movement are demonstrated in
Fig. 3-4. Pos. I is defined as the central position, and the operation range of
translator is -50mm to +50mm. It can be observed that a positive translator pole is
required at the right side if further leftward movement is needed from the Pos. III,
and an additional translator pole is required at the left side if further rightward
movement is needed from Pos. IV. Therefore, to ensure the normal operation over a

range of 100mm, at least eight translator poles are required.

D. Selection of pole width
The pole width of stator, w, b and translator, w,,, are important parameters for

the design of LSRA. The selections have a direct effect on the average force and
force ripple of the actuator. Meanwhile, the stator back iron thickness is related to
the stator pole width. Larger pole width results in thicker stator back iron, and

increased actuator weight. Therefore, the pole width of stator and translator need
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to be optimized to improve the characteristics of LSRA. The detailed process for

optimization is presented in Chapter 5.

E. Selection of air gap
The length of the air gap g, is also critical to the actuator characteristic, and its

determination is irrespective to other actuator parameters. The air gap should be
designed as small as is achievable in manufacture, because both the average force
and efficiency are inversely proportional to the air gap length [66]. Furthermore, the
uniformity of air gap is important to the performance of double-sided LSRA. The
lateral force may not be eliminated with nonuniformity in air gap, and cause

unexpected resistance force and serious audible noise.

F. Selection of power and voltage level

The selection of power depends on the required force and speed from active
suspension system, as is shown in Table 3-1. The power source of LSRA is the
battery bank in the vehicle. Therefore, a low voltage supply is more applicable.
However, it will result in larger excitation current for the same power level. Thus, a

compromise needs to be considered in selecting the voltage level.

3.2.3 Configuration of LSRA

The proposed LSRA consists of four identical double-sided LSRA modules with
active stator and passive translator. Fig. 3-5 (a) shows the configuration of

double-sided module. Each module is made of four phases with eight pairs of stator
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poles and eight translator poles. The translator weight is considerably reduced due to
the absence of excitation windings and back iron. The assembly of four LSRA
modules is demonstrated in Fig. 3-5 (b). The translators per module are connected
into one by a hollow shaft, where the spring is to be placed. There are sixteen coils
per phase that connected in series. It can be observed that the cross-sectional area is

related to the pole height, stack length, stator pole width and winding dimension.

AT

Rl

(b) Cross-section of proposed LSRA

Fig. 3-5 Configuration of proposed LSRA
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The basic relationship of parameters is given by

T, =W, + W, (3-22)
Ty =Wy T W (3-23)
=Tt +w, =8w, +7Tw (3-24)
b =w,, (3-25)
w=2(0b,+h +g)+h (3-26)
D>w+I +2w, (3-27)
A =w, xh (3-28)

where w_and w, are the slot width of stator and translator, 7 and r,are the stator
and translator pitch, /and [/ are the length of stator and stack, b, is the thickness of
stator back iron, A _and £, are the pole height of stator and translator, wand D are
the width of double-sided module and proposed LSRA, w, ,h and A are the

winding width, height and area, respectively.

3.3 Magnetic circuit analysis

From the principle of energy conversion, the actuator characteristics can be
derived from the flux linkage vs. excitation current at various translator positions.
Therefore, it is important to predict the flux linkage characteristics during the design
stage. As the flux linkage can be obtained by taking the product of inductance and
current, the inductance is calculated instead of the flux linkage in the following

content.
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Finite element method (FEM) is preferred to calculate the flux linkage
characteristics if the actuator dimension and excitation are determined. However, the
actuator design variables, such as pole width, height, stack length and etc, can be
changeable in the design stage. The process would be complex and time-consuming
when FEM is applied. Therefore, analytical calculation based on the geometrical
dimensions is a better and faster approach to obtain the flux linkage characteristics,
since the relationship between actuator performance and design variables can be
expressed analytically. Although the nonlinearity and saturation are not considered
during the analytical process, the accuracy for preliminary design is adequate. The
performance can be further verified by FEM which considers nonlinearity and local

saturation.

A

sy

>
A\~
S
=

B
L

R

F
R‘Pg Rsy
A

Fig. 3-6 Magnetic equivalent circuit for double-sided LSRA
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From the distribution of flux lines, a number of flux paths are assumed for each

translator position, and each flux path contributes a part of the total inductance. The

inductance of each path can be calculated on the basis of magnetic equivalent circuit,

which is illustrated in Fig. 3-6. Each segment of the double-sided module is

represented by the corresponding reluctance, R , and the magntomotive force (MMF),

F . The equivalent circuit can be further simplified due to the symmetric topology

and shown in Fig. 3-7.

VWA A
Rtp/Z R,

P

F R,

R,/2S

Fig. 3-7 Simplified magnetic equivalent circuit for double-sided LSRA

The reluctance of each segment can be calculated from the magnetic circuit’s

permeability, effective length and area. The reluctance of the stator pole, translator

pole, stator yoke are given by:

RSP _ sp _ sp sp
lusp ’ Asp B sp sp
R = ltp — pr lfp
ip
Hy Atp B p ip
b ML
sy
H sy Asy sy Asy

The reluctance of the air gap is

(3-29)

(3-30)

(3-31)
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Fig. 3-8 Flow chart of inductance calculation

(3-32)

The Ampere’s circuital law is applied to find the magnetic flux of each path

through an iterative process. The flow chart for the inductance calculation is shown
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in Fig. 3-8. First, an initial value of flux in stator pole,¢,, is assumed, and the
effective length, Zj, and area, 4;, of each segment in path k are calculated.

Second, the flux density of each segment, B, , is calculated by

cN_ 9
Bj(z,x)—A—’; (3-33)
The magnetic field intensity, /;, is then obtained from the corresponding flux

density by using the B-H curve. Third, the applied MMF is compared with the

calculated MMF from each segment. The error AF, is then used to adjust the
assumed flux iteratively until it is reduced to the predefined value ¢ .
AF, = f(Ni)=Y H [ <& (3-34)

After the last iteration, the magnetic flux in stator pole is obtained for the
calculation of inductance of path k. Likewise, the inductance of each path is

obtained, and the total inductance per phase is the sum of inductance of each path.

L =¥ (3-35)

L=>L, (3-36)

k

where L is the total inductance per phase, L, is the inductance of each flux path.

3.3.1 Calculation of maximum inductance

The maximum inductance of the LSRA is obtained when the translator poles are
fully aligned with the stator poles. The magnetic flux paths in the air gap that

consider three-dimensional effects are demonstrated in Fig. 3-9. Note that only one
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pair of stator and translator pole is showed for simplicity, due to the symmetric
distribution of flux paths. It can be observed that each flux path is presented in
straight lines and circular arcs. Totally seven flux paths are considered, and the

contribution of each path to the maximum inductance is calculated separately.

————> Stator |[«——>

s s
Flux path 2
Flux path 1 P Flux path 4
I ‘Flux path 3.- /. Flux path 5
¥y |y un ¥ / / /
Flux path / A y 9 i P4 it
A ~4]_  Translator _
Flux path 3 W »{Flux path 6 ]
ip Flux path 7 {

Fig. 3-9 Magnetic Flux paths at fully aligned position

3.3.1.1 Flux Path 1
The flux path 1 is the main flux linkages for the calculation of phase inductance.

The effective length/ , and cross-section area A, of the flux path at stator pole are

L, =h+b /2 (3-37)
Ay =w, I, (3-38)

where A, and w,, are the height and width of stator pole, b,is the thickness of
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stator yoke, and [ is the stator stack length.

The effective length [, and cross-section area 4, in stator yoke are

[ =27 (3-39)

syl s

A, =b -1 (3-40)

sy s s

The effective length /  and cross-section area 4, , in translator pole are
Ly =h/2 (3-41)

A =w -l

1  ‘t

(3-42)
where £, , w,, and [ are the height, width and stack length of translator pole,

respectively.

The reluctance of the air gap R, is given as

- 28 (3-43)
1/[0 ls .(M}Sp + th)

gl

where g is the length of air gap, u, 1s the permeability of free space.
The MMF for flux path 1 is
F=N-i (3-44)
Hence, the inductance of path 1 can be calculated by

_N-4 _N~(Fl/(iRSp+€Rg+5Rtp/2+RSy/2))

1 1

L

(3-45)

1

3.3.1.2 Flux Path 2
The effective length and cross-section area of flux path 2 in the stator pole, stator

yoke and translator pole are the same as that of flux path 1, and denoted here
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Al ., A, ,, A

2o lgas Ayaslyns Ay s respectively.

asl,,,

The reluctance of the air gap R,,is two reluctances R, jand R, ,in series,

which are given as

1227, 189

1T (0.644r 1)yl (3-46)
2
227 -1 '(pr ~w,) (3-47)
R, =R, +R, (3-48)
where 7, is obtained as:
n=w,-w,)/2 (3-49)
The MMF for flux path 2 is
F,=N-i (3-50)
Hence, the inductance of path 2 can be calculated by
L, = N—¢2 (3-51)

i
3.3.1.3 Flux Path 3

The effective length/ ;and cross-section area 4, ;of the flux path at stator pole

are
l,s=h+b/2-R/2 (3-52)
=w,, [ (3-53)
The effective length [ ;and cross-section area 4, in stator yoke are
l,,=2t (3-54)

sy3 K
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A

sy3

=b, -1 (3-55)

The effective length / , and cross-section area 4, 1in translator pole are

L =%—(r2 —h) (3-56)

Ay =w, 1, (3-57)
where

r, = 1h_2 (3-58)

The air gap of flux path 3 consists of a half annulus, a cube and a quarter

cylinder. The reluctance of each section is derived as

L ST Sl (3-59)
R, 7 h
g
R, =—°>—— 3-60
-2 uy -l -(r, = 1) ( )
= 0.61(r,—1,) _1.89 (3-61)
7wyl x0322(r, —1)  uy -l
The total reluctance R, ;is then obtained as
Ri=R, +R; ,+R,; ; (3-62)
The MMF for flux path 3 is
F, = hs_—r2/2 N-i (3-63)
hS
Hence, the inductance of path 3 can be calculated by
ALY (3-64)

1
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3.3.1.4 Flux Path 4

The effective length/ ,and cross-section area A4, , of the flux path at stator pole
are
L,y =h+b/2 (3-65)

- (3-66)

The effective length [ ,and cross-section area 4 ,in stator yoke are

l,,=2t, (3-67)

Ay, =b, -1, (3-68)
The effective length /,, and cross-section area 4, 1n translator pole are

Lps =h /2 (3-69)

Apy =W, -1, (3-70)

The reluctance of the air gap R,,is two reluctances R, and R, ,In series,

which are given as

2x1.22n, 3.78

g4l 7 uy-0.6447 - (w,, +w,,) - Uy Wy, G-71)
2
s427 iy - (W,, fwtp)-rl 3-72)
R =R, +R,, (3-73)
The MMF for flux path 4 is
F,=N-i (3-74)
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Hence, the inductance of path 4 can be calculated by

L

4

N4 (3-75)
l

3.3.1.5 Flux path 5
The effective length and cross-section area of flux path 5 in the stator pole, stator
yoke and translator pole are the same as that of flux path 4, and denoted here

asl,

Aysilyss Ayssl,s, A, respectively.

The reluctance of the air gap R, is two reluctances R, and R, ,in series,

which are given as

- In(1+22—11y (3-76)
Rg571 T h
2
Ry, = g (3-77)
uO .(Wsp + th).(FZ _rl)
Rys=Rys |+ Rys 5 (3-78)
The MMF for flux path 5 is
-r/2
F, = ho—n/2 N-i (3-79)
hS
Hence, the inductance of path 5 can be calculated by
1= (3-80)

i

3.3.1.6 Flux path 6
The effective length and cross-section area of flux path 6 in the stator pole, stator
yoke and translator pole are the same as that of flux path 4, and denoted here

as prs ,

Ao slyes Ageslper Ay » TESPECtively.

sp6 2 "sy6 2 “Tsy6 0 “tp6 ?
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The reluctance of the air gap R is given as

g6~ u, 03§2Xg12(3vi +w,) - uzswi (3-81)
The MMF for flux path 6 is
F,=N-i (3-82)
Hence, the inductance of path 6 can be calculated by
L= N—¢6 (3-83)

i
3.3.1.7 Flux path 7
The effective length and cross-section area of flux path 7 in the stator pole and

A 5.0 ., A

stator yoke are the same as that of flux path 3, and denoted here as/ 075l Ay

sp7?°
respectively.

The effective length / ;and cross-section area 4, in translator pole are

h
7 =3’—Vl (3-84)

(3-85)

The reluctance of the air gap R, is given as

. -
Lt Oy W), 2t ey (3-86)
R, 2
4
The MMF for flux path 6 is
F, = MN . (3-87)

h

N
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Hence, the inductance of path 7 can be calculated by

L

Mg (3-88)

1

7

The total inductance in aligned position is contributed by above seven paths, and

given by

7
Laligned = Z Lk (3_89)
1

3.3.2 Calculation of minimum inductance

It can be observed from Fig. 3-10 that the flux path 4, 5, 8 and 9 pass through the
free space between stator poles and enclose the path through the stator yoke.
Therefore, no reluctance in translator pole is taken into consideration for there flux
paths.

At fully unaligned position, all flux paths, except for the flux path 5, have the

same effective length/ , and cross-section area 4, , which can be derived as

Lyrses =27, (3-90)
A, =b, -1, (3-91)
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Fig. 3-10 Magnetic Flux paths at fully unaligned position




3.3.2.1 Flux Path 1

The effective length/ , and cross-section area A4, of the flux path at stator pole
are

\=h +b,[2—1,/2 (3-92)

L,

Ay =w,, L (3-93)
The effective length [, and cross-section area 4, ,in translator pole are

Ly =1/2 (3-94)
(3-95)

The reluctance of the air gap R, is given as

\/E(th _M}&p)/2 _ Wts _M}Sp

= = (3-96)
“ uo'ls'rs/‘/z N
where r, is obtained by
)
poe M T8 (3-97)
2
The MMF for flux path 1 is
F, :}’x_—’%/z. Ni (3-98)
hS
Hence, the inductance of path 1 can be calculated by
. N-(F,/(R,+R_+R_/2+R /2
Ll — N¢1 — ( 1/( sp g. tp/ Sy/ )) (3_99)

1 1
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3.3.

arc

2.2 Flux Path 2

The effective length/ ,and cross-section area A, , of the flux path at stator pole

,=h +b [2-r,

L,

The effective length / ,and cross-section area 4, , in translator pole are

lth :ht/z
A =w -/

ip p

The reluctance of the air gap R, is given as

1462 (LMo
o L et s
g2 0285 'ls : th - va uO .Is
U, ( )
1.462 2

The MMF for flux path 2 is

h, —r.
F2: h 2

S

- Ni

Hence, the inductance of path 2 can be calculated by

L =N'.¢2

l

2

(3-100)

(3-101)

(3-102)

(3-103)

(3-104)

(3-105)

(3-106)
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3.3.2.3 Flux Path 3

The effective length/ ;and cross-section area 4 ;of the flux path at stator pole

are
ly=h+b[2~r, (3-107)
Ay, =w, L (3-108)
wherer, is given by
" :%_g (3-109)

=1 (3-110)
A, =w, I (3-111)

The reluctance of the air gap R, is given as
1

=2k g B

) (3-112)
Rg3 T ’/'3

The MMF for flux path 3 is
F3:hs_r3_(r4_r3)/2_Nl- (3-113)

h

N

Hence, the inductance of path 3 can be calculated by

N4
i

L (3-114)
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3.3.2.4 Flux Path 4

The effective length/ ,and cross-section area A4, , of the flux path at stator pole
are
L,y =h+b/2 (3-115)

—w, -l (3-116)

The reluctance of the air gap R, is given as

h /2)+
. _ (h/)+g (3-117)
uy - (L - w,,)
The MMF for flux path 4 is
F,=Ni (3-118)

Hence, the inductance of path 4 can be calculated by

L

4

_ N-.¢4 (3-119)
1

3.3.2.5 Flux Path 5

The effective length/ ;and cross-section area 4 of the flux path at stator pole

are
l,s =2x((h;—R,)/2+b,/2) (3-120)
Ay =w, -1 (3-121)

=7, (3-122)
and the cross-section area 4, ;is the same as other paths.

The reluctance of the air gap R is given as
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W
R, =—"""7"— 3-123
€ uO'ls(hs_Rz) ( )

The MMF for flux path 5 is

hs _(Wts _Wsp)/z Ni

F, = n (3-124)
Hence, the inductance of path 5 can be calculated by
L= N—¢5 (3-125)

i
3.3.2.6 Flux Path 6 and 7

The effective length and cross-section area of flux path 6, 7in the stator pole and
translator pole are the same as that of flux path 1, and denoted here as

lLerlyr> Ape > Ay s Lpe s Lprs Ape » A7 » tespectively. The reluctances R and R, of the

sp6 2 “spT2 “Tsp6 > “TspT 2 Tp6 2 "ip7 > “Tp6 O “TupT 0

air gap are given as

1.713-(%)

R, = _ 147 (3-126)
0.393'1"2 WtS _WYp uo'rz
u, ( )
1.713 2
V2x
- (W, —w, +R,—1,) (W, —w, + R, —1,)
R, = = — (3-127)
uo.i.u Uy -1 (R, — 1)
22
The MMF for flux path 6 and 7 are the same as flux path 1.
Hence, the inductance of path 6 and 7 can be calculated by
L= N—¢6 (3-128)
i
L = N4, (3-129)
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3.3.2.7 Flux Path 8
The effective length and cross-section area of flux path 8 in the stator pole are

A

the same as that of flux path 4, and denoted here as/ pd s

42 respectively.

The reluctance of the air gap R is given as

R __ 2X1.22(4+2g) _ 7.8
o uyw, 0.322(h, +2g) Uy w

sp

(3-130)
The MMF for flux path 8 is the same as flux path 4.
Hence, the inductance of path 8 can be calculated by

=M (3-131)
1

L

8

3.3.2.8 Flux Path 9

The effective length/ ,and cross-section area A, , of the flux path at stator pole

are
lo=h+b /27, (3-132)
Apg=w, L, (3-133)

=t (3-134)

S e —5 3-135
R, 7 n(+(h,/2)+g) (-133)

The MMF for flux path 9 is the same as flux path 4.
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Hence, the inductance of path 9 can be calculated by

N4 (3-136)
1

L

9

The total inductance in aligned position is contributed by above seven paths, and

given by

9
Lunaligned = Z Lk (3_1 37)
1
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Output Design Result

End

Fig. 3-11 Flowchart of preliminary design
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3.4 Preliminary Design Procedure

Based on the requirements from active suspension system, the expected force
and outer dimension limitation of LSRA are defined in the first place, then the range
of variation in design variables, such as pole width, pole height, stack length, can be
derived from the relationship that listed in Section 3.2.3, since the number of phase,

stator pole and translator pole are determined after comprehensive consideration.

12<w, <25 (3-135)
12<w, <32 (3-136)
7, <41 (3-137)
r, <54 (3-138)
W, < (3-139)
2
h>h = N-d; (3-140)
W,
2h +1, <240 (3-141)

The detailed procedure for preliminary design is demonstrated in Fig. 3-11. The
design variables are assumed an initial value at first iteration, and then the winding
area is estimated before the inductances at unaligned and aligned position are
calculated. The force can be calculated by solving the equation (3-20) when the flux
linkage characteristics are obtained. The computed force is then compared with the
desired force. If the value does not meet the requirement, some design variables are

changed within the acceptable range, and continue the iterative process until the
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force is greater than the expected force.

The preliminary specification of LSRA is obtained after the last iteration, as
presented in Table 3-2. The accuracy should be further verified by the finite element
method due to the limitation of analytical method. It is noted that the result is not the
only solution that meet the requirements, and the performance of each qualified
solution is varied regarding force ripple or force density. Therefore, it is necessary to

determine an optimal specification according to the above criteria.

TABLE 3-2
PRELIMINARY SPECIFICATION OF LSRA
Parameters Value
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 12 mm
Translator pole width 14 mm
Stator pole height 49 mm
Stator yoke thickness 12 mm
Stack length 43 mm
Air-gap length 0.8 mm
Number of turns per coil 111
Rated phase current 12A

3.5 Summary

In this chapter, the operation principle of LSRA is summarized to provide the
basis for the preliminary actuator design. According to the constraints and
requirements from the active suspension system, the configuration of LSRA is
proposed. As the actuator performance can be predicted by evaluating the flux

linkage characteristics, the inductance at aligned and unaligned positions are
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calculated based on the magnetic equivalent circuit through an iterative process. The
accuracy of calculated results can be improved as more flux paths are considered at

each translator position.
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Chapter 4

Longitudinal and transversal

end effects analysis of the LSRA

Since the magnetic flux distribution is approximated with the limited flux paths
method in the magnetic equivalent circuit, the analytical design results are less
accurate than the finite element method (FEM), especially for the unaligned position
with omission of leakage flux. Hence, analytical method is suitable for the
preliminary machine design and the qualitative understanding on the effects of
dimensional changes, and FEM is suitable for the verification on the analytical
design results and for the improvement in the performance with optimized design
parameters.

Two-dimensional FEM is widely used in predicting the performance
characteristics for its simplicity and fast calculation time. Satisfactory results can be
ensured for the LSRA with long stack length or with low flux saturation. The
prediction accuracy becomes insufficient as the stack length gets shorter, because the
transversal end effect, which is ignored in two-dimensional FEM, becomes more
dominant in short stack machine [67]. The most accurate prediction results can be

obtained by the three-dimensional FEM with the transversal end effect considered.
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However, this approach will significantly increase the computation time, especially
in calculating the flux linkages of the LSRA [68]. A lot of solutions would be
required at a wide range of excitation currents and translator positions. Besides,
there is extra longitudinal end effect in the LSRA, due to the finite length of the
stator stack [69]. Certain discrepancy is introduced between phases at both ends and

the phases in the middle by the variation in flux distribution.

A
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é 7_ - —

u_§_ A . Amr\wnh end effects
// 7/ Without end effects

WHF’ I
With end effects

ithout end effects
|

Unaligned

>
Current

Fig. 4-1 Flux linkage with end effects

The qualitative sketches of flux linkage comparison between the situations with
and without end effects are shown in Fig. 4-1. The solid flux linkage curves are
calculated by assuming end-effects, and other two curves in dashed lines are
calculated by neglecting two end-effects. It can be observed that the omission may
reduce the energy conversion area and lowers the performance calculation. Since the
longitudinal and transversal end effects would induce errors in estimating the

performance characteristics of the LSRA, it is necessary to study their sensitivities to
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machine parameters, such as geometric topology, stack length, excitation level and

translator position.

4.1 Finite element method

The Ansoft electromagnetic field software is applied to investigate the end
effects and to obtain the magnetic characteristics of LSRA with the consideration of
saturation and mutual inductance, which are both ignored in the analytical method.

The first step is to build the analytical model of LSRA with specified dimension
for finite element method. The three-dimensional model of double-sided LSRA with
one phase winding is shown in Fig. 4-2. It can be observed that the stator stack
length is quite short relative to the length of stator pitch. Hence, the end effects have
to be considered if more accurate prediction is required. The two-dimensional FEA
model, as shown in Fig. 4-3, is constructed from the YZ plane cross section of the
three-dimensional model. The winding area is represented by rectangles around the
stator poles. The translators are aligned with the excited stator poles in both models
shown in the figures. By moving the translators along the motion direction, the
solutions for flux linkage at different translator positions can be obtained. Next, a
confined area around the analytical model is specified for the magnetic field
computation. No magnetic flux lines are assumed to cross out of the area.

The second step is to specify the magnetic properties of each part of the model.
For the stators and translators which are made of laminated silicon steel, a
magnetization B-H curve considering saturation is assigned. For the winding area,

material copper is assigned with unitary relative magnetic permeability. The rest of
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space in the confined area is assigned as air.

Fig. 4-2 Three-dimensional model of double-sided LSRA

Fig. 4-3 Two-dimensional model of double-sided LSRA
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The next step to solve the magnetic field is to add excitation to the windings of
each phase. By varying the current density specified to the windings, different
magnetic flux can be obtained. The directions of two winding excitations at the same
stator side are opposite to ensure consistent flux in LSRA.

When the above settings are finished, a mesh is generated to link the physical
description to the following numerical computation [70]. The confined area is
separated into many smaller elements.

The magnetic field in two-dimensional analysis can be determined by computing
the magnetic vector potential 4 over the cross section of the LSRA, and obtained by

solving the nonlinear Poisson’s equation in Cartesian coordinates [71]:

i(}/a—AJ+i }/a—A =-J (4-1)
ox\' ox) oy\' oy

where y is the magnetic reluctance and J is the current density.

Once the magnetic potential is solved, the flux linkage per phase can be

calculated by

1 - - N n
=—| JAdV =—)> AS 4-2
Yoo i'[” SkZ:l: KOk (4-2)

where S is the area of phase winding. Note that the computed flux linkage in
two-dimensional FEA is just the result for the cross section of LSRA, the total flux

linkage equals to the product of the computed value and the stack length [72]:

= ls “Vobp (4'3)
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4.2 Longitudinal End Effect

A fundamental difference between a rotary switched reluctance motor (RSRM)
and an LSRA is the finite length of the magnetic and electric circuit of the LSRA in
the direction of the travelling field [73]. The finite length of stator stack causes an
unbalanced phase inductance, which is the so-called longitudinal end effect in
LSRA. By applying the two-dimensional FEM, The performance characteristics of
phase A at the end and phase B in the middle are obtained and illustrated in Fig. 4-4.
There is certain discrepancy between these two phases. This effect must be carefully

considered in evaluating the flux linkage per phase in high performance motion

control.
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Fig. 4-4 Flux linkage comparison of phase A and phase B

The equivalent circuit approach is very useful for analyzing the cause of the
longitudinal end effect. The disparity can be easily derived from the steady-state

equivalent circuit. To simplify the analysis, transversal end effect is neglected here.
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Hence, two-dimensional FEA is adequate to verify the analysis and determine the
sensitivities to machine parameters.

The distribution of the magnetic flux lines of two phases in unaligned position
are shown in Fig. 4-5. It is observed that the leakage flux lines of phase B pass
through the stator slot to both adjacent stator poles and enclose the path through the
stator back iron, while the end phase A has only one adjacent stator pole and the
leakage flux lines at this side have to be enclosed with air. The longer is the leakage
flux path in stator, the higher is the phase inductance. Therefore, the inductance of
phase A is smaller than that of phase B. The same situation happens in the aligned

position and the in-between positions.
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In order to illustrate the sensitivities to machine parameters, a 2D FEA is used to
study the longitudinal end effect. The inductance variation with excitation and

translator position of per phase are calculated and compared.
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Fig. 4-6 Percentage variation of Inductance error with excitation current

4.2.1 Inductance variation with excitation current

Fig. 4-6 shows the error percentage of inductance between phase A and phase B.
It is basically constant in the unaligned position. It can be observed that the
inductance of phase A, over the excitation range, can be decreased by up to 13%,
owing to the longitudinal end effect. The error percentage of inductance in aligned
position is slightly decreased as the excitation current is increased. Owing to the
small air-gap in aligned position, the error in aligned position remains small over the

whole of the excitation range.
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4.2.2 Inductance variation with translator position

The variation of error percentage with translator position under rated excitation
is illustrated in Fig. 4-7. Zero axial position represents the fully unaligned position.
It can be seen that the error percentage reached a peak value near the unaligned
position, and then gradually decreased as the translator pole moves into alignment
with the excited stator pole. This is due to the fact that when the poles are not

saturated the leakage flux decreases as the pole overlap increases.

0.14 T T . .

0.13

e
M.»

<
=
=

o=
—

0.09

Inductance Error Percentage

0.08

10 I3 20

Position(mm)

h-
b2
wh

0

Fig. 4-7 Percentage variation of inductance error with translator position
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4.2.3 Solutions

The longitudinal end effect causes an unbalanced phase characteristics and
brings a certain discrepancy in predicting the actuator performance. The easiest way
to compensate the decrease of inductance of the end phase is to add an extra pair of
stator poles at both ends of the stator. However, this solution may increase the length

of stator and is not suitable for an application that has limited space.
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Fig. 4-8 Flux linkage comparison of 2D and 3D FEA

4.3 Transversal End Effect

2D FEA is widely used to verify the design and to predict the performance, for
its simplicity and fast computation. However, all practical machines are
three-dimensional. A two-dimensional model based analysis is inadequate in many

cases due to the omission of transversal end effects. It can be observed from Fig. 4-8
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that the values of flux linkage are underestimated by 2D FEA; hence a reduced
energy conversion area is obtained. Therefore, it is necessary to identify the
relationships between 2D and 3D FEA results and determine the sensitivity of
transversal end effects to actuator parameters.

There are three different causes that contribute to the transversal end effects:
axial fringing, end-winding flux and anisotropy of lamination [74]. Axial fringing
exists at both ends of the machine stack, and magnetic flux tends to bulge out axially
from the stator pole ends into the translator pole ends. The inductance in unaligned
position is considered to be increased by 20-30% owing to the fringing effect [75].
As the phase coil is shaped like a race ring, there is conductor region that extends
beyond both stack ends. The end winding inductance may account for a significant
percentage of the phase inductance, especially for machine of short stack length, or
long-pitched windings.

Besides the flux flowing in the plane of the laminations, there is flux flow
normal to the laminations which bring significant eddy current loss. Its effective
permeability is thought to be much less than that of flux in the plane laminations.
Therefore, the anisotropy and directional permeability have to be considered in finite
element analysis. The three-dimensional solution can be corrected by specifying a
packing factor, while the two-dimensional analysis requires a more complex method
by scaling the original B-H curve according to the packing factor [76].

In order to identify the transversal end effect and analyze its sensitivity to
actuator parameters, three-dimensional FEA was carried out and compared with the

results from two-dimensional FEA solutions. The transversal end effect is proved to
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be highly dependent on the translator position, excitation level and stack length.

4.3.1 Flux Linkage

The variation of error percentage in flux linkage at aligned and unaligned
positions with excitation current is demonstrated in Fig. 4-9. In the unaligned
position, the error between 2D and 3D FEA is almost constant at 20% during low
excitation, and begins to decrease in saturation region. This is because, at low
excitation, the reluctance of air-gap at unaligned position accounts for most of the
magnetic circuit reluctance. While in the aligned position, the error percentage is
gradually decreased as the excitation increases. This is due to the fact that the
permeability of iron core is high at low excitation, and hence the end winding has

greater impact on the flux linkage of phase winding.
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Fig. 4-9 Percentage variation of flux linkage error with excitation current
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Fig. 4-10 illustrates the variation of error percentage with translator position due
to the transversal end effect. The error percentage of flux linkage is maximal at more
than 25% in unaligned position, then decreases as the overlap of the poles increases,
and reaches the lowest value in the fully aligned position. This is because the
saturation is getting severe as translator pole moves into alignment, and the
permeability of magnetic core is reduced gradually. Therefore the end winding flux

is reduced.

4.3.2 Stack Length

The error incurred in 2D FEA is considered to be highly dependent on the stack
length owing to the transversal end effect. Fig. 4-11 illustrates the variation of error

percentage in flux linkage as the stack length increases. It can be observed that
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significant error incurred at unaligned position when the stack length is very short
and the accuracy is improved obviously as the stack length is getting longer. This is
due to the fact that the end winding is dominant in the phase winding conductor
when the stack length is short. The error percentage at aligned position is slightly

deceased and maintains at a relatively low rate.
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Fig. 4-11 Percentage variation of flux linkage error with stack length

4.3.3 Translator Stack Length

In some applications, the stack length of the translator is longer than that of the
stator, resulting in a variation in the distribution of transversal flux. The unequal
axial length is hard to be reflected in 2D FEA solutions and incurs a certain error in
the performance prediction. The trend of impact can be examined by modeling the
transversal cross section to obtain the variation of end winding inductance. As

shown in Fig. 4-12, the inductance is gradually increased as the translator stack
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extents beyond the stator stack. This is because the end winding flux links more with
the translator and the variation of end fringing distribution. Therefore, the error in
flux linkage owing to the unequal stack length is increased as the translator stack

length is getting longer.
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Fig. 4-12 Percentage variation of inductance error with translator stack length

4.3.4 Static Force

It can be observed from Fig. 4-13 that at high excitations and towards alignment
a higher value of static torque was predicted by 2D model solutions. This is due to
the fact that in positions close to alignment the radial component of flux produced by

end windings may be more dominant than tangential component.
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4.4 FEM Verification

Since the discrepancies between two-dimensional and three-dimensional FEM
are analyzed, the preliminary design by analytical method in the previous chapter is
just verified by two-dimensional FEM to save the computation time. The flux
linkages and forces under excitation currents ranging from 2A to 24A are obtained,
and the translators are varied from fully unaligned position to fully aligned position
at a step of 2mm, as shown in Fig. 4-14 and Fig. 4-15. It is observed that the
characteristics of preliminary design meet the requirements from the active
suspension system. The flux density and distribution of flux lines at fully unaligned

position, intermediate position and fully aligned position are demonstrated in Fig.
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4-16 and Fig.4-17, respectively. All figures are obtained under the excitation current
of 12A. It can be observed that the flux density in stator poles is increasingly high as
the translator poles move towards the aligned position, and there is severe local
saturation in the pole tips at the intermediate position where a small portion of stator

and translators poles are overlapped. The situation can be observed more explicitly

from the distribution of flux lines in Fig. 4-17 (b).
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Fig. 4-16 Flux density (a) Unaligned position (b) Intermediate (c) Aligned
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4.5 Summary

The impact of longitudinal end effect in LSRM is investigated in this chapter. A
simple but practical solution is presented to compensate the phase imbalance
introduced by the longitudinal end effect. Sensitivity analysis to machine parameters
of both end effects is carried out by using two and three-dimensional FEM. The
results obtained from FEM present the variation of estimation error with excitation
current at different translator position. By understanding the impact of both end
effects, the verification of preliminary design will be more accurate and less

time-consuming, and the operation performance of LSRM can be further improved.
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Chapter 5

Multi-objective
optimization of the LSRA

Linear switched reluctance actuator (LSRA) is considered as an attractive
alternative to other types of high performance actuators in active suspension system
(ASS), due to its simple and robust structure, high reliability and fast dynamic
response. However, it suffers from the disadvantage of high force ripple and
resultant acoustic noise [77]. The problem is more severe in direct-drive servo
system. For the application in ASS, the force ripple would cause significant impact
on the ride comfort. Therefore, the configuration of LSRA should be optimized to
achieve reduced force ripple and higher average force in a compact volume before it
is applied in ASS.

There are two major approaches to reduce the force ripple: geometry design
optimization and control technology improvement [78]. The geometry optimization
is realized by adjusting the stator and translator pole structures. It is considered as
the most effective way to alleviate the inherent problem. Various methods have been
studied and reported in previous literatures, but the practical limitation is seldom

taken into consideration. The control method is optimized by changing the control
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parameters, such as turn-on and turn-off positions, and excitation current. However,
this approach would also reduce the average force as the force ripple is minimized
[79].

This chapter describes a multi-objective optimization method for the
double-sided LSRA to obtain higher average force, reduced force ripple and higher
average force per core volume. The effects of stator and translator pole width on
three objectives above are investigated by using finite element analysis (FEA). Then
the optimal combinations of stator and translator pole width under various
suspension volume limitations are obtained. Practical constraints, such as actuator

volume limitation, winding area, are considered in the optimization procedure.

5.1 Design Optimization Aspects

5.1.1The optimization Criterions:

Three criterions are selected as optimization objectives, which are the average
force, the force ripple and the average force per core volume. The force
characteristic of the LSRA can be evaluated by considering the energy conversion
procedure. If there is only one phase energized at a time, the instantaneous force can
be obtained by

Enst = M (5-1)
ox

where W_ is the coenergy, which is proportional to the area between two

magnetization curves.

W,,(6,3) = [ (2,0 6.3) = A, )i (5-2)
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Then we can obtain the average force by integrating the instantaneous force over

one cycle as
F = 1 F, dt 3
ave r _[0 inst (5- )

where 7 represents one translator pole pitch.
It can be observed from Fig.5-1, the minimum force occurs at the intersection
point of two successive phases. The force dip is then defined as the difference

between the maximum and minimum force.

Fd = Fmax _Fmin (5'4)
Hence, we can define the force ripple as
F
F,=—%x100% (5-5)
oA _ Fmax
o //\\
S | .
= y FC /" FD \ Force dip
i Y
[‘ ''''' ‘\\' — =~ Fmin
.
) \
/i !
- | »
Translator Position
Fig. 5-1 Force ripple characteristic
The actuator core volume 7, is calculated by
I/core = I/s + I/t (5-6)

where 7 represents the volume of stator core and ¥, represents the volume of
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translator core, then the average force per core volume can be obtained by

FV =—ae 5-7
; (5-7)

Assuming the density of core material is D, we can further obtain the average
force per translator core mass as

Fb = L (5-8)
V,-D

t

5.1.2 The Constraints

The stator and translator pole width is critical to the actuator performance, and
they are selected as the optimization variables. According to the feasible triangle of
rotary switched reluctance motor derived by Lawrenson [80], the corresponding
constraints on stator and translator pole width in LSRA are obtained. The
combinations of the pole width are limited in the triangle of ABD, as is shown in
Fig.5-2.

Thus, the range of stator pole width is

N, —2)-1
; <w, < u (5-9)
N, N, N, N,
and the range of translator pole width is
;<w,<L(I—L) (5-10)
Nph Y th Nph

Moreover, the translator pole width should be valued larger than or at least equal

to the stator pole width [81], expressed as

w,o>w (5-11)
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where w,, and w, represent the stator and translator pole width, respectively.

In addition to the constraints by feasible triangle shown in Fig. 5-2, the stator
pole width is limited by the available suspension volume. It is due to the fact that
with a fixed stator pole pitch, the available winding area and thus the available
magnetic motive force (MMF) are decreased with the increase of stator pole width.
In order to accommodate the coil, the stator pole height has to be extended, which

consequently enlarge the volume of LSRA according to the configuration.
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Fig. 5-2 The Feasible Triangle of the LSRA

5.2 Effect analysis of pole width

5.2.1 Effects of stator pole width

In order to analyze the effects of both pole widths, 2D FEM with end effects

correction is conducted. The effects of stator pole width on average force, force
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ripple and average force per core volume are illustrated in Fig. 5-3. It can be
observed from Fig. 5-3(a), (b) that the average force and force ripple are improved
significantly with the increase of stator pole width. For various translator pole
widths, the variation of effects shows slight differences at different stator pole width
ranges, but follows the same trend. It means better performance can be obtained with
wider stator pole at fixed translator pole width, if the average force per core volume
is not taken into consideration.

Fig. 5-3(c) shows the core volume variation with the increase of stator pole
width. The core volume increases more significantly than the average force. It can be
observed from Fig. 5-3(d) that the average force per core volume turns out to be
decreasing with the increase of stator pole width. It means the LSRA with narrower
stator pole has higher force density. Therefore, a compromise among three objectives

is needed during the optimization procedure of stator pole width.
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5.2.2 Effects of translator pole width

To adjust the translator pole width is considered to be easier than to change the
stator pole width, because it is irrespective to the space limit, MMF [82]. However,
the impact on actuator performance is less evident than the stator pole width.

Fig. 5-4 depicts the effects of translator pole width on average force, force ripple
and average force per core volume. Compared with the effects of stator pole width,
there is no evident trend for each objective with the increase of translator pole width.
It can be observed from Fig. 5-4(a), (b) that the average force and force ripple
fluctuate slightly around a specific value, which is mainly determined by the stator
pole width. For various stator pole width, the effects of translator pole width exhibit
different characteristics. Take average force for instance, for a specific translator
pole width at 17mm, the value of average force reaches a peak when the stator pole
width is 16mm, whereas it decreased to the lowest point when the stator pole width
is 14mm.

As shown in Fig. 5-4(c), the core volume invariably but slightly increases with
the increase of translator pole width. It is because the volume of translator accounts
for a small proportion of the core volume. Moreover, the influence of translator pole

width on suspension volume can be negligible.
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5.3Multi-objective Optimization

5.3.1 Optimization function with multiple objectives

The design objective of LSRA in active suspension system is to achieve high
average force, low force ripple and high force density. However, the optimal values
of stator and translator pole width are varied to achieve each single objective, as is
discussed in Section 5.2. There is no single pair of stator and translator pole width to
simultaneously maximize the average force, minimize the force ripple and maximize
the average force per core volume.

Therefore, a multi-objective function that contains three objectives is proposed.
The priority of each objective is realized by introducing the weight factor. The
objective function is adjustable to meet different requirements by modifying the
individual weight factor of each objective. The multi-objective function can be

expressed as
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FR 4
for =W e, M

We+w, +w, =1
F, =max{F}
FR =max{FR}

FV =max{FV}

(5-12)

(5-13)
(5-14)
(5-15)

(5-16)

where F,, is the multi-objective function, w;,,w, and w, denote the weight factor

of the average force, force ripple and average force per core volume, respectively. F, ,

FR and FV, denote the base value of corresponding objective.

It can be observed that the value of objective function depends on the ratio of

individual objective value to its base value and weight factor, and it becomes larger

with the increase of average force and force density and decrease of force ripple.

Thus, the optimization function with multiple objectives can be given by

Core Volume {¢m3)

F,, (w,w,)=max{F, } (5-17)
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Fig. 5-5 Suspension volume

100



5.3.2 Optimization under constraints on suspension volume

The primary requirement for the design of the LSRA is the volume of active
suspension unit. It must be compact enough to fit into the corner between the vehicle
body and the wheel. Based on our measurements, the maximum space available for
the suspension is no more than 300mm x300mmx600mm. As we discussed before,
the suspension volume depends on the selection of stator pole width of the LSRA.
Therefore, to meet the volume constraint, the value of stator pole width should be
less than 16mm, as is shown in Fig. 5-5. If the limitation of suspension volume is
further reduced to 250mmx250mm x 600mm, the upper limit of stator pole width is
reduced to 13mm. The translator pole width is considered to have little impact on

suspension volume, but influences the core volume and weight of the LSRA.

5.3.3 Results of multi-objective optimization

Various combinations of weight factor are implemented during the optimization
procedure. By adjusting the weight factor, we can decide which objective has high
priority in optimization. Fig. 5-6 illustrates the variation of objective function with
equal priority to three objectives. Three weight factors are assigned to 1/3 in this
optimization. The change of objective function with priority in average force is
shown in Fig. 5-7. The weight factor of average force is assigned to 0.7, which
occupies 70 percent proportion of the total weight. It can be observed that the
distribution of objective function is different from the results of that with equal
priority. Fig. 5-8 shows the variation of objective function with priority in force

ripple. Also, 70 percent of proportion of the total weight is assigned to this objective.
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Similar distribution of objective function with average force is presented, but the
value is different. The result of objective function with priority in average force per
core volume is demonstrated in Fig. 5-9. The weight factor of force density accounts
for 70 percent in the optimization. The distribution of objective function is totally
different with the previous objective functions. It means the optimal value of stator
and translator pole width varies with the different combination of weight factor. In
another way, the optimal structure of LSRA depends on the priority of optimization

objective.

S e
+ Lh
! ]

=
st
L

Objective Function

=
—T
"

16

e —
5 14

13
Trans. Pole Width (mm) 13 12 Stator Pole Width (mm)

Fig. 5-6 Objective function with equal priority

102



0.8+

- -
bl -~
] ~1
1 rl

=
n
r

Objective Function

16

17

15 3
Trans. Pole Width (mm) 13 12 Stator Pole Width {(mm)

Fig. 5-7 Objective function with priority in average force

-0.14
-0.2+

=
W
;

0.4+
".0.5

Objective Function

21
RS 14
135 13
Trans. Pole Width (mm) 13 12 Stator Pole Width (mm)
Fig. 5-8 Objective function with priority in force ripple
0.7~
g
S 0.654
&
D
30
ol

15 ~ 13
Trans. Pole Width (mm) 13 12 Stator Pole Width (mm)

Fig. 5-9 Objective function with priority in force density

103



The results of optimal stator and translator pole width with various weight
factors are presented in Table 5-1. It can be observed that the optimal stator and
translator pole width are 13mm and 17mm respectively, when the average force per
core volume is considered to have high priority in optimization. Apart from this
situation, the optimal stator and translator pole width are 16mm and 17mm
respectively. The same optimal pole widths are obtained when three objectives have
the same priority and high priority to average force or force ripple. One can decide
on the most appropriate set by considering which objective is the most important
criteria you want to achieve based on the practical situation. We assume that three
objectives have the same priority during the optimization process of our first
prototype.

TABLE 5-1
OPTIMAL POLE WIDTH PAIR AT VARIOUS WEIGHT FACTORS

Optimal Optimal

Weight factor

W Wy

WF:1/3,WR:1/3,WV:1/3 16 mm 17 mm

wF:O.7,WR :O.Z,WV =0.1 16 mm 17 mm

WF:O.I,WR :0.7,WV =0.2 16 mm 17 mm

WF:O.I,WR :0.2,WV =0.7 13 mm 17 mm

TABLE 5-2
OPTIMAL POLE WIDTH PAIR AT VARIOUS VOLUME LIMITATIONS

Volume Optimal  Optimal ,
Limitation wy
300*300*600 16 mm 17 mm

270%270*600 15 mm 19 mm
250%250*600 13 mm 17 mm

Table 5-2 shows the optimal stator and translator pole width according to various

suspension volume limitations. All the results are obtained with equal priority to
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three objectives. It can be observed that the optimal pole widths are changed with

the volume limitation. Hence, the determination of suspension volume is critical in

the preliminary design of LSRA. The results of average force, force ripple and

average force per core volume at three optimal pole width pairs and three regular

pole width pairs are demonstrated in Table 5-3.

TABLE 5-3
RESULTS OF OBJECTIVES AT VARIOUS POLE WIDTH PAIRS
wy w, F(N) %  rv(N/m3)
13mm 17mm 551.6 43.7 167927
l6mm 17 mm 609 27.9 135190
I5Smm 19mm 592.5 343 148299
12mm 13 mm 493.5 57.4 165958
l6mm 21 mm 599 30.8 130618
l4mm 17 mm 556 41.6 150077

5.4Experimental Verification

5.4.1 Prototype of LSRA

In order to verify the design optimization and actuator performance, a prototype

of proposed LSRA was manufactured, as is shown in Fig. 5-10. The optimized

parameters of the proposed LSRA are summarized in Table 5-4 and the rest

parameters remain unchanged. It can be observed that the value of stator and

translator pole width is 13mm and 17mm, respectively, which are the optimal values

under volume constraint at 250mm x 250mm x 600mm.

TABLE 5-4
OPTIMIZED SPECIFICATIONS OF LSRA
Parameters Value
Stator pole width 13 mm
Translator pole width 17 mm
Stator pole height 49 mm
Stator yoke thickness 13 mm
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(a) Stator

(b) Translator

(c) Final assembly

Fig. 5-10 Prototype of optimized LSRA
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5.4.2 Flux linkage and force measurement

The experimental setup for static characteristic measurement of the LSRA is
illustrated in Fig. 5-11. The flux linkage and force of each phase are measured at a
step of 2mm during one stroke. The excitation current for test ranges from 0A to
24A. The simulation and experimental results of flux linkage and force profiles are
demonstrated in Fig. 5-12 and Fig. 5-13, respectively. The position is set to Omm
when the stator and translator are fully unaligned. It can be observed that the
measured flux linkage and force have a close agreement with the results from FEA.
The discrepancy is mostly less than 10%, and the maximum error is not more than
25% for certain positions. The discrepancy is primarily introduced due to

manufacturing and measurement error.

Fig. 5-11 Experimental setup
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5.58ummary

Based on the requirements from the active suspension constraints, three
criterions, such as average force, force ripple and average force per core volume, are
proposed to evaluate the performance of the LSRA. Therefore, a multi-objective
optimization method is applied to obtain the optimal dimension of the LSRA. The
stator and translator pole width are selected as optimization variables. Various
combinations of weight factor in optimization objective function are analyzed and
compared. With different priority to three objectives and under different volume
constraints, the optimal values of stator and translator pole width are changed.
Finally, an optimized LSRA was prototyped and tested to verify the multi-objective
design optimization. The experimental results keep a good agreement with the

simulations.
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Chapter 6

Direct Instantaneous Force Control

Linear switched reluctance actuator (LSRA) based electromagnetic active
suspension system has the advantages of robust structure, low cost, high reliability
and fast dynamic response. Moreover, LSRA can be operated in regenerating mode.
The kinetic energy, which is dissipated as heat in passive suspensions, can be
recovered back to the power source or provided to other instruments under certain
circumstances. 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, especially 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, especially
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 automation machine [83]
and elevator [35]. Most applications are concerned with position control [84],
whereas the control objective in active suspension system is to track the force

demand that generated from the suspension controller. There are primarily two types
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of techniques for force control. The first method is regarded as the indirect method;
the required force is converted to equivalent current demand, and the output force is
controlled by regulating the excitation current [85, 86]. The second method is to use
direct instantaneous force control (DIFC). The instantaneous force is used as the
control variable, and it directly counteracts the force error. In this way, a faster
dynamic response and a better force ripple elimination capability can be obtained.
This chapter presents an improved DIFC which incorporates force distribution
function (FDF), instantaneous force estimation, hysteresis force control and on-line
determination of switching positions. FDF is considered as 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 used as feedback
in hysteresis force control, but can also be used to improve the FDF. Since the
primary goal of LSRA control is precise traction of force demand and force ripple
minimization, the operational 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 on-line adjusting the turn-on and turn-off

position as the variation of force demand.

6.1 Four-quadrant Operation of LSRA

6.1.1 Operation Mode

The equivalent circuit is always used to analyze the dynamic performance of
LSRA, and helpful for understanding the operation. If phase winding is excited after

the wunaligned position, where the variation of phase inductance is
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positive,dL / dx >0, the LSRA operates in motoring mode. If 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
inductance and force with translator position in four-quadrant operation are
illustrated in Fig. 6-1. Considering the motion direction, four-quadrant operation is

achieved by regulating the excitation sequence and switching position of each phase.

Upward Direction

A =
- La
Motoring Regenerating
X
A "
L
Mode Il
0 pX
Mode |
Downward Direction
3z o
" _ La
Regenerating Motoring
o X
A o
L
Mode Il
0 X
% Mode IV |

Fig. 6-1 Four-quadrant Operation
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The switching condition of four operation modes depends on the suspension
deflection and relative velocity of sprung and unsprung mass, as is shown in Table
6-1. For example, the suspension deflection and the relative velocity become
positive as the wheel is falling into a sunken obstacle. In order to reduce the
downward acceleration of sprung mass, an active stretching force is needed to
support the sprung mass, and to 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. The similar situation happens with negative suspension deflection for raised

obstacle.
TABLE 6-1
SWITCHING CONDITIONS OF OPERATION MODE
Suspension Deflection Relative Velocity = Active Force Operation
Xs — Xus Xs — Xus F Mode

‘S - ‘IA\‘ 2 0 M t i

Xs — Xus > O x x Stretch N Orln.g
Xs — Xus < 0 Regenerating
X s — X us 2 . i

Xs — Xus < 0 S 0 Contraction Regenergtlng
Xs — Xus < 0 Motoring

Xs — Xus =0 Xs— Xus =0 Null Standby

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

is demonstrated in Fig. 6-2. Two accelerometers are attached to the sprung and
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unsprung mass, respectively. By further integrated the acceleration, velocity of both
masses can be obtained. The information is applied to calculate the required force

that LSRA should exert.

Fig. 6-2 Experimental setup of quarter-vehicle model

6.1.2 Optimization Criteria

Although the force ripple is the dominant criterion of LSRA control for
suspension application; other operation criteria (e.g. the efficiency) is also critical for
the system performance. The efficiency has a direct impact on the energy
consumption of vehicles, especially for the electric vehicles. Therefore, to obtain a
high performance active suspension system, the force ripple and operation efficiency
are selected as the optimization criteria in this chapter.

For the simplicity of calculation, the force ripple defined in this chapter is the
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ratio of force dip to the peak force, as defined by equation (5-5).

Copper loss is the energy dissipated by the resistance of phase winding, and
contributes to large decrease of the actuator efficiency. Copper loss increases as the

square of the rms phase current /r»s , which is given by

Peu=N,I, ’R (6-1)

rms

Hence, it is justified to examine the efficiency by the value of rms phase current.

6.2 Direct Instantaneous Force Control

The proposed DIFC scheme for LSRA is composed of force estimation unit,
force distribution function, hysteresis force controller and on-line determination unit
of switching positions. The structure of this scheme is shown in Fig. 6-3. The force
distribution function 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 total force demand. The force references of the
remaining three phases are determined as zero. When entering the effective force
region of the incoming phase, the force demand of 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

115



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 corresponding phase respectively. The
switching signals are then 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 and movement speed. The selection of

optimal value can be realized by the on-line determination scheme.

Switching
" | Determination
Xon* *Xoff
Fo Force Fd pn| Hysteresis
»| Distribution > Force 4| Commutation »| Converter LSRA
Function Control
A A A
lph
Force
Estimation Fos.
Fph 4

Fig. 6-3 Structure of the DIFC

6.2.1 Force estimation

The accuracy of force estimation directly affects the performance of the DIFC.
However, the nonlinearity and discontinuous 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 way to on-line estimate the instantaneous force, and the look-up

116



table is more favorable in real-time application due to the less computation time

[51][87-89].

In this chapter, the measured force characteristics as a function of excitation

current and translator position are used to develop the look-up table, as is presented

in Fig. 6-4. By ignoring the mutual coupling effects and minor error between phases

induced from manufacturing, the characteristic of single phase is used to decrease

the size of look-up table [90-92]. 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 that among the measured

points stored in the look-up table.
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Fig. 6-4 Force characteristics

6.2.2 Force distribution function

The effective force regions of neighboring phases are overlapped to ensure the

two-phase excitation simultaneously during the phase commutation. It makes the

force distribution function (FDF) an effective way to reduce the force ripple. By
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distributing the force demand between two neighboring phases, the phase force is

individually regulated and varied smoothly with the translator position.

Phase j-1 Phase j Phase j+1

Fr

Xon Xont+Xov NontXq Xon+Xqt+Xov

Fig. 6-5 Typical profile of exponential FDF

Since there is no unique option for distribution function, a great many FDFs,
such as linear, cubic, sinusoidal and exponential function, have been proposed and
studied by previous researchers [93-96]. Among these four FDFs, the exponential
FDF is considered to be a better choice for improving both the efficiency and speed
range [97]. The typical profile of exponential FDF is shown in Fig. 6-5, and can be

expressed by The FDFs mentioned above can be expressed by

0 0<x<x,,
Fup_j(x) Xop SX <X, + X,
FDF .(x)= F, Xon T Xy SX < Xy + Xq (6-2)
J Fdn_j(x) Xon +Xg S X< Xop + Xy + X,
0 Xon T Xg + Xy SXZ< X,

where xo» denote the turn-on position, xovis the overlap region, x,andxyare the
stroke and translator pole pitch, F, is the total force demand,

Fup_j(x)and Fan_j(x) represent the function of rising portion and the declining
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portion, which can be written as

F,, (x)= F{l exp(—(x_xo”)z)} (6-3)
Fy ()= F{exp(_(x_);o”_w )] (6-4)

Based on the force estimator, an adaptive exponential FDF is proposed to
reduce the force ripple of LSRA. During the overlap period, the distribution function
of outgoing phase is the same as exponential function, whereas the force demand of
incoming phase is adaptively varied with the difference between total force demand
and estimated force of outgoing phase. Therefore, the phase commutation is
coordinated to certain extend and the force ripple minimization is ensured in a wider
range of switching position.

The proposed FDF can be expressed as

0 0<x<x,,
F,, j(x) Xon S X< Xop + X4
FDF .(x) = N -
J(x) F, j(x) Xon TXg SX S Xop + Xy + Xy, (6-5)
0 Xop +Xg + Xy SXSX,
Ey O=F-F, (6-6)
(x = Xop = Xg)’
dn ](x) F l:exp( on g ) (6-7)
oV

where F; is the total force demand, Fesr_;-11s the estimated force of outgoing phase,
Fuw_j and Fu_; denote the rising and declining distribution function of incoming

phase, respectively.
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Fig. 6-6 Motoring operation with exponential FDF (a) Force trajectory response

(b) Phase force

In order to verify the effectiveness of proposed FDF, a number of simulations
are performed in the Matlab/Simulink environment. The model of LSRA is
constructed based on the measured flux linkage and force characteristics. Both
motoring and regenerating mode are simulated, because four-quadrant operation of
LSRA is required in active suspension application. The performances of exponential

and proposed FDF in motoring operation are demonstrated in Fig. 6-6 and 6-7,
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respectively. It can be observed that the force profile is significantly improved with

the proposed FDF. The force reference is tracked with no force ripple during the

commutation. Two simulations are performed under the same force demand and

switching positions. Fig. 6-8 and 6-9 illustrate the performances of exponential and

proposed FDF in regenerating operation. It can be seen that significant force ripple is

generated with the exponential FDF due to the low overlap region of neighboring

phases, whereas the force profile is still smooth during the commutation when

proposed FDF is applied.
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6.2.3 Hysteresis force controller

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
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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 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 purpose.

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 trade-off in 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.
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Fig. 6-10 Effects of turn-off position
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6.2.4 Switching parameters optimization

Although the force ripple minimization is achieved over a wider range of
switching parameters, the efficiency can be considerably different for the various
selection 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 active

suspension system, the impact of speed is not considered in this chapter.
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For motoring operation, it can be observed from Fig. 6-10 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 current is built up when entering the effective force region. Certain
advance or delay will result in increased peak and rms current, as is shown in Fig.
6-11. Also, the advance turn-on position will extend the conductive region, thus
increase the rms current. The optimal turn-on position can be obtained from Fig.
6-12. 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 higher phase current.

For 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 other

switched reluctance generator. It can be observed from Fig. 6-13 that both switching
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positions contribute to the rms phase current. The efficiency is basically increased

with the decrease of turn-on and turn-off positions. Although the lowest rms current

is obtained when the phase is turned-off at 36mm, the force ripple is deteriorated

because of the lack of overlap region of neighboring phases.
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Fig. 6-13 Effects of switching positions
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As demonstrated in Fig. 6-14, 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 getting larger.

Control panel

N LSRA controller |

Fig. 6-15 Experimental setup

6.3 Experimental Results

The performance of DIFC strategy has been experimentally verified based on the
dSPACE DS1104 controller board. The laboratory set-up with the LSRA,
asymmetric bridge converter and dSPACE controller is shown in Fig. 6-15. An
LVDT position sensor was installed inside the LSRA to measure the translator
position. In order to obtain the static force profile and construct the force estimator, a
load cell was implemented to measure the force in a step of 2mm under the

excitation current from 2A to 20A. The LSRA is placed vertically when testing with
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load and the regenerative operation mode. The external force can be varied with the
different weight 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 Fig. 6-16 and 6-17,
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 with adaptive FDF is
shown in Fig. 6-18. Three experiments were carried out at both motoring and
regenerating mode under the same external force and switching positions. The
external force for regeneration is exerted by the gravity of 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 the mode I and mode IV. Hence, the sigh of force both in motoring
and regenerating is negative. It can be observed that the force profile of 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 a cost of high peak and rms phase current. The peak current is as much as 50%
larger than that of the exponential FDF. In contrast, the force ripple minimization is
achieved by the application of adaptive FDF with higher efficiency. It can be
observed that the rms current is low and flat without huge current peak. Because the
force characteristics under low excitation current are relatively flat between 8mm

and 22mm, which is the operating region of generating mode, there is no need of
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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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Fig. 6-18 Estimated force and measured current profiles with adaptive FDF

Further experimental tests are conducted to verify the commutation optimization
process. The LSRA is placed horizontally and controlled to move back and forth
continuously. The operation mode is changed between the mode I and III. Therefore,
the force profile oscillated between positive and negative. Several 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 Fig. 6-19 and 6-20.

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. Fig. 6-18

and 21 illustrate the optimal response at a different force demand. The experimental
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results are consistent with the theoretical analysis and simulation results. Therefore,
it is much practical to change the switching parameters under different operation
conditions.

Fig. 6-22 compares the operation efficiencies under optimal and normal
switching positions over a wide range of force demand. Since the force ripple
minimization is the primary objective, the comparison of efficiency is conducted
among the 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.
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Fig. 6-19 Experimental results with advance turn-on position
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6.4 Summary

For the application in active suspension system, an improved direct
instantaneous force control is investigated for the four-quadrant operation of the
LSRA. This control strategy is composed of instantaneous force estimation, force
demand distribution, hysteresis force control and commutation optimization. An
adaptive force distribution function is proposed to minimize the force ripple during
phase commutation. Efficiency is then improved by on-line optimization of
switching parameters, in the premise of ensuring minimum force ripple. The
effectiveness of proposed strategy is verified by both simulation and experimental

results.
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Chapter 7

Conclusions and

Suggestions for Further Research

In this thesis, the design, optimization, fabrication and control of a novel linear
switched reluctance actuator are proposed for the application in vehicle active
suspension system. The objective is to develop a high performance actuator with low
cost and robust structure. Attempts to improve the force density and reduce the force
ripple are made during the design and control stages. This chapter concludes the
major contributions of this thesis with suggestions for further research on the LSRA

based active suspension system.

7.1 Contributions and achievements

The major contributions and achievements of this thesis can be summarized as

follows.
A. Introduction of the LSRA to active suspension system
Electromagnetic active suspension system has been studied and introduced over

the past decade, due to the better dynamic and energy-efficient characteristics.
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However, most electromagnetic actuators proposed by previous researchers are
permanent magnet actuator, which is too expensive for commercial vehicle. In view
of this situation, a novel configuration of linear switched reluctance actuator was
introduced in suspension application for the first time in this thesis. A lower cost

actuator with a high performance is obtained and it proved to be technical feasible.

B. System analysis of active suspension

The suspension system is analyzed based on the quarter vehicle model, which is
simple but captures most important properties. The effects of spring stiffness,
damping coefficient, sprung and unsprung mass are discussed through the frequency
response. It is helpful to determine the optimal system parameters for the actuator
design. A linear quadratic regulator (LQR) is proposed and simulated with quarter
vehicle model to obtain the force requirement. The proposed method considers the
performance of passenger riding comfort and road handling quality to find an

optimal solution.

C. Novel configuration of the LSRA

The available space for active suspension is limited if no major mechanical
structure of commercial vehicle is modified. This situation put an additional
constraint on the volume of actuator, which means higher force density is required
for the application. By considering the specific requirements and constraints, a novel
configuration of LSRA composed of four double-sided modules is proposed. The

elimination of lateral force makes it feasible to assemble in a compact way. The
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whole design procedure, ranging from the determination of basic actuator
parameters to the calculation of flux linkage characteristics, is covered in this thesis.
The proposed design method is based on the geometrical dimension and magnetic
equivalent circuit. No extensive knowledge about switched reluctance motor and no

rotary-to-linear conversion are required.

D. Longitudinal and transversal end effect analysis

The characteristic of each phase is assumed to be identical when the LSRA is
analyzed and controlled. However, there are certain differences between phases
because of the mechanical fabrication and longitudinal end effect. This kind of end
effect is caused by the finite length of the magnetic and electric circuit in the
direction of the travelling field. To evaluate the longitudinal end effect of
double-sided LSRA, two-dimensional FEA is carried out. The inductance variations
with excitation current and translator position are analyzed, and a simple but
practical solution is provided to reduce the imbalance between phases. The major
causes that contribute to transversal end effect are concluded in this thesis. By
comparing the results of two-dimensional and three-dimensional FEA, the
sensitivities of transversal end effect to excitation current, translator position, stack
length and translator stack length are analyzed. The results obtained in this thesis are
helpful for predicting the actuator characteristics by two-dimensional FEA, which
will reduce the computation time and improve the prediction accuracy during the

design stage.
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E. Multi-objective optimization of the LSRA

It is noted that the actuator parameters determined by analytical method is not
the unique solution that meet the design requirements. To improve the performance
of designed actuator, a multi-objective optimization method to obtain higher average
force, reduced force ripple and higher force density is proposed for the double-sided
LSRA in this thesis. Some practical constraints are taken into consideration in the
optimization procedure. The effects of stator and translator pole width on three

optimization criteria and actuator volume are analyzed.

F. Direct instantaneous force control of the LSRA

The objective of LSRA control is to track the force demand generated by the
external suspension controller. To improve the dynamic response and reduce the
force ripple, a novel direct instantaneous force control scheme for four-quadrant
operation is proposed. The operation efficiency is also considered by optimizing the
switching positions according to the force demand. The instantaneous force is
on-line estimated based on the measured force characteristics. An adaptive force
distribution function (FDF) is proposed to generate individual force demand for each
phase. By introducing the on-line estimated force of outgoing phase to FDF, the
force demand of incoming phase is adaptively adjusted. Therefore, the force ripple
can be minimized over a wider range of switching positions. The force in the
proposed scheme is regulated by a hysteresis controller. Since the force demand is
distributed into four individual force demands and compared with estimated forces

of corresponding phase, the hysteresis controller can be simplified.
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7.2 Suggestions for further research

The suggestions for further research following this thesis can be outlined as

follows.

A. Operation efficiency of proposed LSRA

The efficiency is an important feature of the proposed LSRA. High efficiency
actuator can reduce the energy cost and expand the travel range if it is applied in
electric vehicle. To determine the efficiency, there is a need to calculate the iron loss
and eddy current loss analytically and further optimize the actuator parameters. The

analytical losses need to be verified and corrected by experimental measurement.

B. Thermal analysis of the proposed LSRA

Temperature rise is another key factor during design stage that affecting the
efficiency and actuator volume. Therefore, thermal analysis has to be developed for
the proposed LSRA. The temperature rise in the actuator need to be calculated, and
ensure it is kept within certain thermal constraints when achieving the force and
power requirement. Thermal analysis is also helpful to modify the actuator

configuration and to improve the cooling system.

C. New configuration of the LSRA
The LSRA proposed in this thesis is not the only configuration that meets the
requirements from active suspension system. The proposed configuration could be

further improved owing to its relatively complicate structure and high demand for
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manufacturing. More configurations of LSRA with simpler structure, higher force

density and lower manufacturing cost could be considered and developed.

D. Advanced force control method

Although the force ripple is significantly reduced through the direct
instantaneous force control, it can not be minimized due to the hysteresis force
controller. The requirement for high bandwidth and the compromise between the
switching losses and sensitivity to signal noise lower the performance of force
tracking. More advanced control method, such as sliding mode control, robust
control, could be considered in the future work to further reduce the force ripple of

LSRA.
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