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ABSTRACT

ROBUSTNESS AND CONTROL OF A MAGNETICALLY 
LEVITATED TRANSPORTATION SYSTEM

Grzegorz Oleszczuk 
Old Dominion University, 2006 

Director: Thomas E. Alberts

Electromagnetic suspension of Magnetic Levitation Vehicles (Maglev) has been 

studied for many years as an alternative to wheel-on rail transportation systems. In this 

work, design and implementation of control systems for a Maglev laboratory experiment 

and a Maglev vehicle under development at Old Dominion University are described. 

Both plants are modeled and simulated with consideration of issues associated with 

system non-linearity, structural flexibility and electromagnetic force modeling. 

Discussion concerning different control strategies, namely centralized and decentralized 

approaches are compared and contrasted in this work. Different types of electromagnetic 

non-linearities are considered and described to establish a convenient method for 

modeling such a system. It is shown how a Finite Element structural model can be 

incorporated into the system to obtain transfer function notation. Influence of the 

dynamic interaction between the Maglev track and the Maglev vehicle is discussed and 

supported by both analytical results and theoretical examples. Finally, several control 

laws designed to obtain stable and robust levitation are explored in detail.
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NOMENCLATURE

a  - vector of ODU Maglev rigid body center of mass displacements

a  - pole due to current feedback

2 - Test Rig pivot degree-of-ffeedom

Y  - threshold for the optimal solution

s  - induced voltage in the coil

sH - epsilon (small number ~ 0)

<f> - ODU Maglev vehicle roll angle

y/ - ODU Maglev vehicle yaw angle

C,Vi - ODU vehicle damping components

t^Ti - ODU track damping components

6  - ODU Maglev vehicle pitch angle

- flux

<£>IP - poles flux losses

<Diy - yoke flux losses

0  - mode shape matrix

- vehicle mode shape matrix 

4>t - track mode shape matrix

Ai  - skew symmetric position operator matrix (for a single magnet)

A y  - vehicle stiffness matrix

A t - track stiffness matrix

n

ju0 - air permeability ( ju0=4-tt • 10' N /A 2 )

and //2 - electromagnet core permeability (upper and lower piece)

coyi - vehicle natural frequencies (i=1..9)

coTi - track natural frequencies (i—1..9)

a - filters brake frequency

A - state space matrix A
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A r - sub-matrix (rigid) of the state space matrix A

A - state space matrix A for full Maglev model (with CID and

electromagnet)

A'k - sub-matrix (due to electromagnet) o f the state space matrix A

A'r - sub-matrix (rigid) of the state space matrix A

A y  - sub-matrix (vehicle flexibility) of the state space matrix A

A j  - sub-matrix (track flexibility) of the state space matrix A

A cl - closed loop matrix A

A cid - sub-matrix (CID) of the state space matrix A

b - filters brake frequency

B - electromagnetic field

B  - state space matrix B

B - state space matrix B  for full Maglev model (with CID and

electromagnet) 

c - filters brake frequency

cj - modeled Test Rig damping

C2 - modeled Test Rig damping

cj - modeled Test Rig damping

C - state space matrix C

Cd - generalized damping matrix

Compi - compensator designed for ODU Maglev vehicle (i=1..4)

C r  - state space matrix corresponds to a velocity states

C - state space matrix C for full Maglev model (with CID and

electromagnet)

C(s) - compensator transfer function
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d - vector of disturbances signal

D  - state space matrix D

D - state space matrix D  for full Maglev model (with CID and

electromagnet)
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1

1. INTRODUCTION

Electromagnetism is one among many phenomena that researchers have focused 

on in response to society’s desire to explore alternative transportation systems. One result 

is an approach in which an electromagnetic “cushion” replaces conventional suspension 

systems. Systems incorporating electromagnetic suspension are commonly referred to as 

Maglev (Magnetic Levitation) systems. Maglev systems are very different in nature 

compared to wheel suspended vehicles and exhibit behaviors that make them far more 

difficult to control [1]. Issues related to modeling non-linearities, uncertainties, etc. 

present many obstacles to designing an appropriate control law capable of achieving 

stable levitation and good performance. One characteristic that makes Maglev systems 

such as the ones considered herein more difficult to analyze and control compared to 

other systems is inherent instability. Moreover, very often there is a need to accomplish 

stable and robust levitation performance while keeping project budgets at a low level. 

Reducing the cost of Maglev systems is critical to the realization of their widespread 

implementation around the world. This dissertation explores levitation control related 

issues associated with characteristics typical to low cost maglev system designs. A 

particular focus is the interaction of levitation controllers with the characteristically 

flexible structures often associated with low cost guideway design. In this dissertation a 

generalized approach is taken: starting from Maglev modeling, through control design,
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and finally control system testing. Guidelines are established which suggest favorable 

approaches for magnetic suspension for low cost Maglev systems.

Maglev system behavior can be characterized by experimental data or computer 

simulation. The application of new mathematical tools to numerical models offers the 

tremendous advantage of testing controllers without any impact on the real plant. 

Simulation studies are used in this work. In actual practice though, there are very few 

processes that can be modeled exactly. It is not unusual for the characteristics of a 

system’s model to differ from the real plant behavior, which of course, is not desirable. 

Therefore an experimental validation is required and is presented in this work as well.

In this work a few concepts for Maglev plant modeling are introduced. As may be 

expected, a magnetically suspended system must be modeled to account for a variety of 

different external circumstances. The Maglev models shown in Chapters 3 and 5 were 

constructed to address possible applications of the Maglev system at Old Dominion 

University.

There are many available control strategies including some well known classical 

linear design approaches such as frequency domain design, [2]-[4] time-domain design 

and root-locus design [5][3], There are methods that utilize optimalization, such as the 

LQR approach [6]-[8] or Hoo and p synthesis [9]-[14]. Non-linear control design 

approaches [15]-[19] like back-stepping, sliding mode control [20], neural networks 

[21][22], genetic algorithms, and fuzzy-logic [23] controllers. All the above mentioned 

control strategies are applicable depending on external factors, desired properties, and 

different system behavior. In this dissertation several of them are presented and 

compared.

Generally speaking, a system is said to be robust [12] if  it is capable of operating 

successfully in a wide range of conditions, and fails gracefully when outside of that 

range. This clearly desirable condition is reached not only through thoughtful controller 

design, but also with a firm understanding of the range of possible controllers that can 

provide acceptable stability and performance. Thus, in this dissertation for dealing with 

complex phenomena such as Maglev systems, robust performance is investigated. The 

robustness will be evaluated based on comparison of different control laws and model 

setups and their responses.
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1.1 Magnetism and Maglev Systems

Magnetic phenomena have been observed since the time of the ancients [ 1 i]1. The 

first scientific study of magnets is attributed to the English physician William Gilbert, 

who in 1600 discovered that the Earth itself is a magnet. In 1785 the subject was taken 

up again, first by the Frenchman Charles Coulomb followed by Poisson, Oersted, 

Ampere, Henry, Faraday, Weber, and Gauss. Maxwell in his synthesis of electromagnetic 

theory in 1875, made major contributions to develop this field of research [24].

The first recorded vehicle to employ a magnetically levitated suspension was the 

“floating train” developed by Girard in 1864 and shown at the 1869 World Fair in Paris 

[25]. In the early 1960s, physicists at universities throughout North America, the United 

Kingdom, Germany and Japan began conducting Maglev transportation research. Today, 

electromagnetic suspension is a potential candidate in the search for alternatives to 

conventional means of ground transportation.

General Advantages of Magnetic Suspension include:

- High peak speed and high acceleration/braking enable average speeds three to 

four times the national highway speed limit of 60 m.p.h and because they may be 

more accessible for passengers, they offer the potential for lower door-to-door trip 

time than air travel for trips under about 400 miles.

- A Maglev vehicle floats along a guideway and there is no contact between the 

vehicle and the track. There is no need for moving parts that would wear out. 

Thus, in theory, the train and the track would require little or no maintenance.

- Maglev trains consume less energy compared to conventional rolling stock, due 

to the lack of frictional forces. Maglev vehicles need no petroleum based fuels to 

operate, due to the fact that such trains use repulsion and attraction of magnets 

and no natural resources beyond those needed to generate electric power required 

to drive electromagnets.

1 When the numerical reference is followed by “i”, it means that it is a internet website reference.
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- The noise level is significantly lower in Maglev compared to conventional 

vehicles. The only inherent noise is due to air friction, making the Maglev the 

quietest mass transportation system.

- Maglev systems generally use elevated guideways which provide a small 

disruptive footprint.

General disadvantages include the following:

- The preliminary costs of building the guideways used for Maglevs are bound to 

be more expensive than conventional steel railways especially in the case where 

the entire track has to be equipped with repulsive electromagnets.

- High-speed wheeled trains can be designed to run on a high-speed track line, 

and also on conventional railways for low-speed use.

Among many countries which are developing Maglev systems (China, Germany, Great 

Britain, Korea, United States, Japan) the leading production-ready systems developed in 

Japan and Germany can be used to illustrate the two main categories of Maglev. Two 

very different approaches to the Maglev problem have evolved [2i][3i][6i]. The two basic 

sub-categories are:

- Electromagnetic Suspension (EMS)

- Electrodynamic Suspension (EDS)

The German Maglev system (known as Transrapid [8][26][4i]) and HSST (Japan) 

[27][28][29][30][31][3i] trains are examples of the EMS approach, employing so called 

“attractive” levitation. The chief differences between these two EMS systems are the 

solutions incorporated to propel the vehicle.

- Transrapid uses a linear synchronous motor (LSM)

- HSST uses a linear induction motor (LIM)

Both EDS and EMS systems can employ either LSM (Figure 1.1) or LIM to 

propel the vehicle forward.
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Figure 1.1 Linear synchronous motors (LSM-top view)

The LSM propulsion system, sometimes referred to as “long stator” propulsion is 

very much like a normal synchronous electrical motor, laid out flat along the entire length 

of a guideway. Using a separate set of magnetic coils inlaid in the track (not the same 

coils employed for EDS levitation), a carefully controlled alternating current creates a 

traveling magnetic wave along the track that is synchronized with the desired motion of 

the Maglev vehicle. This traveling magnetic wave interacts with either a separate set of 

on-board electromagnets (EMS vehicles) or with the same super-conducting magnetic 

coils utilized for levitation (EDS vehicles.) The magnetic wave is configured to create a 

dynamic sequence of north and south poles, which repel the vehicle away from the 

“back” of the track and attract it forward. This alternating magnetic field essentially 

travels with the Maglev train, allowing the train to accelerate quickly to high velocities. 

Braking is achieved by reversing the current.

“Short-stator" propulsion systems typically use a linear induction motor onboard 

the vehicle and a passive guideway. The “short-stator” propulsion system reduces 

guideway costs, but the LIM is heavy and reduces vehicle payload capacity. An 

unequivocal answer to the question of which approach is more effective in practical 

applications is currently unknown.

Attractive levitation (EMS) is considered to be a simpler concept than the EDS 

system. In the EMS approach, the bottom of the Maglev train has appendages (referred 

to here as “hockey sticks”) that wrap around a ferromagnetic (steel) track. Powerful 

electromagnets attached to the hockey sticks, as shown in Figure 1.2, are attracted 

upwards to the underside of the steel guideway, lifting up the entire train. Since the 

attractive force increases as the distance between magnet and the track decreases, the
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EMS system is inherently unstable and requires feedback control to maintain a proper 

gap between the magnets and steel. The control system regulates electric current flowing 

through the electromagnets to maintain a fixed gap between the magnets and the track. 

Guidance magnets stabilize the vehicle laterally, keeping it centered on the guideway. In 

some applications active stabilization is included for lateral positioning. However, there 

have been several EMS vehicles, in which passive control realized by the levitation 

electromagnets is sufficient for keeping the vehicle in the centerline position with respect 

to the guideway [8] [29] (the effectiveness of this approach can be evaluated from static 

analysis). For a schematic of an EMS Maglev design, see Figure 1.2.

Levitation Force

Vehicle Guidance
Electromagnets

Hockey
Stick

Levitation 
E1ectromagnets

Guideway

Figure 1.2 Electromagnetic suspension (EMS)

Among the distinct advantages of the EMS system is the use of conventional 

electromagnets rather than the high-tech super-conducting magnets employed by EDS 

systems. EMS levitation consumes less energy than EDS systems. Additionally, in 

contrast to EDS, the EMS Maglev trains can levitate at zero speed, which is a useful 

feature for loading and unloading passengers. The EMS approach, however, is afflicted 

with some significant obstacles. As already noted a major disadvantage of EMS systems 

is that they are inherently unstable systems. The gap between the track and the vehicle 

generally has to be in a range between 0.01 -  1 inches. Unfortunately, in general the size 

of the gap cannot be increased without incurring unacceptable increases in power
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consumption. For this reason, EMS guideways often require a relatively high degree of 

precision in construction, which greatly increases their cost [32].

EDS levitation is contingent upon train movement. To levitate, an EDS train 

must reach a critical speed, typically of approximately 60 m.p.h, for example by rolling 

on rubber wheels. Once the critical speed is achieved the changes in flux induces currents 

in track mounted coils, creating magnetic forces. The Electrodynamic Suspension (EDS) 

which has been tested in Japan’s Yamanashi Line, is a “repulsive” levitation system 

(Figure 1.3). In EDS systems, the repulsive forces between super-conducting 

electromagnets mounted on the undercarriage of the vehicle and aluminum plates fixed to 

the guideway are used to levitate the vehicle.

Superconducting
Magnets

Levitation Force

Vehicle

Landing
Wheel

Guidance
Magnets Guideway

Figure 1.3 Electrodynamics suspension (EDS)

As previously mentioned with regard to the EDS system, these same on-board 

magnets and levitation coils provide lateral guidance to the vehicle. When a Maglev 

vehicle containing the super-conducting magnets displaces laterally, the magnetic field 

running through the loops changes, inducing current in the loops. The magnetic fields 

produced by this induced current are different from the magnetic fields that allow the 

train to levitate. Instead, the levitation coils on the sidewall that the train is approaching 

exert a repulsive force and the coils on the other sidewall exert an attractive force. Thus, 

the moving Maglev train stays centered in the guideway. Moreover, EDS configurations 

are inherently stable.
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However, the EDS approach suffers from its own afflictions. Super-conducting 

magnets require elaborate and expensive cooling systems, since super-conductors 

function only at very low temperatures. Furthermore, EDS trains must be shielded with 

heavy iron to protect the vehicle passengers from the high-powered electromagnetic field 

generated by these magnets. Finally, EDS vehicles must be equipped with wheels or 

other forms of support for takeoff and landing because the EDS will not levitate at speeds 

below approximately 60 m.p.h.

Nevertheless, some experts consider EDS systems to be the most promising 

approach to problem of achieving high speed Maglev transportation, for example the 

EDS Yamanashi system holds the current (year 2006) world speed record. Recent 

research in super-conducting materials offers the potential for further upgrading and 

developing repulsive Maglev systems. The acceptable air gap for an EDS system is 

generally much larger than that necessary for EMS systems. This large levitation height 

requires less precision in guideway construction, which in turn allows such vehicles to 

operate in severe climates.

The system envisioned for implementation at Old Dominion University (ODU) is 

an EMS design. This design choice was a result of the presumed lower cost of an EMS 

design and the fact that vehicle can levitate at low speed in this design approach. For 

these reasons this dissertation will only consider design approaches for EMS systems.

1.2 Motivation

“We may perhaps learn to deprive 

large masses of their gravity and give 

them absolute levity, for the sake of 

easy transport."

-Benjamin Franklin

Like many other projects, this dissertation subject was motivated by a real need. 

Old Dominion University is doubly involved in a Magnetic Levitation Transportation 

System project, as both a host and more recently as a participant in the research. The
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electromagnetic suspension system at ODU was designed to be a low cost project with 

respect to existing Maglev systems across the world.

The outstanding issue during the implementation of the Old Dominion University 

Maglev turned out to be levitation stability. Levitating the vehicle above the track while 

maintaining the constant gap necessary for operation was not achieved in the initial 

effort. An appropriate model of the track and vehicle with correctly assumed 

uncertainties is required to enable analytical calculations in support of successful 

application of control laws with stable characteristics. The problem associated with the 

interaction between the vehicle and the guideway is important not only from the 

standpoint of stability, but also for economic reasons. The cost of the guideway structure 

is expected to be roughly 60-80% of the initial capital required for a Maglev project [32], 

An optimal guideway design is essential for a high speed Maglev system with good ride 

quality. As the speed of the vehicle increases to 200-400 m.p.h, or when the track 

becomes lighter to reduce its cost, the dynamic interaction between the vehicle and the 

guideway plays a dominant role in establishing vehicle suspension requirements and 

specifications for a magnetic suspension system. The related issue of the Maglev system 

flexibility, which is evaluated in this dissertation, involves the interaction of the Maglev 

vehicle with the guideway. This interaction changes with the vehicle position on elevated 

guideways.

This overall situation led to the decision to develop appropriate system models 

and to investigate a range of controller designs with the goal of determining which design 

would be best able to stabilize the system and make it more robust.

Magnetic suspension is an emerging technology [4i],[5i],[6i], with overwhelming 

benefits applicable not only to the transportation industry but also to several other 

industries and research areas including:

- Wind tunnel magnetic suspension and balance systems [13][33],

- Micro gravity and vibration isolation systems, [8i]

- Magnetic bearings [33][34][35],

- Space applications, [36][8i][7i]

- Biomedical applications, [lOi]

- Magnetic weapon applications,[7i][9i]
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After carefully considering the statements above, it was decided to participate in 

the Maglev stability investigation process by taking this subject as a dissertation research 

topic.

1.3 Dissertation Statements

In this dissertation, an investigation is carried out to evaluate and compare 

different control strategies applied to EMS based Maglev systems such as the ODU 

Maglev vehicle. For these situations, both experimental results and simulation (supported 

by analytical calculation) are presented.

The investigation identifies the causes of the stability problems previously 

encountered in applications at ODU and provides an analytical basis for possible 

solutions. Different compensators are applied and compared regarding robustness and 

performance. A theme explored in this dissertation is a comparison between decentralized 

control strategies and centralized control laws. Another theme explored is the flexibility 

of the vehicle and of the track, and what impact this has on the Maglev system’s stability. 

The final consideration is an investigation of several different feedback and compensator 

combinations in an effort to optimize performance in the Maglev application.

Modeling procedures are presented for complex multivariable systems based on 

finite element data. Analytical transformation from finite element output data to state 

space and transfer function form is shown in this work. A model of the U-shaped 

electromagnet (used on the ODU Maglev vehicle) and the electromagnetic force it 

produces are calculated. Two different current amplifiers driving these electromagnets 

are modeled and their characteristics validated via experiment.

In this dissertation, example simulations for each approach are presented and 

comparisons between some of the different control approaches listed above are shown to 

illustrate the nature of the problems. Each solution approach considered is introduced as a 

basic model and progresses toward a more complex system. Several possible solutions 

are expounded upon. Some proposed compensators are tested experimentally on the one- 

degree of freedom ODU Maglev test-rig. The most conservative approach is tested on the 

ODU Maglev vehicle.
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2. FUNDAMENTAL MODELING AND STABILITY ANALYSIS

In this chapter simple models of Maglev systems are developed. First, to provide a 

base for the more detailed modeling efforts in Chapter 3, electromagnetic modeling of 

Maglev systems is reviewed. The interaction of the electromagnetic actuators with 

structural models of progressively increasing complexity is considered. Then stability of 

simple PD controllers is evaluated with regard to these models. The results suggest basic 

guiding principles for Maglev controller design.

2.1 Electromagnetic Circuit

In the literature [25][26][37][38][39][40] at least two forms of the magnetic force 

expressions can be found. These equations differ somewhat due to the associated 

approximations. In this work, these two magnetic force expressions are referred to as 

Limbert’s [3 7] [3 8] approach and Davey’s [26] [40] approach, after the authors of the 

citations where the expressions appear. In this chapter both formulations will be reviewed 

and compared.
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2.1.1 Electromagnetic Force for Uniform Magnetic Field

Consider two U-shaped pieces of iron as illustrated in Figure 2.1 Let each pole 

have uniform cross sectional area S, and mean lengths // and I2, corresponding to the 

upper piece (track) and lower piece (magnet) respectively. These two sections are 

separated by a small gap of thickness z. The lower section is wound with N  turns of wire 

to create an electromagnet. The current /  flows in the coil. The permeabilities of the 

upper and lower parts are assumed constants, //, and ju2. In this case the total uniform 

flux density in the cross section of the circuit of Figure 2.1 is given by [24]:

(2.1)

where S  = wd.

Fixed Track

N turns

w S = w-d

Figure 2.1 U shaped electromagnet with uniform magnetic field

The inductance of the coil under the given condition is

r _ N$> _ SN2 
1/ — — (2.2)

F\ Fi Mo
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since the flux density d> links N  turns. If the lower U-section is displaced by an amount Az 

in the time interval At, then, assuming constant current, the flux density<E> changes. 

According to Faraday’s law this results in an induced voltage s  in the coil, where:

dO
s  = —N —— 

dt
= - I ^ .  (2.3)

I =const.

In order to keep the current I  constant, a voltage e  must be applied to electromagnet. 

This applied voltage does the following work [41]

dWl ~ - s  Idt = I 2dL (2.4)

in the time interval dt. During the displacement Az, the energy in the magnetic field in 

one electromagnet pole changes by an amount:

dWm = I 2 2L  (2.5)

If the field exerts a force F lev  on the lower U-section, a force - F Le v  must be applied in

order to increase the air gap by an amount dz. During the displacement the work done is

expressed as:

dW = -F LEVdz (2.6)

Equating the work done on the system to the change in field energy, the following 

equation can be obtained:

dWm =dW  + dW1=> - F ^ d z  + I 2dL = ̂ / 2dL (2.7)

and hence

(2'S)2 dz

For ferrous materials, the permeability // typically exceeds 500 • / /0, thus it can be

assumed that //, »  //0 and //2 »  //0 => —— > 0 , and also —— > 0 compared to
Mi Mi

2z— . Thus (2.2) becomes:
Mo

NO SN 2
L = —— = (2.9)

I  2z ’ 7

Mo
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Further,

dL ^  fi,S N 2
(2.10)

dz 2 z2

Now, by substituting (2.11) into (2.9), equation (2.9) can be simplified into the following 

form:

^ ju0N 2l 2S
LEV ~  ^ 2  •  (  )

Equation 2.12 expresses the magnetic levitation force as a function of two variables, gap 

z and current I. The negative sign in (2.11) indicates that the force is attractive under the 

given conditions.

B = = ^  (2.12)
2 Z

The electromagnetic field density expressed by (2.12) is a linear function of gap 

to current ratio, as opposed to the quadratic proportion in (2.11).

<E> = BS (2.13)

Thus, the levitation force between an electromagnet and the track based on (2.1), 

(2.19) and (2.13) can be given as follows:

® 2
F l e v =    (2.14)

MaS

This modified form of the equation (2.11) can be useful in the case when flux is used for 

feedback. In equation (2.12), significant simplification was achieved by assuming

uniform electromagnetic flux density B  in the air gap between the U-shaped sections. The 

effects of fringing and lateral displacement will be explored in the next section.

2.1.2 Electromagnetic Force with Fringing and Lateral Displacement

In real systems, additional electromagnetic flux fringing fields occur around 

electromagnet poles [26][37][39][40][41][42] as illustrated in Figure 2.2.
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uniform m agnetic field m agnetic field with fringing

Figure 2.2 Magnetic field models for U shaped magnets, a) uniform, b) with fringing 

Accounting for lateral displacement, the inductance expression for the U-shaped magnet 

can be variously expressed [26][38][43][44][45] as:

w - y  4 c
+ — • In

z  n

\

1 + ^
v 4 z j

(2.15)

1 ,LL,rr,beJZ,y )= 1 M«dN
■ 7tw -  2z In

z

\
+ 2 ya tan

/  \ y_
/ U  J

- z ln
/  2 2 \  ' Z ' + y

z - n
(2.16)

The first expression, due to Davey, is simplified through the exclusion of fringing 

effects. The second expression, due to Limbert, includes an approximate expression for 

the fringing field.

inductance Comparison, U shaped coil 
lateral displacement y = 0

4,5

3,5

♦ — Davey 

- — Limbert
2,5

0,5

0,020 0,04 0,06 0,08 0,1

gap [m]

Figure 2.3 Inductance comparison for two different inductance expressions
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In these expressions, ju0,d ,N ,w  are as used in the previous text: respectively

permeability, coil length, number of turns, and width of the coil. To obtain analytical 

curves shown in Figure 2.3, the following parameters were used:

VARIABLE VALUE

Permeability ju0 4-ti-10'7N/A

Coil width w 2.007 in.

Coil depth d 15 in.

Number of coil turns N 2-(298)

Lateral displacement y 0 in.

Table 2.1 Electromagnet parameters

Based on the Limbert expression for the inductance L (2.16) and with an assumed 

gap of z = 0.4 [in], which is the nominal stable operating position for the Maglev test-rig 

and ODU Maglev vehicle, the levitation force and guidance (lateral) force can be 

evaluated using (2.9) [26][39][40][46] as:

Flev 2 dz

2 ox

(2.17)

(2.18)

After substitution of equations (2.15) and (2.16) into (2.17) and (2.18), final levitation 

and lateral force expressions, respectively due to Davey and Limbert approaches, 

become:

^LEV Davey ~ ^ Fo^N I

F,LATDavey ~~ ^  F ^ N  I

w - y

1

4 y
4 z + n zy

z 4z +Tty

(2.19)

(2.20)

LEV Limbert
1 p 0N  I  dw I + 2z

mv
y

1 a tan
\  * /

(2.21)
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F IA T  Limbert = — ~ ----------------------- «  t£U12;r z
(2.22)

It can be observed that both levitation force expressions (2.19) and (2.21) reduce 

to equation (2.11), by neglecting lateral displacement y  for Davey’s case (2.19), or by

neglecting lateral displacement y  and fringing field factor
( 2 z )
—  in the Limbert force

K7iw)

expression (2.21). It is clear that these two methods of computation give substantially 

different results in the region of interest.

Lift Forces vs. Lateral Displacement, z=0.01 [m] 1=15.458 [A]
6000

Davey
Limbert

5500

5000

O 4500

4000

3500

3000
-30 -20 -10 10 200 30

Lateral Displacement [mm]

Figure 2.4 Analytical lift force comparison
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Lateral Forces vs. Lateral Displacement, z=0.01[m]
1000

800 Limbert

600

400
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-200
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-1000
-30 -20 -10 0 10 20 30

Displacement [mm]

Figure 2.5 Analytical lateral force comparison

Evaluation of the lateral force as a result o f lateral offset did not show significant 

variation as can be seen in Figure 2.5. Both methods match better than they do for the 

levitation force expressions Figure 2.4. As is illustrated, only for large gaps (greater than 

1 [in.]) where the error of 50 [N] in the range of span of 2000 [N] (~ 4%) is the difference 

visible. For operational conditions (gap around 0.4 in.) the curves for lateral force nearly 

match.

Due to its dependence on geometry (Figure 2.3) coil inductance has significant 

influence not only on the levitation force but also has an impact on the system dynamic 

behavior, determining the limiting rate of current variation. These issues will be explored 

in the following chapters.

Since the discrepancy between levitation force expressions was around 12% (see 

Figure 2.4), an electromagnet was tested experimentally and based on these results 

Limbert force form was chosen.
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2.1.3 Coil Dynamics as a Result of Inductance

Dynamic behavior o f the electromagnet can be expressed using Maxwell’s law of 

electromagnetism along with Faraday's self-inductance equation. Considering the magnet 

as a single conducting circuit around which a current I  is flowing, a magnetic field B is 

generated which gives rise to a magnetic flux & linking the circuit. We expect the flux to 

be directly proportional to the current I  (eq. 2.1) with inductance L as a proportional 

coefficient. The inductance of a circuit is measured in units of Henrys, which is a purely 

geometric quantity, depending only on the shape of the circuit and number of turns in the 

circuit (eq. 2.13, 2.14).

If the current flowing around the circuit changes by an amount AI in a small time 

interval At, then the magnetic flux linking the circuit changes by an amount

Ad> = — • AZ (2.23)
N

in the same time interval. According to Faraday's law (2.3) together with (2.18), the 

electromotive force (emf) voltage on the coil can be written:

„ d <-D d ( u )  T, . d l  r dL ,

The emf generated around the circuit due to the current is a function of current rate and

inductance. Because of the existing resistance R in the circuit, (2.19) becomes:

v- ™ -- IR=L(-z ' y,)Y t + I^ ’ (2-25>

Then applying (2.9)

= (2.26) 
2 z dt 2z dt

Equation (2.26) can be used to simplify the linearization procedure. It leads to the same 

linearization coefficients for current and force expressions (see section 2.2).

2.1.4 Simplified Electromagnet Model

In actual applications, a current amplifier is required. To drive the current to the 

coil, modem current amplifiers are generally switching devices; however, in the interest
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of simplicity, the current amplifier is modeled as a constant gain Ka with a current 

feedback loop using feedback gain. With these assumptions the current in the 

electromagnet is related to a current commanded as shown in Figure 2.6.

ELECTROMAGNET

Cmd

1/sl/LKa

R/L

CURRENT AMPLIFIER ___ I

Figure 2.6 Electromagnet circuit model 

Based on this model, the governing equation of the electromagnet circuit can be 

expressed as:

d l I c~<K, - l {Ka +R) (22?)
dt L{z,y)

where Ka is the amplifier feedback gain.

Assuming that inductance L is constant, the following transfer function relating 

the current command to the current response can be obtained from (2.21):

KV
G ,,(s )= ------------------------------------------------------ 0-28)

s + -
K + R

L

This transfer function (2.22) represents the Maglev actuator, a combination of the 

amplifier with the coil inductance. It is important to note that the combination of the 

amplifier feedback gain Ka and coil resistance R introduces a left half plane pole. Thus 

large values of Ka move the amplifier pole toward the more stable region.

In actuality, the response current slew rate is also limited as a result of coil

inductance. The current slew rate —  is limited, above and below, as follows:
dt

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

dl_
dt
dl_
dt

V  source

- v
  source

(2.29)

(2.30)

These limits cause saturation in the current signal, the effect of which is explored later 

sections.

2.2 Linearization

Because of the non-linearities in equations (2.16) and (2.17) linearization is 

required to obtain a state space system model. Assuming small deviations from a nominal 

operating condition, linearized models can be appropriate. Thus, for further analysis, 

equation (2.17) will be linearized with respect to reference values for gap zq and current 

In, using the first derivative components from the Taylor series expansion [47]:

where

, 8F F ~ F LEV
r LEV ~  r LEV \z « ~o dz

^ F u ; y  _  1 dwl()

( \ SFlev( z - z Q) + — —
, ° ' dl ( l - h )

dz 2 Z03

ipy _  1 Mq N  dwl0
dl ~ 2 z„2

1 +  2 —  _  k
zn \ f-i^N dl 0 
nw) 2 tzz,o

1̂ + 2 ^  
TtW)

= ~k.

(2.31)

(2.32)

(2.33)

According to equations (2.24) the linearized form of levitation force is:

Flev ^zz ktI (2.34)

Linearization of (2.26) can be carried out in the similar way [25][48][49], if  L 

refers to inductance linearized around the operation point, z q .

t \ _ m0s n 2

V — IR = M()SN d l ju0SN 210 dz
2 zn dt 2zn' 0

by utilizing (2.32)(2.33) equation (2.36) can be expressed as:

dt

(2.35)

(2.36)
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dl _ kz dz I R - V
dt ki dt L

After the current amplifier is incorporated in the electromagnet circuit equation (2.28) 
becomes

(2.37)

dl k2 dz ^ I c-dK , - l ( K a +R)  
dt k : dt L

(2.38)

Note that the equations above differ from these presented in [25] [49]. This difference 

results from the inclination of the current amplifier model which is not present in the 

reference sources.

2.3 Maglev as a Rigid Mass

Consider a simple one-degree-of-ffeedom rigid model of the Maglev system (Figure 2.7).

M

Cmd

Figure 2.7 Simple Maglev system 

Equations of motion for the system shown above based on (2.34) and (2.37) become:

(2.39)
d 2z kv k ■

■ = — z  - I
dt1 M M

d l k, dz | I CmiK t - l ( K , + R )
dt ki dt L(z,y)

In standard state-space form

x  — A - x  + B - u  

y  = C -x + D - u

the equations of motion for the rigid system are expressed as:

(2.40)

(2.41)
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z 0 1 0 z 0

z *2. 0 _ A z + 0 jCmd
M Ki
0 (Ka + R ) I

L
L

H  = [l 0 o'

The basic schematic of the system (2.42) is shown in Figure 2.8. [25] [49]

(2.42)

cmd

H/L

1/LKa 1/s1/M 1/s1/s

Figure 2.8 Block diagram o f a 1DOF Maglev rigid system 

Then based on (2.42) the transfer function can be calculated:

<?**(*) =
- K . - K .

(s -  p)(s + p)(s + a ) {s2 -  p 2 \s  + a )

where
K - = K - i

a  = K . +R
L

(2.43)

(2.44)

(2.45)

(2.46)

The system has three real poles. One is positive, which is indicative of the 

inherent instability of the attractive types o f Maglev systems. The pole a  is associated 

with current feedback (2.28). The pair ± p  represents the rigid body motion of the

structural model. The value of p  can vary significantly with gap and current as shown in 

(2.46).
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2.4 Stability of the Rigid Case Under PD Control

Since the rigid model of the Maglev system (2.43) has a positive pole, feedback 

compensation is required to render the closed-loop system stable [25][50][51].

com m and

Figure 2.9 Block diagram of the Maglev control loop

Here a PD compensator is considered in the form:

C0 (s)= K p + K ds

The closed-loop transfer function is:

G cl( s ) =
C0(s)G(s)

l + C0(s)G(s) 

Substituting (2.43) and (2.47) into (2.48)

- K x(Kp + K ds)
G Z A s )  =

(2.47)

(2.48)

(2.49)
s * + s z a  - s ( p  + K xK D) - ( p za  + K xK p)

The sufficient conditions for the stability of this system are determined using the Routh 

criterion [3].

K d <

K p < p 2 a

(2.50)

(2.51)

K p > K Da (2.52)

As can be seen the compensator gains must be negative for stability, which is to 

say that positive feedback is necessary.
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2.5 Maglev as SISO Flexible System

As a first step toward evaluation of the impact of structural flexibility on control 

of a Maglev system, a single flexible mode of the vehicle is introduced through the 

modification of (2.39) [52][53][54]. The new structure is shown in the Figure 2.10.

4 s-

m

m

LEV

I I I j  Cmd

Figure 2.10 Model o f the flexible SISO Maglev 

In this system ml + m2 = M  still represents the overall weight o f the Maglev vehicle. The 

actuator model equation remains the same. The spring constant k  represents the flexibility 

of the vehicle. The displacement resulting from structural flexibility is denoted byz2, 

while the electromagnetic air gap is denoted by z . The new equations of motion become:

d 2z k —k k k; „
—------z + — z.

dt2
d 2z2
~df

dl__
dt

m, m, m.

jCmd
la

Similar to the notation o f  the rigid case, the follow ing notation is introduced:
-> k

m,

(o\ =

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)
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(2.58)
m,

The state space form of (2.39) is:

i 0 0 1 0 0 z '  0 "

z2 0 0 0 1 0
T z2 0

z p] -  °>x co( 0 0 1 ^
 

*1 z + 0 jC m d

z2 ®2 -  col 0 0
a

0 z2 0
K a

i 0 0 0 0 - a I . L .

(2.59)

The C matrix (2.42) of the state-space representation (2.59) depends on the sensor

locations. When the actuator and sensor pairs are located together, the pair is said to be

collocated. With regard to the present system, the collocated case has C matrix (2.60):

' Cc =[1 0 0 0 0] (2.60)

The so-called non-collocated2 case has:

C „ = [ 0 1 0 0 0] (2.61)

The D  matrix is zero for either case. Applying the standard transformation from state- 

space to transfer function form, the open loop transfer functions for collocated and non­

collocated plants are [52] [54]:

G M  =
s 5 + s 4a  + s 3{a>f+a>2 - p 2z ) + s 2a  {ojf+a>l - p l j - s p 2̂  - p 2zco2a

(2.62)

Gn(s)
* > 2

53 + 5 4a  + s 3(a>2 + co2 - p ] ) +  s 2a  (co2 +co2 - p 2 j - sp 2a?2 - p 2(o2a

(2.63)

As in the rigid case, it is observed from inspection of the transfer functions that Maglev 

systems can be characterized as unstable and non-minimum phase. For the non-collocated 

case there are no zeros, which makes the system  more difficult to stabilize because 

relative degree for collocated system is lower than for the non-collocated analogue.

2 Since the system considered has only 2 masses, this is an extreme example of non-collocation. Actual system with approximate
collocation may be more forgiving
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2.6 Collocated Flexible Case Under PD Control

A procedure similar to that applied to the rigid model can now be used to evaluate 

the flexible Maglev models expressed by (2.59). It can be shown that a collocated 

system’s closed-loop transfer function has the form:

___________________ K x(s2 +Q>2z\ k p + K dS)_______________________
GccL(s) =

s 5 + s 4 a  + s 3(a>\ +a>2 - p 2 - K xK D) + s 2a(cof + ( d \ - p 2z -  ).
a

. . . .  +  s { - ( o 22 p 2z -  K xK dg>2 ) -  KxK Pco\ - p 2z(o22 a (2.64)

Routh array analysis yields the following conditions for closed loop stability:
_ 2

K d < ^ ~  (2.65)

K x

(2.67)
K

X

a : / < a  LpAAiAI (2,68)
K x

K p > K Da  (2.69)

K p < a  ( ~ ^  +6,i ) (2.70)
K x

From the above conditions, as in the rigid body case, two important conclusions can be 

drawn:

1. Positive feedback is required (negative compensation gain).

2. A control law such as (2.47) that can stabilize the rigid maglev system also 

stabilizes the collocated flexible system over a limited range of gains 

using PD control.

The second observation can be demonstrated using the expressions (2.65) in combination 

with the condition:
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P 2 <P] (2-71)

Equation (2.71) holds due to (2.46) with assumption that M>m; and since (2.58) is valid.

Thus A'p :

where

and for K D :

Pz a  (_  Pz  + 0)2 ) (~ Pz  + 0)2 + )Vz <oc  U < a  ------ !------U  (2.73)
K x K x K x

where

z p 2 M pA+*;+*i) (2, 75)
K , K ,

— 2a  — 2
Therefore, the region of stability is bounded by K p < —^ —  and K D < — ,

K x K x

which can be evaluated for a rigid system. Conditions obtained for flexible cases are 

always within this range. A compensator capable of stabilizing the flexible case will also 

stabilize the rigid case. When a flexible system is collocated, a compensator designed to 

stabilize its rigid analogue, will not necessarily stabilize the flexible system. Further, the 

compensator has more restricted gain limits.

2.7 Non-Collocated Flexible Case Under PD Control

Consider the case of non-collocated actuator and sensors represented equations 

(2.59) and (2.61) with compensator (2.47). The closed loop transfer function for such a 

system is as follows:
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K xo>22(Kp + K ds)

+ s 4 or + s3(®,2 +G>l~p])  + s 2a(a>2 + co\ - p \ ).,

+ s{-(o22p] -  K xK dco\ ) -  KxK Pa>\ - p](ol a (2.76)

Considering the denominator of (2.76), it is noted that in contrast to the collocated 

case, only the zero degree and first degree terms are influenced by the controller. 

Moreover, in contrast to the collocated case, a necessary condition for stability is that:

co\ + co\ > Pi
/  \  
1 + ^

m
> k. (2.77)

5
which is usually the case in practice. The s term in the first column of the Routh table is 

zero, indicating that the system may be marginally stable at best under PD control3. 

Interestingly, the remaining terms indicate that the requirements for marginal stability are 

the same as the stability requirements for the collocated case:
_  2

(2.78)K  D <

K P < Pz (2.79)

K p > K Da (2.80)

Thus, in this case a compensator (2.47) is not capable of stabilizing a flexible 

model (2.76).

3 Not necessarily the case in actual system with non-zero damping and with approximate collocation
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2.8 Root Locus Analysis of Collocated and Non-Collocated Cases

As an example for root locus evaluation, consider the following parameters:

VARIABLE VALUE

Vehicle weight m2 1000 lbf

Mass ratio r 0.15

Suspension weight mi r- m2

Coil resistance R 1.83 Q

Coil inductance L 0.68 H

Current Io 35 A

Gap zo 0.4 in

Current feedback gain Ka 256

Heave frequency 10 Hz

Table 2.2 Data used for comparison of collocated and non-collocated Maglev systems

In the first figure, a PD controller with coefficients Kp and Kd is used as shown in 

Figure 2.11. The bounding gain values for stability are used to determine the initial 

compensator zero location. The arrows in Figure 2.11 show the tendency of the complex 

closed-loop poles’ movement as the PD compensator zero is moved closer to the origin. 

As can be observed, the collocated system exhibits stability for all gains beyond the 

critical values.
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?

a
8a

1 0 0 0

800
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-200 -p.
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-600
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-1000
-300 -100-400 -200

Increasing Kd

Real Axis

Figure 2.11 Collocated system with PD compensator

For the non-collocated case, which is marginally stable in the bounding case, some of the 

poles tend to move toward the unstable right half of s-plane as the compensator zero 

moves in either direction (see Figure 2.12).
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-400

-600

-800
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Figure 2.12 Non-Collocated system with PD compensator

As shown by the Routh analysis, this non-collocated Maglev system cannot be 

successfully stabilized with PD controller.
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2.9 Non-CoIIocated Flexible Case Under PD Control with Acceleration Feedback

The marginal stability of the non-collocated case under PD control can be 

resolved by adding acceleration feedback, which results in the following compensator:

C0 (s) = K p + K ds + K /  (2.81)

The closed-loop transfer function now becomes:

g , «  = (2.82)
s* + s4 a  + s3(co2 + (o) -  p zz ) + s l {o)(KxKA + aco( + act)\ apzz)...

... + s(-a)2p z - K xK d co2 ) - K xK pg>2 —p zco2 a

As can be seen, the numerator remains the same as well as all the coefficients in 

the denominator, with the single exception of the constant due to acceleration in the s2 

term. Routh analysis shows that the stability conditions are as follows:

to2 +co22 > p 2

K p > K Da

K d <

K p < ~ P t a  
A

K p < KDa  +

K d >

K a (ct)2a  + (o\a -  p \a  -  cd2K xK a ) 
a

K p  . K a  [ p l a  +  ° h K , K A ~  ° > 2a  -  c o 2a )  

a  a 2

a ( - p z2+® i +®i)
K /o22

K a <

K a > 0

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)

(2.88)

(2.89)

(2.90)

A root locus with such a compensator is shown in the figure below.
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Figure 2.13 Non-Collocated Maglev system with PD compensator with acceleration feedback

As can be seen in this example, an acceleration feedback approach can provide a 

stable response. The result was not achievable without acceleration feedback. Collocation 

of system has significant impact on stability therefore during system design the goal of 

keeping collocation between sensor and actuators are important.

2.10 Maglev as a MIMO Flexible Structure

It has been shown that a SISO Maglev systems can be stabilized in spite of 

inherent electromagnet instability and flexible modes. For the collocated system, a simple 

PD control law can provide guaranteed stability if  the gain limitations indicated by Routh 

analysis are not violated. In this section, similar calculations will be carried out for a 

MIMO system. It was shown (2.43) that the electromagnet introduces instability that can 

be readily compensated. Therefore for simplicity, the electromagnetic actuator models are 

excluded from this analysis.

By analogy to the models presented in the previous sections, a simple MIMO 

Maglev structure can be introduced (Figure 2.14):
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2W

m m

J, m

T  ^  T  f ,

Figure 2.14 Simple MIMO Maglev model with flexible modes

In this simplified system, the large mass, m2, can be thought of as representing the 

passenger cabin, while the small masses, mj, represent the magnets. This system has the 

following equations of motion:

d 2z - 
dt2

d 20

-2 k
-----z +
m2

-2 k W 2

k
—  zi +m2

o i k w

k
----Z2m2

kW
dt2 J J -1 j  -2

d 2z , k kW n k F,------  = —  z + ---- 6 — 1 
£ 

+

£dt2 mx mx

d 2z2 k kW n k f 2------  =■ — z —---- 0 - --- Z2 + —dt2 mx mx mx mx

The new variables 2 W  and J  represent width and inertia of the Maglev passenger cabin, 

respectively. The state space equations can be written as:
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0 0 0 0 1 0 0 o' 0 0
z 0 0 0 0 0 1 0 0 ~ z~ 0 0
0 9 0 00 0 0 0 0 0 1 0
Z1 0 0 0 0 0 0 0 1 zx 0 0
z 2

= -Q 2 0 Q2 Q2 0 0 0 0 Z2 + 0 0
z 22 2 2

z 0 0
0 0 - * r 2

K K 0 0 0 0 0 1 o
Z1 <y2 Woo2

2 W 
-co2

2 W 
0 0 0 0 0 h m x

1
z2_

. ®2 -Woo2 0 - co2 0 0 0 0 _Z2 _ 0
m x

where

Q 2 = 2k!m 1

(2.92)

(2.93)

(2.94)

(2.95)

k 2 = 2kW 2 / J  

co2 = k l m x.

The non-zero Eigenvalues of this system are:

± j jo o 2 +tc2 (2.96)

± jylco2 + Q2 (2.97)

Note that Q  represents the passenger cabin heave mode frequency when the 

magnets are held still. Similarly, k  represents the roll mode frequency with the magnets 

fixed, and co represents the magnet vibration frequency with the passenger cabin fixed.

These frequencies emerge as zero frequencies in the various transfer functions that

follow.

The MIMO system presented above will be used to study of the stability of 

centralized and decentralized controllers on Maglev system approaches.

2.11 Centralized vs. Decentralized Control Law for Maglev Application

Decentralized control implies that each actuator’s control input is based strictly 

upon local sensor measurements. On the other hands a centralized approach means that 

each actuator is controlled based on feedback variables from a combination of sensors,
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possibly other than the local ones. Decentralized control is generally simpler, cheaper for 

implementation, and typically easier to achieve guaranteed stability, while centralized 

laws are more complex, but can potentially achieve a greater range of specific loop 

transfer characteristics [55][56][57][55][56][57][58] [59][60]. In Figure 2.15 a basic 

schematic comparison of theses two approaches is shown.
C en tra lized

C o m p en sa to r o u tp u ts  C o m p en sa to r C o m p en sa to r o u tp u ts
D ecen tra liz ed
C o m p e n sa to r

L_

C o m p e n sa to r inpu ts  C o m p en sa to r inpu ts

Figure 2.15 Centralized vs. decentralized compensation 

Here the application of a decentralized [55][60][61] approach to the MIMO 

system is considered. The transfer function Gd represents the relationships between 

outputs z/, Z2 and inputs F}, F2. Thus the C matrix of the state-space model (2.92) is:

'0  0 1 0 0 0 0 0"

0 0 0 1 0 0 0 0cD = (2.98)

The decentralized Maglev model has transfer function:

G0 = Cd (sI - a Y ' b  = S d l l  S d l 2 

S d 2 \ S d 2 2 .
(2.99)

where the A and B  matrices are taken from (2.55).

2 s 4 +  s 2 (2Q 2 + 2  K 2 +2 (Q2 ) + ( Q 2k 2 + 2k 2C12 + co2Q.2
S d i i  S d  22

s 2 2 m s 4 + s 2 ( 2 Q 2 + k 2 +  co2 ) + co2k 2 + k 2Q .2 +  co2Q ,2 + a > 4

S d  12 S d  21 — '
■co (k2 - Q 2)

s  2 m s 4 +  s 2 (2Q 2 + / c 2 +  co2 ) +  032k 2 +  k 2C12 +  o 2Q 2 +  co4

(2.100)

(2.101)

It can be shown that for the decentralized system (2.99) the eigenvalues are as shown in 

(2.96) and (2.97).
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Considering the centralized case [49] [59], the outputs are 0, Z  and the inputs 

remain Fj, F2. The variables Z and 6  may not be conveniently measured directly; 

however, in practice they are sometimes inferred from gap measurements. In other words, 

one might evaluate Z based on following relation:

z  = zL + z1

Similarly 0 could be approximated as:

0 = Zi “ Z2
2 W

Now the C matrix for centralized control would be:

Q  =
'0 0

p
0 0 0 o’

0 0 0 0 0 0

(2.102)

(2.103)

(2.104)

where

P =
0.5

1

0.5

-1 (2.105)

2 W 2 W.

Note that the transformation P  in Cc implies that the system (2.92) has been 

assumed to be very rigid, which may not necessarily be valid. Also, in order to compare 

the centralized and decentralized approaches, it is necessary to transform the centralized 

controller outputs ( f md, zFmd back to decentralized form, F\ and F). For this purpose the 

transformation H  is introduced:

1

H
0.5

0.5

2 W 
-1
2 W.

(2.106)

In the Figure 2.16, the transformations between the centralized and decentralized 

systems are illustrated.
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r Cm d

System

Z1 'Z2

Cmd

Figure 2.16 Block diagram o f the centralized and decentralized Maglev models 

Based on these transformations, the centralized Maglev transfer function has the 

following decoupled form:

g c =h g dp

s +Q
l2mx{s2 +a>2 + Q 2)

0

0 S2 +K2
l2miW 2(S 2 + K 2 + C O 2

S e n  0

. 0  S c 2 2 .

(2.107)

The decoupled heave-mode transfer function is thus denoted as g cU and the roll-mode 

transfer function is g c22. It is a simple matter to show that this system reduces to the rigid 

system model by letting stiffness k  go to infinity:

1

lim Gr =-
Ms2

0

0

J _

Js2

(2.108)

where

M  =m2+ 2m, 
J  = J  + 2mxW 2

(2.109)
(2.110)

Referring again to (2.92) the system with finite stiffness, it can be noted that in 

contrast to the decentralized case, the centralized system’s transfer functions have fewer

poles. In gdi the poles at ± j s jo 2 +k 2 have been cancelled, and in g ^  the poles at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

± j-Jo)2 + Q 2 have been cancelled. This is an indication that the centralized system will 

have uncontrollable modes.

Comparing singular value plots for these two systems it is possible to make an 

additional observation. Singular value frequency response plots were obtained based on 

the data from Table 2.2. The main body’s inertia (2.110) was based on the calculation for

a long slender bar J  = ( iw )2, where the length W= 5. As can be seen in Figures

2.17 and 2.18, the variation in the bounds of the gain is much greater in the centralized 

case.

decentralized

-50

-100

-150

I
i

-200

y
g -250

-300

-350

Frequency (Hz)
F ig u re  2 .1 7  D e c e n tra liz e d  s in g u la r  va lu e  fre q u e n c y  re sp o n se
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Figure 2.18 Centralized singular value frequency response 

The difference observed is associated with the choice of different variables for control 

versus the measured data.

2.12 Centralized vs. Decentralized Control Law with PD Compensation

The centralized and decentralized examples are 2-input, 2-output systems. For 

purposes of comparing these systems, diagonal PD compensators can be applied. Note 

that for the decentralized case, the compensators can be identical. Thus for the 

decentralized case, the compensator has the form:

K p + K Ds 0 
0 K p + KDs

(2 .111)
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For the centralized approach different compensators would most likely be used for heave 

and roll. Thus, the compensator for the centralized case has the form:

0
0 K Pr + KDrscoC = Kpz +K Dzs

(2.112)

Based on the characteristic equations of (2.99) and (2.107) it can be shown that both the 

centralized and decentralized systems can be stabilized with compensators (2.111) and 

(2.112) respectively. It can be seen on the root locus plots below that for the 

decentralized case increased damping can be achieved for all modes. However, it is noted 

that for the centralized case, the PD controller cannot influence certain frequencies. The 

root locus plots for centralized case illustrate the pole/zero cancellations discussed above 

(see Figure 2.20). These cancellations, marked by arrows, correspond to modes that are 

unreachable by the controller.
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d e g re e  o f  freedom , a n d  a rro w s  m a rk  u n co n tro lla b le  m odes)

The analysis above is based on an idealized case where real-world influences such 

as actuator dynamics discrete time implementation are not accounted for. Such 

influences may tend to destabilize the marginally stable modes. Based on these results, 

the centralized control approach presented is not recommended for systems with 

significant flexibility.

2.13 Flux Feedback

A well-known way to improve the stability of Maglev systems is to utilize 

magnetic flux as a control feedback measurement [49][62][63][64]. The objective of air 

gap flux feedback is to reduce the influence of the coefficients kz and ki (2.32) and (2.33). 

There is a significant variation of these values with changes in operation point. However, 

since according to (2.12) and (2.12), the flux linkage between the coil and the track is 

linearly proportional to the magnet excitation current and inversely proportion to the air 

gap, the perturbation of force with respect to flux variations about an operating point <J>0 ,
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is less than the its perturbation with respect to gap and current about their respective 

operating points, zo and Iq. The linearization of the flux expression (2.13) can be written 

as:

AO = , /  -  k v Zz  (2.113)

where t , k(p z are new linearization coefficients which can be evaluated empirically,

based experimental results or estimated based on force expressions.

A diagram for magnet control with flux feedback is given in Figure 2.21.

cm d

K a

K a 1/L 1/M1/s 1/s 1/s

F ig u re  2 .2 1  S ch em atic  o f  M a g le v  p la n t w ith  f lu x  fe e d b a c k

Based on this scheme, the state space model of the test rig rigid system from (2.42) 

becomes:
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z 0 1 0 z 0
k k.

z -z z 0 l z + 0
M M K

i k -kK zFlux K (k® ‘ k lFlux + K a + R ) I ^ a

_ L _
L k i L

I Cmd

[z ]= [1 0 o]

K X

(2.114)

which gives

\      ______________

s ,ML + S1M { k 9 kiFlm+ K a + R ) + k ^ k lktFIUX- k zkIFJ - k , { K „ + R )

(2.115)

If the gain of flux feedback is adjusted in such a way that:

K  {kikzFlux -  kzkiFlux ) = kz (Ka + R)

then (5) is reduced to the following form:

rigid s 'M L  + s t M f a + R  + k ^ J

(2.116)

(2.117)

As it can be seen by comparing equations (2.43) and (2.117), the main advantage 

of flux feedback is that the unstable pole in (2.43) has been eliminated. Note that the new 

system has two poles at the origin in place ofp i and p 2- Also, the poles are independent of 

k2 rendering the new system less sensitive to variations in the operating gap. In the 

overall control scheme, the flux control loop is an inner loop, and the position feedback is 

retained as an outer loop. In this arrangement, the flux measurement improves stability 

while gap feedback is responsible for establishing the prescribed performance, and also 

contributes to noise rejection.
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2.14 Inverse Electromagnetic Model Calculation

As a result of the non-linearity of force with respect to gap and current, the 

linearized levitation force model is highly sensitive to variations in the operating point. 

As a result, the effective open-loop gain of the electromagnetic suspension varies 

substantially with operating conditions. In the previous section it was illustrated that the 

introduction of flux feedback improves upon this situation. As an alternate approach to 

this issue, McLagan and Vidyasagar [15] [49] discuss the use of a model inversion 

approach to linearize the electromagnetic model of a magnetic suspension system.

2.14.1 Concept of the Inverse Model Calculation

Considering that the main non-linearities are those of the electromagnet model, as 

opposed to the structural model, the gain variation problem can be studied through 

consideration of the current amplifier device together with an electromagnet. In general 

the amplifier is driven by the current command value, which comes from the 

compensator.

The problem of non-linear variation of gain with respect to operating condition is 

clearly visible in Figure 2.22. This figure was obtained by normalizing the electromagnet 

equation together with the levitation force expression (2.21) and (2.26) about several 

different gaps. It can be seen that gap variation in the range of 0.1 [in.] to 0.8 [in.] results 

in a 20 [dB] variation in gain. This is primarily due to the appearance of the quadratic 

term I 2/ z 2 in the force expression.
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Electromagnet Bode Plots; In: currentCmd; Out: LevForce

M

gap=0.1 in. 
>gap=0.4 in. 
gap=0.6 in. 
gap=0.8 in.

135

Frequency (Hz)

Figure 2.22 Electromagnet Bode plots for different operation points due to Limbert
electromagnet model

The resulting wide variations in gain result in poor robustness. A model inversion 

approach can help avoid this. The idea is to linearize the electromagnetic model by 

commanding force, and using a calculation based on (2.21) to determine the 

corresponding current. Equation (2.118) presents such a calculation based on the Limbert 

force expression and Figure 2.22 is a block diagram of this approach.

rCmd 4 - F ™ . z 2

Fo ' N 2 -d -w- 1 +
2 -z
n  ■ w

y
l -  — -a tan

z j

(2.118)

A block diagram illustrating this scheme is presented in the Figure 2.23
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j-cmd

— K a 1/L 1/s ki ■t + V-> 1/M 1/s 1/s

P i

Electromagnet & Force
R/L

kz

Figure 2.23 Maglev Test Rig block diagram with inverse calculation block

Linearization of the model relating FCmd to FLEv, as expressed by (2.21) and 

(2.118), leads to the following Bode plots (see Figure 2.24).

Electromagnet Bode Plots; In: currentCmd; Out: LevForce
150

100

M

 gap=0.1 in.
° °gap=0.4 in.
 gap=0.6 in.

•gap=0.8 in.
- 6--45

+ •! J III
-90

Frequency (Hz)

Figure 2.24 Electromagnet Bode plots for a range of operating points with model
inversion

As can be seen, the low frequency gain variation has vanished, thus the controller 

doesn’t have to work with such a wide range of possible gains. The model inversion 

calculation can be simplified by using the force expression derived for a uniform 

magnetic field (2.12).
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rCmd 4 F Cmd
LE V

y /.i0N 2d w
(2.119)

Electromagnet Bode Plots; In: currentCmd; Out: LevForce
150

Ji l l
100

M

 gap=0.1 in.
° °gap=0.4 in.
 gap=0.6 in.

•gap=0.8 in.
-45

-90

Frequency (Hz)

Figure 2.25 Electromagnet Bode plots for different operation points with Limbert partial inverse
calculations and Limbert electromagnet model

Figure 2.25 shows results based on the simplified inversion (2.119). In this case, a very 

small variation in gains is observed, but it is clearly a substantial improvement over the 

20 [dB] variation predicted without the model inversion. Note that this approach would 

not account for lateral motion though.

2.14.2 Sensitivity of the Inverse Model Calculation

To investigate the robustness of the inversion-based approach, one can apply a 

linearization of the force expression as was shown in (2.34). Thus, the expression for 

commanded force has the following form:

F Cmd = k zForcez - k iForceI  (2.120)
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where k zForce, k iForce are respectively gap and current linearization coefficients. Assuming

a rigid system (2.42) and incorporating the electromagnet model, the current equation 

becomes:

d l k ^ I C .  ( K . + R ) .  K„
dt kiForce L ^

The linearized equations of motion are thus:

I - iCmd
^ iF o rc e ^

z 0 1 0 z 0

z _ K 0 z + 0 p C m d

M M - K
I a kzForce JEs .

+&
1 I 'IVa

k.„ L
kiForcê L _ iForce _

{2. 121)

[z]=[l 0 0

The corresponding transfer function has the form:

k ;K„

Giigid( s ) = ------------------------
L

s M kjForce + s k jForce M iForcekz Force*

(2 . 122 )

(2.123)

• • • K a (kiForce kz + )

where the superscript i on G'rigjd indicates inverse.

The main reason for using the inverse calculation is to account for non-linearities. 

The non-linearities are represented by kz and kt. To evaluate the best-case scenario, 

assume that there is an ideal inversion. Thus:

(2.124)

(2.125)

kzForce k  z

kiForce ^i

Then the transfer function from force command to gap transforms into:
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where upper script ii denotes ideal inverse. Comparing (2.126) with (2.43) introduced in 

the earlier section, it can be noted that the coefficients o f the characteristic equation are 

different. The kt terms have been cancelled out and the zero degree polynomial 

coefficient was reduced.

Ideal Inverse Calculation

-50

-too

-150

-200
M

-250

- z =0.4 ino
—  z =0.7 in

-45

-90

Frequency (Hz)

F ig u re  2 .2 6  M a g le v  sy s tem  w ith  in ve rse  f o r c e  ca lcu la tion

In this system the zero degree denominator term has been reduced from (2.123) to

(2.126). Based on consideration of the Routh Hurwitz criterion for this system and

knowing that + , it can be concluded that the open loop system with

force inversion is less sensitive to linearization around different operation points.
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2.15 Transfer Function Zeros

In Chapter 1 it was pointed out that the transfer functions relating current to gap 

vary with respect to position along the guideway. Here, this phenomenon will be 

explored based on a simple beam (guideway) and point mass (vehicle) model.

The literature contains many investigations [32][59][68][69][70][71][72][73] of 

the relation between coupled vehicle/guideway systems. In this work transcendental 

transfer functions were used to study the impact of the track dynamics on overall system 

stability.

M

$
Z ( X , t )

Xj

Figure 2.27 Maglev vehicle/track interaction modeling 

Consider the following partial differential equation that describes the elastic 

deflection of a simply supported beam [74] [75], meant to represent the guideway shown 

in Figure 2.27):

dz2
EL d2z(x, t) 

dz2 + /C m ) = M
d2z(x, t) 

dt2
(2.127)

where the variables E , I b, f ( x , t ) , p ,A brepresent the Young’s Modulus, moment of area,

external force per unit length, cross section area, and the density of the beam 

respectively. For a simply supported beam, the boundary conditions can be written as 

follows:
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z(0 ,0  = 0; 
z(L,t) = 0; 

d2z( 0, t)
El

dy2
= 0;

E I d̂ m  = 0;

Applying the Laplace transform, letting

P
-  pAs 

E l

and after some simplification [54][76], (2.127) becomes:

Z lv(x ,s ) - /3  Z(x,s) = F(x,s)

with boundary conditions:

Z(0,s) = 0, Z(L,s) = 0, Z"(0,s) = 0, Z ”(L,s) = 0; 

Rewriting the above formula in the state space form

Z'(x,s)  " '  0 1 0 o' Z(x,s) 'o'
Z"(x,s) 0 0 1 0 Z'(x,s)

+
0

Z'"(x,s) 0 0 0 1 Z"(x,s) 0
Z""(x,s) P4 0 0 0 Z"'(x,s) 1

where state space vector is:

S(x,s) = [Z(x,s) Z ’(x,s) Z"(x,s)  Z" '{x ,s )J  

To obtain a compact form of (2.132), define:

0 1 0 0 o'
0 0 1 0 0

A = ; b  =
0 0 0 1 0

P 4 0 0 0 _1_

(2.128)

(2.129)

(2.130)

(2.131)

F(y ,s ) (2.132)

(2.133)

(2.134)

and noting that

F(x, s) = S(x -  x0)F(s) (2.135)

equation (2.132) becomes:

S'(x,s) = AS(x,s) + BF(s) (2.136)

At this point by using the general form of the solution from modem control theory 

(2.136) becomes:
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L.

S(x,s)  = eALS(0,s) + J> {l-x)B S ( x - x x)F(s)dx = ^  ^

= eALS(0,s) + eA<l~Xl)BF(s)

Knowing the boundary conditions for S(y  = 0,s) and S(y = L,s) the general expression 

for S(y,s)  can be found as following:

S(x,s)= eAxS(0.s) 
eAxS(0.s) + eA{x~Xl)BF(s)

for  0 < x  < Xj 
for  x, < x < L

(2.138)

(2.139)

The matrix exponential function eA x corresponding to (2.138) can be expressed 

using the inverse Laplace transform of the matrix (si -  A f ' ;

'  / mw  / - ( * )  / ' «  m _

P m  f " { x )  f ' \ x )  f ( x )
y04/ '( x )  (3Af ( x )  f " ( x )  f ' ( x )
P Af " ( x )  J34f ( x )  J34f ( x )  f " ( x )

[sinh(/?x)-sin {fix)]
2/33

Thus, for a simply supported beam the transfer function between the displacement at 

position x2 and a point force at x{ (see Figure 2.26) can be written as follows [55][58]:

where: f ( x )  =

G t ( s )  =
_ Z(x2,s) _  sinh(/?L)sin(/h:l)sin(/?(L - x2))...

F(s) 2fEIAn{/3L)smh{/3L) (2.140)
... -  sin(ySL)si nh(^x,)sinh(^(L-x2))

where subscript t denotes track.

Note that to transform the transcendental [74] transfer function into a ratio of 

polynomials in the Laplace operator s, GT(s) can be converted by using power series

expansion in terms of (3 and then [34 is replaced by -

these operations, a closed form can be acheived:

N t ( s )

pAs
El

G t ( s )
D t ( s )

using (2.129). Finally, after

(2.141)
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Figure2.28 Simply supported beam under force applied at Xj

If the measurement and the applied force are collocated, then x2 = x1 = x . Also for 

simplification one can define a dimensionless complex number related to the Laplace 

variable s in the following form:

A = J3L (2.142)

Therefore expression (2.140) can be simplified to:

sinh(/l )sin
G t ( s ) =

(A  } 
— x sm - (L -  x) I -  sin [a  )sinh[ — x  sinh — (L -  y)

E l  sin(/l )sinh(/l )

(2.143)

The Taylor Power Series for the numerator can be expressed as:

st ( o \  'ST' ^  d  ^ T  l n \nt(A)=2̂ — — f(o)
to  «! dA

(2.144)

It can be shown that -----   (o) = 0 for i = 1,2,3,4. Thus, after the 5th differentiation and
dA '

substitution of the values from Table 2.3 polynomial (2.144) can be factored as:

N t (A, x) = (-  7.8• 1 (T3 x3 +1 .4 • 10‘4 x4 + 0. lx2 ) f ]
i=0

'  A 4 '
A 4

V i

(2.145)

where A is the ith root of the numerator equation (2.145) obtained numerically by

utilizing the Newton-Raphson method.

sinh (/I )sin sm
A \

( L  — x )  -s in  (/I )sinh
(A  } 

—x sinh
'A , '

= 0 (2.146)
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Values of l  as a function of y are illustrated in Figure 2.29.

18
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*

s y - — ^ — v .

*

s  /
*S.

.  .v-A -A -y

A—  A1

10 15 20 25 30
x

Figure 2.29 Numerical results o f equation (2.146)

As a result of expressions (2.146) and (2.142) vibration frequencies Q (. are defined as:

i-1,2,3,4 (2.147)

In this particular case it has been assumed that a model based on the first four 

modes provides results with sufficient accuracy. Now the numerator of (2.145) becomes:

N t (A, x) = ( -  7.8 • 10-3 X3 +1.4 • 10"4 x4 + 0. lx 2 1
vQf£22Q 2Q2

s° +.

+

1 1
—7 "*----7Q.I £2, 1

2 ■ + •
Q

+
/  1 1 1 1 ^

—7  7 "* 7 "*----?vC!4 Q2 Q , j

■ + 56 +

f J__ _I_ JL
Q 2 Q 2 Q 2 a 2 Q,2 1

Q fQ 2
5 4 +.

5 + 1 (2.148)

A  similar procedure can be applied to obtain a denominator expression of (2.141).

Dt{X) = 2
j

E l sm {l )sinh(/l ) (2.149)
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Further, by analogy to the procedure used to obtain the numerator, equation (2.148) 

becomes:

Dr (2) = f2 4 0 is -^ 'ln
v L J i=o

X1
*\  Di

(2.150)

where A. ^ are given by

Dt(A ) =  0 (2.151)

Thus by using an numerical approach and solving equation (2.151) for the first 4 modes, 

and by knowing that:

(2.152)

the following natural frequencies can be obtained:

Natural vibration 

frequencies

Values [rad/s]

10, 1.0060

co2 4.0240

a>3 9.0540

co4 16.0960

T ab le  2 .3  N a tu ra l fr e q u e n c ie s  o f  th e  O D U  M a g le v  tra ck  id e a liz e d  m o d e l

Finally combining (2.150) and (2.152), an expression for the denominator of the 

transcendental transfer function (2.149) can be presented:

Dr (s) = 16713002.8 i  +  -
G7, m

1 +  -
m,

= 46.885 +16782.83^ +126931.83s -17366828.015 +16713002.81

(2.153)

which yields:
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,(s) = = (- 7.8 • 10~3x 3 +1.4 ■ 10~4x 4 + 0.l x 2 j ,
F(s) V \ - Q 2 ' ^ 3  ' ^ 4  J

s +.

J _  J .

Q2 Q? 1
2  1 +  —

Q2 Qf + Q2 1
q 2 Q2 • Q2 • Qj

/  +

J _  J _  J _  J _  J _

Q 2 Q2  Qf_+ 1
Q3

/  + . . . .

f  1 1 1 1 ^
—X "* X "* X  7Q2 Q2 Q2 Q2

• /  +ll/(46.8j® +16782.8/ +126931.8/ + 17366828.0/ +16713002.8)

(2.154)

Bode plots of the above transfer function (2.154) for three different cases when 

the vehicle is on the track at: x = 254 [zn],x s ^  = 1778, [in],x = ^  = 3302 [in] , are 

shown in the Figure 2.30.
150

100

50
{-

-50

-150 ■ - ! .........

-200

-250
180 T TT T

135

101 10 ° 101
FREQUENCY [radZsec]

Figure 2.30 Bode plots for three positions o f the vehicle on the rail guideway

10'

This figure illustrates that the transfer function zeros exhibit considerable 

variation as the vehicle moves along the guideway. The implications of this variation are 

explored next.
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2.15.1 Zero Movement and its Impact on the Control Design

Transmission zero variation in the Maglev transfer function can have significant 

impact on closed-loop stability. To illustrate this, consider a simple Maglev transfer 

function where only the first guideway bending mode is included. According to (2.62), 

the transfer function can be written as:

G (S ) =  K x (s + a , j s  + ^ ) _________

(s -  A Xs + Xs + P3 Xs + "Xs + a )
where a , a and b ,b  are conjugate imaginary poles and zeros associated with guideway 

flexibility. It is well known that if  the actuators and sensors are collocated, then |a|>

|b| and \a\ > |b | . In (2.155), the variable 5  represents zero variation due to vehicle position

change. Thus, for the Maglev vehicle S = 1 when vehicle is above the column, while 

5 > 1 when vehicle approaches a center position between two pillars.

Assume that, in addition to a classical PD compensator (2.47), a Notch filter is 

used to alleviate the impact of the mode at frequency a.

„  . . (s + a + s A s  + a + £,)
G» w -  ( 2 o /~ j .  n  (2I56>^  + 2co^s + (o j  

This implies that open loop transfer function has following form:

f e + ^ X ^ + ^ + ^ f c +fl+giXy+a+gi)
OL (s-/> jX s + P 2 + ^  - a \ s  + S  ■'a^s1 +2 co^s + co2)

Because of the existence of s x, s x and 5  terms a and a cannot be eliminated [3],

Furthermore, the open loop expression (2.155) with compensator (2.47) together with 

(2.156) and following conditions:

a+ s 5 a , (2.158)

a + e 2<S a , (2.159)
makes changes in the poles and zeros order.

As can be seen (2.157), the system’s performance was degraded where the order

of poles and zeros is distorted. This situation is illustrated in Figures 2.52 and 2.33 

below.
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Figure 2.31 Maglev vehicle above column; PD compensator with notch filter
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In the example shown in the above figures it is clear that change of zero 

frequency from i.e.: 8 [Hz] into 11 [Hz] while Notch filter remains the same makes 

system unstable.

2.16 Summary

In this chapter a few simple concepts related to the Maglev controller design were 

introduced.

First, expressions for levitation force were developed as functions of gap and flux 

for use with feedback control laws that used gap and flux sensors respectively. 

Consideration of fringing effects led to significant changes in the levitation force, thus 

fringing should he included in designing a successful control system. A example model 

of a current amplifier and an electromagnet illustrated existence of a stable pole which 

should be considered in controller design.

Second, it was shown that as long as a flexible system is collocated, a 

compensator designed to stabilize its rigid analogue, will not necessarily stabilize the 

flexible system, further, the compensator has more restricted gain limits.

Third, based on basic models, some advantages of using a decentralized control 

approach were presented. It was demonstrated that centralized control with PD 

compensation exhibits lack of authority for control of some flexible modes.

Fourth, it was found that using flux feedback in the Maglev control system 

provides more robustness meaning smaller variation in Bode plot gains for different 

operation conditions. Thus flux feedback de-attenuates the impact of the nonlinearities. 

The use of inverse force calculation for feedback linearization provides similar benefits.

Finally the dynamics of the Maglev’s position on the track and its interaction with 

the guideway was evaluated. It is shown that as a result o f variations in positions the 

system transfer function zeros vary, and this m akes robust control design more difficult.

In the next chapters most of the issues taken up in this section will be further 

investigated for e specific examples.
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3. MAGLEV TEST RIG MODEL

A laboratory built, Maglev Test Rig was created to enable the design and 

investigation of different control laws in a realistic environment. The use of the Test Rig 

designed to emulate actual vehicle characteristics, provided the ability to evaluate the 

performance of designs and to identify designs that could possibly be used with the real 

full-scale ODU Maglev vehicle. This simplified version of a full-scale EMS system is 

shown in Figure 3.1.

frame 

load

pivot axis

load cells 

magnet

track section 

constraints 

base

F ig u re  3 .1  The M a g le v  T est R ig  la b o ra to ry  se tu p
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In this chapter a model of the Maglev Test Rig system will be developed. As discussed in 

Chapter 1, EMS Maglev systems use electromagnets to attract the vehicle towards the 

track. In the Test Rig one electromagnet is fixed to the base of the Test Rig. A short 

length of track connected to load cells is suspended above the magnet via a hinged steel 

frame in a four-bar linkage arrangement. Weights attached to the opposite end of the 

hinged frame represent the load of the vehicle. When the electromagnets are activated, 

the track section is pulled down, thus levitating the load. To avoid a situation where the 

track hits electromagnet, two adjustable motion constraints were attached to the Test Rig 

base. The electromagnet and the track section are components from the original ODU 

maglev system. The frame bar linkage and weights were chosen so that the magnet would 

be reacting to a load similar to that which one magnet would encounter in the actual 

vehicle.

3.1 Electromagnetic Part of the Test Rig

In Chapter 2 it was noted that the Maglev system can be considered as divided 

into two subsystems: electromagnetic and structural. Here, the electromagnetic part of the 

Test Rig was described.

A high voltage source is required to drive the electromagnet. A laboratory DC 

power supply for the Test Rig was provided by a Clinton 3-Phase SCR controlled 

rectifier capable of producing up to 400 Volts DC with a maximum current output of up 

to 300 [Amps]. To drive the current to the coil, a Pulse Width Modulated (PMW) 

Advanced Motion Controls model 100A40K servo amplifier was used. The amplifier has 

a maximum intermittent output current of 100 [Amps], and a rated continuous current of 

50 [Amps].

3.2 C urrent A m plifier M odeling and its C alibration

In this section, the modeling and calibration of the PWM 100A40K current 

amplifier is discussed. The current circuit specifications are shown in Table 3.1.
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VARIABLE VALUE

Voltage 400 V

Coil resistance 1.83 Q

Inductance 0.68 H

Maximum current 50+A

Nominal current at 

0.4 inch gap
25 A

T a b le  3 .1  E le c tro m a g n e t c ircu it p a ra m e te r s

Initially, as a result of the electromagnet’s large inductance, the amplifier 

provided poor current tracking response using the factory settings. Increasing the current 

feedback gain by a factor of 4.7 from the factory settings was found to give acceptable 

current tracking.

To validate the simplified representation of the PWM amplifier, a model of the 

combined electromagnet amplifier system was built. This model was created using 

Matlab® software and Simulink® toolbox. Block schemes of this model are shown in 

Figure 3.2. The amplifier is modeled as a constant gain with a current feedback loop. The 

current feedback gain, Ka, was introduced in the previous chapter.
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O '
Gap Electromagnet

Model
O ---------

Latteral Gap
O
Current
Output

O —
Current

Command
Ka Voltage

Current
Feedback

F ig u re  3 .2  E lec tro m a g n e t b lo c k  w ith  th e cu rren t a m p lifie r  

In F ig u r e  3 .2  a general view of the combined current amplifier and electromagnet 

is presented. The electromagnet details inside the block labeled Electromagnet Model are 

shown below in F ig u r e  3 .3 .  The slew rate and current limiter are included to account for 

nonlinearities.

Gap
a — *----------------

Latteral Gap
<=>
Voltage

400 V  

DC POWER

INDUCTANCE
1
S

SLEW RATE 
LIM ITER

r
J

Current
Output

CURRENT
LIMITER

COIL RESISTANCE

F ig u re  3 .3  E lec tro m a g n e t m o d e l c r e a te d  in M a tla b ® Sim ulink®
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Experimental results indicated that, increasing the current feedback resistor from the 

factory setting 100 [kQ] to 470 [kQ], the value of Ka in the amplifier model was 

increased to approximately 256 (from the initial value of 56).

Figure 3.4 showed that by increasing current feedback gain inductance pole 

migrates to higher frequencies. A similar phenomenon can be observed when the gap is 

increased (Figure 5.5). From the perspective of stability, it is not desirable to have this 

pole near the origin. For larger gaps the inductance pole approaches high frequencies on 

the order o f -100 [Hz] (gap zo = 0.9 [in], current reference Iq -3 0  [Amps], Ka =256). For 

small gaps its value is around ~ 20 [Hz] (gap z0 = 0.1 [in], current reference Iq=30 

[Amps], Ka =265). For a resistance of 470 [kQ], resulting Ka of 256 the inductance pole 

was judged to be at a high enough frequency for both small and large gaps.

-10 
I——"I
CDXj-20
CD

- 0 - 3 0

'c-40
D>
45-50

-600

Ka=62
Ka=162
Ka=262
Ka=362
Ka=462
Ka=562
Ka=662
Ka=762
Ka=862
Ka=962
Ka=1062

D)
CD
"O
0
CO
0

*-45

-90
1 0 " 10  10  

Frequency [Hz]

F ig u re  3 .4  E lec tro m a g n e t ch a ra c te r is tic s  f o r  d ifferen t K„ g a in s  (a rro w  in d ica tes

in cre a s in g  K a)
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gap=. 1
gap=2
gap=.3
gap=.4
gap=.5
gap=.6
gap=.7
gap=.8

10 10 

Frequency [Hz]

Figure 3.5 Electromagnet model for different gaps at f=30A and Ka=256 (arrow 

indicates increasing gaps)

3.3 Effects of Non-linearities on Amplifier Current Following

3.3.1 Rate Limit and Amplifier Saturation

Here the combined effects of rate limit and amplitude saturation in the amplifier/magnet 

coil sub-system of the Maglev Test Rig are discussed. Primary emphasis is on rate limit 

saturation, which is a influential factor in tracking the current.

For a given gap, and assuming the magnet inductance L, the maximum current 

slew rate is determined by (2.29) and (2.30) to be:

di
dt

= 667 [A/sec] (3.1)
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Consider a sinusoidal current command at a given radian frequency, oj, and zero-to-peak 

amplitude, Am.

I Cmd = Am sin cot (3.2)

This command has a maximum slope of Amox For a given frequency oj, the maximum 

amplitude that can be tracked linearly is governed by the slew rate limit of 667 [A/sec], 

according to:

4 « ( ® )  = 667 / oj (3.3)

The maximum linear tracking amplitudes for various frequencies are tabulated below 

{Table 3.2).

/  = Inoj (Hz) 5 1 io - i 20 l_ 4o" \
i ! 1

70 ; 100 j

■dmmax (A) 21.23 ' 10.62i 5.31 ! 2.65 '■]! 1 
i

1.52
....

1.06

Table 3.2 Linear tracking amplitudes fo r  various frequencies 

To compare the effects of amplitude and rate saturation, the following simple Simulink® 

simulation was prepared {Figure 3.6).

S in e  W ave R ate  L im ited
S c o p e

►CD
Out1S a tu ra tio n

R ate  L im iter

Figure 3.6  Amplitude and rate saturation model 

Figures 3.7 and 3.8 present results obtained using this simulation at various 

representative frequencies and amplitudes to illustrate the separate and combined effects 

of rate and amplitude saturation shown in Table 3.2. It can be seen that for a 25 [A] 

(measured current command) expressed by (3.2) the response is good, but as the 

frequency increases the rate saturation reduces the amplitude of the response signal and 

tends to change its shape toward that of a triangle wave. This could be very undesirable 

in some cases. The sharp peaks in the output signal may inadvertently excite high 

frequency dynamics. Moreover, the resulting triangle wave is phase shifted with respect 

to the command signal, and in the limit this phase shift approaches n/ 2  radians.
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Amplilude=25 A m ps Frequency =  5Hz AmpBlude=25 A m ps Frequency =  10Hr

- R esponse

»  25

time[sec.J

— —  R esponse

£<

£

-10

tim e [sec .j

Figure 3.7 Saturation simulation results for amplitude signal 25 [A] and frequency 5 and 10 [Hz]

As the command amplitude decreases the same phenomena occurs but at a higher 

frequency.
A m plitude^lD  A m ps F requency  =  10Hz A tnplitude=10 A m ps F requency  =  20H z

JO
 C om m and

  R esp o n se

30

£

25

|
20

15
0  0 .05  0.1 0 .15  0 .2  0 .25  0 .3  0 .35  0 .4  0 .45  0.5

tim e (sec .)

j s
C om m and

R esp o n se

30

(0
£
<

25
3
£

20

15
0  0 .05  0.1 0 .1 5  0 .2  0 .25  0 .3  0 .35  0 .4  0 .4 5  0 .5

Figure 3.8 Saturation simulation results for signal amplitude 10 [A] and frequency 10 and 20
[Hz]

The net result of the amplitude reduction and phase shift is similar to a low pass 

filter with an amplitude-dependent break frequency.

For real systems, accurate tracking of the desired signal is not the only issue. In 

many applications signal noise appears to have significant impact on the system response. 

To evaluate the effect of saturation on a desired command signal carrying an additive 

higher frequency noise signal, the simulation from the Figure 3.6 was modified as 

follows.
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S c o p e
S in e  W av e R a te  L im ite ii

•CD
Out1

S a tu r a t io n  R a te  L im ite r
N o ise  S in e  W av e

Figure 3.9 Simulink® model for rate and saturation effect at high frequencies 

The following Figure 3.10 shows the impact of rate and amplitude saturation on a 

2 [Hz] command signal (desired) tainted with a 100 [Hz] spurious sinusoid of equal 

amplitude. Noise signal parameters are picked up based on experimental data. It is noted 

that the rate limiter serves the desirable function of selectively attenuating the response to 

the spurious 100 [Hz] signal, without attenuating the command signal.

Signal Am plitude^SA m ps, Nofee Frequency = 100Hz, Offcet=4DAmps

— Signal + Noise 
Rarte Limit Only

»* Rarte Limit and Sduration
-  -  Signal

0.05 0.35 0.4 0.45

Time [sec.]

Figure 3.10 Rate limit saturation with high frequency noise 

On the other hand, the cost of this amplitude reduction is significant phase 

shifting of the overall output signal. This generally has a destabilizing effect on feedback 

control systems.
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3.3.2 Effect of Hysteresis

The hysteresis can be explained based on the non-linear properties of magnetic 

materials (Figure 3.11).

sheet steel

cast steel

cast iron

H
Figure 3.11 General example o f flux density B vs. field intensity Hfor different metal

materials

The relationship of field intensity H  (which is part of force expression) to flux 

density B  is graphed in a form called the normal magnetization curve. In practice it is 

possible to apply so much magnetic field using current to a ferromagnetic material that no 

more flux can be sustained. This condition is known as magnetic saturation. When the 

retentivity of a ferromagnetic substance interferes with its re-magnetization in the 

opposite direction, a hysteresis occurs for flux density. As shown in equations (2.13) and 

(2.14) this hysteresis can be mapped from the electromagnetic field B  into a lift force 

(Figure 3.13). In such a situation, ion for electromagnetic force computed based on the 

analytical express can differ from its real measured value.

Actual force and gap characteristics are compared in Figure 3.12 and Figure 3.13. 

During the experiment used to obtain the data in Figures 3.14 and Figure 3.13 4 cycles of 

increasing and decreasing current were repeated. In the worst case, the difference due to 

the hysteresis effect reaches a value of uncertainty around 0.017 [in.] in the gap 

measurements and 800 [lbf] for the resulting force.
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Current vs Gap
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Fourth Cycle
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Current (A)

F ig u re  3 .1 2  H y s te re s is  p h en o m en a  cu rren t vs. g a p

Current vs Lift Force
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First Cycle 
Second Cycle 
Third Cycle 
Fourth Cycle

4000

JQ
cd 3000

2000
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Current (A)

F ig u re  3 .1 3  H y s te re s is  ph en o m en a  cu rren t vs. lif t f o r c e

In summary, it is obvious that under certain conditions, current slew rate limit and 

the electromagnet hysteresis could have significant impact on system stability. This is the
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case when a very fast command signal has to be tracked (slew rate limitation), or when 

relatively high currents are commanded (hysteresis, saturation etc. limitations). In this 

work, to avoid the first situation proposed controllers were validated using nonlinear 

simulation where a slew rate limiter is included (see Figure 3.3). To account for the 

hysteresis phenomenon, adjustments in the Test Rig analytical models were made by 

adding dead zone blocks in non-linear force models. Collected experimental data were 

used to incorporate additional saturations blocks in the non-linear Matlab® Simulink® 

models.

3.4 Equations of Motion for Structural Model (rigid)

In previous sections the electromagnetic part of the Test Rig Maglev system was 

modeled. In the following text the structural part of the Test Rig will be introduced and 

modeled, first assuming a rigid structure then with a flexible structure. The dynamic 

model of the system shown in Figure 3.14 can be evaluated by using a Newton-Euler 

approach (3.4).

m  frame

M

F ig u re  3 .1 4  S im p le  sc h e m a tic  o f  th e  T est R ig

= F Lev ■ es -  m e 5S  + m frameg (i ~  X c m_ f )+ (M  + M Weights)ge6
(3.4)
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In equations {3.4) values et represent distances, shown in the Figure 3.14, 

between the geometrical center of the Test Rig frame and the location where steel linkage 

are attached to the four-bar frame. Values M, Mweights, mi, m2, mframe, m represent 

respectively: total mass hinged on the rear side of the frame, weights used as an applied 

load, mass of the track, mass of the track holder and load cell, mass of the Test Rig 

frame, and total mass hinged on the front side of the frame. The value of Mweights can be 

varied to simulate variations in passenger loading on the real Maglev vehicle (40 [lbs] up 

to 320 [lbs]). A value of 40 [lbs] on the Test Rig represents the empty ODU vehicle while 

260 [lbs] attached to the Test Rig frame represents 120 passengers (170 [lbs] each) 

onboard on the vehicle. Also, to be more conservative for design testing a weight of 320 

[lbs] was sometimes used (fully loaded case).

Values xcm f  and xcm define respectively, the dimensions between the

geometrical center o f the frame and center mass of the frame, and the distances between 

the geometrical center of the frame and center mass of the entire system. Gravitational 

acceleration is defined as g  and the gap between the track and the electromagnet as z.

To calculate mass and inertia values for the Test Rig, the frame structure was 

divided into elements. Expressions used for all inertia value calculations are shown in the 

Table3.3. In cases where the moment o f the inertia is not about the center of mass of the 

considered element, then Steiner’s law is applied.

m iCbeam m lob earns

2 X m Cbeam

F ig u re  3 .1 5  T op v ie w  o f  the f r a m e  in ertia  com pon en ts
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INERTIA DESCRIPTION EXPRESSION

Mass center of the frame
V e, • m t

_  / _ m  — Cbeam ' g 3 + m -C b e a m s  ' e 2 +  ™ • gj
c m _ f

mframe m  —  Cbeam S  + m _ Cheam

Inertia of the long C beams Jl ~~ (F3) ■ tn _ l0beams' (3' &o) T Wl^Jobeams' (^4)

Inertia of the C beams (border 

ones -  2 pieces):
2 2 J2 = m_Cbeam '  (^ 0 ~ 64)  +  m_Cheam  * (<20 +  ^4)

Inertia of the C beams (small ones 

inside frame - 2 pieces):
2

J3 — m_Cbeams' (&2 ~ ^4)

Inertia of the C beam inside frame:
2

J4 Wl_Cbeam' (&3 ~ &4')

Total Test Rig frame inertia J_frame 7 /  ^ .A  \

Inertia due to load mass at the rear 

side of the frame
J  — J_frame~i*' (M3~M^ e i g h t s )  ' (&] T €4)  T tit" (e/ - e4)

Table 3.3 Inertia calculation for the Maglev Test Rig 

Assuming small variations in angular rotation E, it is convenient to express equation (3.4) 

in terms of gap z as follows:

J_

For control design, it is desirable to represent the equation of motion (3.5) in state

' ̂  ~ FLev e 5 ~ ™e5g + mframeg(e4 -  xcm f  ) + ( M + M Weights )g e6 (3.5)

space form. The following states are assumed: x  = . Then (3.5) can be written as:

Fr

x =
z '0 1" z

+
z 0 0 z —1

0 0 ,

-2 -2 (<
0

e5 V 4 c m _ f  r S  e 5-)e5
0

J

LEV

mg

171 f r a m e S

(m  + M Weights
J  J  J

Choosing gap as the output variable leads to:

y  = W =

Figure 3.16 illustrates the Bode plots for the rigid Maglev Test Rig system.

(3.6)

W=[! o £ (3.7)
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Rigid structural m odel of the  Maglev tes t rig

-5 0 -----------------1— r — i-T ITT----------   T....r r r r r i T -  — ;----- -<•—T ~r~

-isoto
□; -180.5............. ........  .............................. i-

-181 J J  i j i  I......
10°  101 102 

Frequency [Hz]

Figure 3.16 Bode plots for the rigid Test Rig system

It can be seen that the above Bode plot represents a system similar to that 

introduced in Chapter 2, corresponding to a single rigid mass in space.

In this section a very basic structural model of the Maglev Test Rig was 

developed. Because of its simplicity, it was intended to be a useful a reference example 

for the more complex systems that are to follow.

3.5 Equations of Motion for Structural Model (flexible)

In sub-chapter 3.4 a Maglev Test Rig was assumed and modeled as a rigid 

structure. This is not entirely accurate for this effort. In fact, the Test Rig was designed to 

have structural flexibility representative o f the ODU Maglev vehicle. During laboratory 

testing, the investigated system exhibited elastic behavior. In this section, flexibility of 

the Test Rig are discussed and modeled.

In the interest of obtaining a simple model to characterize this flexibility, a 

system (illustrated in Figure 3.14) can be idealized as the lumped spring-mass model 

shown in Figure 3.17.
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Track Holder

T?i’frid Frame M ass

Track Stiffness

Track

m frame Rigid

Electromagnetic Force

Load plus I-beams M

Figure 3.17 Spring-mass model o f the Maglev Test Rig

It is noted that the system dynamics undergo a transition at the instant of 

levitation. Thus, it is necessary to model the system separately in the levitated and 

grounded states.

3.5.1 Levitated System Structural Model

First, consider the case when the system is levitated as idealized in Figure 3.18. 

Mass M  represents the actual load hinged on the rear side of the frame, mass m2 ' 

represents the mass of the track holder and the effective mass representing the inertia of 

the frame, therefore:

By measuring a deflection of one end of the Test Rig frame for known applied forces, 

values for kj and have been estimated to be:

{
(3.8)

/

2
ki = 1.1300e5 [Ibf/in ]  - stiffness between track and track holder 

k2 = 1.2126e5 [lbf/in2]  - stiffness of the frame 

kj = 2.5140e5 [lbf/in J - stiffness between mass M and ground 

Structural damping of 2%, has been incorporated into the model.

(3.9)

(3.10)

(3.11)
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/  /  /  /  /

Load

Track
holder

Track m

M

m

T  Fi

™  ■ -mj' = nij + mass due to frame inertia

lev

Figure 3.18 Levitated system 

Thus, equations of motion of the Maglev system of Figure 3.18 can be expressed as:

0 0 0 1 0 0

*1 0 0 0 0 1 0 '  0

x 2 0 0 0 0 0 1 x 2 0

x 3 - A
mx

K

A
m {

(K + K )

0

k 2

__£i_
m l

ci

£ l
ml 

(Cj + c2)

0

c 2

x 3

x x
+

0
1

m.
x 2 m 2 m2' m 2 m2 m 2 m 2

x 2 0
x 3

0
k 2 k 2

0 C2
x 3 0

M M M M  _

[Fl e v ]

(3.12)

The above equations define a flexible structural model in a very convenient 

notation for further analysis of systems with collocated actuator and sensors. In the Test 

Rig setups the track section is attached to the track holder (see Figure 3.1 and Figure 

3.19a), gap sensor is above the track holder. Thus, to be able to directly measure the 

actual gap between track and magnet a sensor target plate is built into the system, as 

shown in Figure 3.19b. In the results discussed herein, the case of measuring track 

motion directly is referred to as the collocated case. The non-collocated case represents 

the arrangement in which track holder position is actually measured.
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Track Holder

Track

a) Close-up view of track section mounting b) Modified gap sensing Arrangement

Figure 3.19 Track mounting

In order to consider and compare both cases, two different output equations are used:

x.

y  collocated = [*]=[! o o o o o r 3
X,

y  non-collocated =  [ x 2 ] = [ 0  1 0 0 0 o]

x,

x,

Xo

X.

(3.13)

(3.14)

Figure 3.20 compares the Bode plots for the levitated collocated and non-collocated 

systems.
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Figure 3.20 Bode plots for the levitated Test Rig system modeled 

In the above figure, a lack of zero for the non-collocated case is clearly visible. This 

makes the system difficult to stabilize (as discussed in Chapter 2).

As was shown in this subsection, system flexibility can be modeled in a very 

simple and convenient way. This sprung-mass approach makes the system of interest 

easy for further analysis.

3.5.2 Grounded System Structural Model

Before the Maglev Test Rig achieves stable levitation and its gap between track 

and electromagnet will be set to its operational value, the system starts with the load 

resting on supports. This is referred to here as a grounded condition (see Figure 3.14). 

Using a variation of the levitated system model, the grounded Maglev Test Rig can be 

represented. The idealized schematic of this case is shown in Figure 3.21.
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'1\

M

m

m

T  f,.

^  m 21 = +  m ass due to frame inertia

lev

Figure 3.21 Grounded system 

Figure 3.22 compares the Bode plots for the grounded collocated and non­

collocated systems. The main difference between these two models is modeling the 

ground effect and interaction between frame supports and frame presented as ks and C3 . 

Equations of motion for system in the Figure 3.21 are following:

0 0

0 0

0 0
h _

m. m.

i +

m2 m7

kr.
0 ,v2

M

’  0 "

0
0

. . .  + 1
w.
0
0

0 1 0

0 0 1

0 0 0

0 _ f L f L
Wj w,

k 2 (c, +

(k i + k i )
M

[f lev]

0
M

0

0 x x

1 x 2

0 x 3

i j
c2

m2 k 2

C2 C3 ) x 3

M

+ .

(3.15)
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As was done for the levitated case, the grounded case is studied for both possible 

situations. Collocated and non-collocated systems are shown (3.16 and 3.17).

y  collocated

X ,

x,

x0

x.

(3.16)

y,non-collocated [x2] = [0 1 0 0 0 0

x.

x0

X ,

X ,

X ,

(3.17)

G rounded
-50

-150

-200

-90

-180

-270

-360 o 210 10 10"
Frequency (Hz)

Figure 3.22 Bode plots for the “grounded” Test Rig system 

According to Figure 3.20, it can be concluded that despite different system 

setups, sensor collocation has significant impact on stability.
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3.5.3 Levitated and Grounded Structural Models Comparison

Here a comparison between different forms of the Maglev the Test Rig model is 

shown and briefly discussed. In Figures 3.23 a and b the grounded and levitated lumped- 

parameter models are compared with the rigid model obtained in Chapter 3.4.
Non-Collocated Collocated

CD
“O-ioo
<D*o3
cCT>(0
«E-200

0

O)-900)*o
a,'180</>
J9-270
Q.

-360
1

} CD~o-—*100<D■o3
-£-150
o>(0

*̂ -200
0

0)45<D
Q> 90 <0
5̂-135

Q_
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4 i
j j

\
\

\/
i J i m -

; ; j I :
Mi!
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A /
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V T 1
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rigid V I
- rSid

...j
:

u to’
Frec e r cy

10*
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1>° 101 102
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a ) N o n -c o llo c a te d  c a se  C om parison b) C o llo c a te d  c a se  co m p a riso n

Figure 3.23 Bode plot comparison for Test Rig structural models

From the above figures it can be observed that:

a) A simple rigid system and the flexible models, have matching dc gains and the 

slope of both bode curves is the same at low frequencies.

b) An additional pair of zeros (at ~6.5 [Hz] or ~9 [Hz]) appears in levitated system. 

For the grounded case pole-zero combination occurs at 11 [Hz], which is a ground 

interaction effect. These zeros in both cases are due to stiffness ftj.

c) The low frequency poles in the grounded cases come from the rigid body poles 

These observations show that the dynamic character of the system undergoes a significant 

change once levitation occurs.

3.6 Equation for the Entire Maglev Test Rig System

In this section the electromagnetic and structural models are combined. The 

expression (2.21) for the electromagnetic force is employed throughout. This choice was
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based on experimental validation (see Chapter 2). Lateral displacement will be assumed 

to be zero (y = 0 ).

The equations introduced in the previous chapter can be combined in the order 

shown in the block diagram in Figure 3.24 below.

cu rren tcu rren t C m d

Current StructuraLevitationDynamicAmplifier Model

cu rren t fdbk

gap fdbk

Figure 3.24 Maglev Test Rig modeling block diagram

This section compares different types of structural models. The equations of 

motion for three different systems are now explored.

3.6.1. Electromagnet Model Together with Rigid Structural Model

The Test Rig model equations introduced in subchapter 3.2 can be merged with 

the electromagnet equation from Chapter 2. Thus, combining (3.4) and (2.40) the 

following equations can be obtained:

e 2 e 2
Z  =  F L E V ~ J - m J j g  +  m fram eS k  X™ ^ + ( M + M wtigia) g e^

J J

dl  _ I CmdKa - l ( K a +R) 
dt L(z ,y )

where:

1 ju0N 2I 2dw j 2z
r L E V  ~  .  2 V  +4 Z 7TW

1 ——a tan
r \

y_
v L

(3.18)

(3.19)

(3.20)
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Equation (3.20) is to be linearized with respect to gap zo and current /& by using 

first derivative components from the Taylor expansion expressed by kz and h  coefficients 

derived in (2.32) and (2.33). Based on (3.18) and (3.19) the state space equations for the 

rigid and collocated system can be obtained:

z 0 1 0 z

z _ b*. 0 _ * L z

i
j

0 0
( Ka + R ) I

L

+

0 0 0/ \ 0
jC m d

0

2
l e 4  -  Xan_f )■ e 5 e 5 ^ 6 m g

K a
_ L

J J J m frame g

0 0 0 ( M  + M Wejghls ) g

[z]=[i o o; (3.21)

In the above equations (3.21), inputs mg, mframeg  and (M+Mweights)g  represent 

gravity loads applied to the Test Rig. They are not used for control design, but are useful 

for the purpose of simulation. One can note that these equations (3.21) in transfer 

function form (3.22) are similar to the transfer function obtained in Chapter 2 (2.43).

K ak t

G{s) -
3 2s +s K a + R

L
- s k . K K q  +  * * ,  

L
(s - p tXs + P i Xs + a ) (3'22)

As was previously mentioned, excluding the current feedback pole a, two 

electromagnetic poles p j and p 2 exist. Both (2.43) and (3.22) are one-degree-of-freedom 

systems, but with a different state variable. Therefore, comparing (3.22) to its analogue 

(2.43) it can be noted that the original is scaled due to the inertia value J, and the second 

by the mass M. This factor does not have an impact on the general form of transfer 

function (3.14). This observation illustrates that poles pi and p 2 are characteristic for
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Maglev systems and they are associated with the original rigid body poles. They 

acknowledge inherent instability o f Maglev systems and their non-linear behavior. The 

positions of these two poles vary significantly as a function of gap. This situation is 

illustrated in Figure 3.25.

0

-50

j -100

§ -150

-200
M

-250

-30R

Bode Diagram

-45

-90
10'

- z 0=0.4[in]

10 ' 10 10 
Frequency (Hz)

10 10

Figure 3.25 Pole variation due to non-linearity (rigid model)

The transfer function for the rigid Test Rig Maglev system at gap zo = 0.4 [in] has 

following form:

-2230.8G ^ ; 0A(s):
(s -  28.7)0 + 29.8)0 + 375)

while at gap zq = 0.7 [in.]:

-1082.07

(3.23)

(3.24)
0 -1 7 .1 )0  + 16.5)0 + 377)

As it can be seen, poles p i and p 2 in (3.24) change their frequency from -2.5 [Hz] to -4.5 

[Hz] which is not desirable. Similar features will be shown for the flexible Test Rig 

models.
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3.6.2 Electromagnet Model with Flexible Levitated Structural Model

In this section, a structural levitated model of the Test Rig Maglev system is 

merged with an electromagnet model. After combining equations (3.12) and (3.19), the 

following system state space representation can be derived:

x,

X ,

X ,

0 0 0 1

0 0 0 0

0 0 0 0
■h + k *L 0 _ £ l

m. mx m,
kx (k i + k i ) k 2 c i

m 2 m 2 m  2 m 2
k'y k -y

0 2 __ 2 0
M M

0 0 0 0

"  0 0 0 0
X,

0 0 0 0x2
0 0 0 0x3
n e5 (eA e5e6

Xj + U
J J J

x2 0 0 0 0

x3 0 0 0 0
KI a 0 0 0

. L

0 0 0

1 0 0

0 1 0
£ l o
m,

V

(cx + c 2) c2 0
m 2

t
m 2

u

C2 C2 o
M M

0 0

+

1

L

jC m d

mg

m  frameS
(M  + M Wejghts ) g

(3.25)

Figure 3.26 illustrates the variation of pole locations due to non-linearity for the flexible, 

levitated case.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

Bode Diagram

-50

-1008

zo=0.4[in] 

zo=0.7 [in]

-90

Frequency (Hz)

F ig u re  3 .2 6  P o le  va r ia tio n  d u e  to  n o n -lin ea rity  (flex ib le  le v ita te d  m o d e l)

The transfer function for the flexible levitated Maglev system at gap z = 0.4 [in.] is:

G gap=QA (s) = _________-121517.6(52 + 0.31s+ 2796)(s2 + 26.895 + 2.47e5)________
“  (5-28.04)(5 + 31.1)(5 + 376.6)(52 +16.655+ 5.68e4)(52 + 46.95 + 3.39e5)

(3.26)

The transfer function for the rigid Maglev system at gap z = 0.7 [in.] is:

Ggap=0J (s) ~ ~58866.21(52 +0.3l5 + 2797)(52 + 27.955 + 2.47e5)
“  ( 5 - l 7.8)(5 + 17.1)(5 + 372)(52 +15.35+ 5.63e4)(52 +47.l5 + 3.37e5)

(3.27)

In equations (3.16), the electromagnetic poles’ migration is shown (at gap 0.7 [in]

2.7 [Hz] vs. 4.4 [Hz] for system linearized around gap 0.4 [in]). It is similar to what was 

shown in a previous section. Additional flexible modes corresponding to the structural 

modes show up as predicted in (2.59) and (3.12).
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3.6.3 Electromagnet Model Together with Flexible Grounded Structural Model

Finally, assume that the electromagnet is activated while the Maglev Test Rig is 

on the ground. After combining equations (3.15) and (3.19), the following system state 

space representation can be derived:

0 0 0 1

X, 0 0 0 01
0 0 0 0x2 - k ,+ k A A

X,
0 _

3 m{ mx mx
X, = A (kx + k2) A
x2 m2' m2' m2 m2

*3 0 K_ (kx+k2) 0
/ M M

k0 0 0 ,v z

- ht

" 0 0 0 0X,
0 0 0 0x2
0 0 . 0 0

3̂
n -52 (24 -xcm _f )e5 e 5e 6

... X, + U
J J J

x2 0 0 0 0
x3 0 0 0 0

KI a 0 0 0
. L

0
1
0

£ l

m.
(c i + c2)

m2

C2

M
0

0
0
1

0

C2

m2

M
0

rCmd

mg

m frameS
(M  + M Weights)g

0
0
0

A
m]

0

(C2+Ci) 0

{Ka+R)

(3.28)

Figure 3.27 illustrates the variation of pole locations due to non-linearity for the flexible, 

grounded case.
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Figure 3.27 Pole variation due to non-linearity (flexible grounded model)

The transfer Function for the flexible, levitated Maglev system at gap z = 0.4 [in.] is:

-  83077.3(s2 + 9.825 + 6025)(s2 + 56.685 + 2.45e5)rz gap=QA / \ __ 
grounded \  J 0  + 364)(s2 + 9.65 + 4443)(s + 22.165 + 4.99e )(s + 80.17s+ 3.36e5)

(3.29)

The transfer Function for the rigid Maglev system at gap z = 0.7 [in.] is:

-  38647.23(s2 + 9.82 5 + 6025)(s2 + 56.68s + 2.45e5)
grounded (s + 380)(s2 + 9.29s + 4705)(s2 + 14.52s+ 5.59e4)(s2 + 78.81s+ 3.39e5)

(3.30)

Because system (3.28) does not levitate there are no unstable poles. Flexible modes and 

their frequencies are clearly visible and match those occurring in the levitated system.

The conclusions made in section 3.5.3 hold.

To summarize section 3.6, it can be said that electromagnetic dynamics have an 

enormous impact on the structural systems introduced in section 3.5. The system’s 

dynamics vary significantly with gap.
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3.7 Model Validation via Experiment

In this subchapter, the results of experiments to validate the models created in 3.6 

are presented and discussed. Because of the inherent instability of the uncontrolled, 

levitated Maglev system, only results with the Test Rig resting on the ground are used. 

Tests were carried out with the rig “nearly levitated” (rear mass M was primarily 

supported by the rubber pads). It was assumed that this represented the grounded 

condition (3.28).

Validation tests for the model of the entire system (3.28), (comprised of the 

combined electromagnetic and structural components), were performed using a HP 

Dynamic Signal Analyzer 3562A. Input signals were used (see Table 3.4) for several 

different operational conditions.

Signal Setup GAP

Sine sweep 1=10 +/_ 1 Amp
Gap = 0.4 in.

Sine sweep I = 20 +/_ 1 Amp
Gap = 0.55 in.

Sine sweep I = 25 +/_ 1 Amp
Gap = 0.7 in.

T a b le  3 .4  E x p erim en ta l s e tu p  f o r  g ro u n d e d  T est R ig

Results obtained from these tests (after curve fitting) are presented in Figure 3.28.
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z  =  0 .7 [ in ]

Two main points can be noted from Figure 3.28. First, the models generally have 

good agreement with the experimental results for each gap. A small difference in dc gain 

(~2dB) between experiment data and model curves for the same gap=0.4 [in.] can be 

noted. It is believed that this difference is due to increasing influence of non-linearities 

and fringing flux losses as gap decreases. Second, the steady-state gain varies 

significantly as a function of gap. This is a resultant of the system being linearized around 

different operating points. The significance of these observations is that the dynamic 

character of the system goes through significant change once levitation occurs. In theory, 

a prospective controller has to work with a wide range of plant gains. This implies a large 

gain margin will be required for the closed loop system.
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3.8 Summary

In this chapter a model o f a laboratory Maglev Test Rig was presented. This Test 

Rig was designed to provide a realistic testing environment for control system design. 

Different setups and different possible structural flexibility and Test Rig configurations 

such as grounded and levitated were investigated. The impact of non-collocation in 

sensor measurements was shown. The Test Rig Maglev model was validated via 

experiment, confirming the accuracy of the analytical approach. This model will be 

exploited in the following chapter for control design.
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4. TEST RIG CONTROL LAWS

In this chapter control laws are designed for the Test Rig system presented in the 

previous section. For a complex system it is reasonable to begin with simple control laws 

such as proportional plus derivative gain feedback, before attempting more advanced 

designs. In this chapter several different approaches will be discussed. These approaches 

are basic PD compensators, PID, gap and acceleration feedback, inverse dynamic 

calculation and finally, flux feedback.

4.1 Compensation Based on Gap Feedback

The advantage of a PD/PID controller with gap feedback approach is two-fold. First, 

simple control laws provide a baseline for performance comparisons with high order 

compensators discussed later in this work. Second, comparing experimental and 

simulated response can test the accuracy of the dynamic model. Discrepancies (such as 

non-linearity or sensor/actuator modeling) between the model and the physical system 

can be identified.

Consider first a rigid model of the Test Rig system (3.22):

C(r ) _  ~ K X__________________________ _-2231
( s - ^ X s  + z^Xs + a )  (s - 28.52) (s + 29.09) (s + 375.9) (4J)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

The open loop poles (4.1) suggest that at least one negatively defined zero with 

appropriate gain is needed for levitation if  the system is to be stabilized (see Chapter 2). 

Thus, the compensator takes the following form:

C(s) — - K p - K ds (4.2)

As shown in Chapter 2 stability can always be achieved with PD control using 

K d and K p greater than some critical value depending on the load applied to the Test

Rig [1][25][38][50][51][63][77]. This can be explained by considering the active control 

law as an equivalent mechanical spring and dashpot placed between the electromagnet 

and the track. The dashpot will always provide damping to the system modes, i.e., will 

always remove energy from their motion, thus insuring stability.

A rough approximation for a desired K p and K D can be obtained by checking the

coefficients of the closed loop characteristic polynomial; as was evaluated in (2.50-2.52), 

thus:

K p < -132 (4.3)

K d < -  0.35 (4.4)

Equations (4.3)(4.4) can be modified depending on desired damping and performance. In 

Table 4.1, compensator conditions for different model setups are presented.

Different Test Rig rigid plants KP Kd

Linearized at gap = 0.4 [in.] -132.2 -0.35

Linearized at gap = 0.7 [in.] -89.3 -0.23
.....

Table 4.1 Minimum requirements for PD compensator

Below (Figure 4.1), a simple compensator is shown where the damping 

requirement for the Test Rig system was assumed to be less than 0.707 and its time 

response less then 1 second. As a starting point, the system was considered without an 

applied load, and linearized around a gap zo = 0.4 [in.].
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Based on the design illustrated in Figure 4.1, the following values were obtained:

Kp=-170

and

Kd=-6.3

Bode plots of the proposed compensator are shown in Figure 4.2.

(4.5)

(4.6)
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PD Compensator designed for rigid test-rig model
75
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CD"O
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180
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Figure 4.2 Bode plots for PD compensator

In the theory for all rigid test-rig models, the proposed controller in the form of (4.2) 

provides stable response. As shown later, on the actual plant this simple PD compensator 

did not work correctly since:

1) Existing flexible modes required the compensator design procedure to be based 

on the full structural model.

2) Some high frequency limitation for the derivative part in the PD compensator is 

required.

All of these aspects are discussed in the following sub-chapters.
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4.1.1 Filter Design

Through experimentation, it became evident that the impact of noise on the Maglev 

system performance was so significant that it would be impossible to achieve a suitable 

response without appropriate filtering. In this subsection, various filters used in 

experimentation are described [78][79] and compared.

gap Cmd

currant Cmd

gap fdbk

Filter

Digital
FilterCompensator

MAGLEV

TEST-RIG

Figure 4.3 Model block diagram after analog and digital filters were added to plant (H Ch -

Chebyshev filter, H B-Butterworthfilter)

Consider the PD compensator expressed by (4.2) and the open-loop transfer 

function

^ ' openloop (s) -  H ch(s)C (s)G (s) (4.7)

where G(s) is the transfer function of the modeled system. The input is the current 

command and output is the unfiltered gap signal. The G(s) can have different forms 

depending on whether:

a) The model includes flexible modes or not (3.21) or (3.25), (3.28)

b) The model can be linearized around different operating points

c) The model can be considered as grounded (3.25) or levitated (3.28)

While all of these cases were investigated, only those that are required for illustration 

purposes are shown.

A closed loop transfer function can obtained:
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openloop
(4.8)ClosedLoop

1+ H  B (s )Gopenloop(s)

where H  B(s) is the Butterworth filter transfer function.

The practical disadvantage of the PD controller (Figure 4.2) is that the differentiator 

portion is a high-pass filter which usually magnifies any high frequency noise that is 

carried by the input signal.

4.1.1.1 Digital Filter

The filters discussed here were designed to achieve less than 0.5 dB pass band 

ripple; the minimum order o f the filter was assumed to be Np = 3. Among many filters 

investigated the following was chosen for digital filtering use:

1) The type II Chebyshev filter where phase delay at 100 [Hz] is around 16.3° and 

roll-off at 1250 [Hz] is 15.6 dB. Its transfer function is expressed as follows:

2) If the controlled process contains one or more pairs of complex-conjugate poles 

that are very close to imaginary axis of the s-plane, these complex poles usually cause the 

closed loop system to be lightly damped or unstable. In this case it was found that the 

effective approach was to modify the zeros o f the Chebyshev type II filter to form an 

Notch characteristic while retaining Chebyshev type II pole pattern. This provides low 

pass filtering while keeping the phase delay in reasonable range (4.10):

A notch filter attenuates the impact o f the mode at frequency a (see equation 

2.156). The parameters in the denominator describe desired performance.

(4.9)

3f07.2(s2 + 559.6s+ 9.193-10s)
(4.10)

(s + 1223) (s2 + 2080s + 2.336 -106)
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Figure 4.4 Digital filters comparison 

The advantages and disadvantages o f notch filters were discussed in Chapter 2 

where it was pointed out that because of the migration of plant transfer function zeros it is 

not the best solution for a moving Maglev vehicle. However for the test-rig application, a 

notch filter can be sufficient.

Property Chebyshev II Notch
Phase at 
100[Hz] 

dB at 
1250[Hz] 
# of Poles

-15.3 -24.1 

-14.6 -8.4 

3 3
Table 4.2 Digital filter comparisons

Therefore Chebyshev or Notch (see Table 4.2) should be used interchangeably depending 

on the application case.
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4.1.1.2 Analog Filter

The test-rig application uses 12-bit A/D hardware with a sample rate of 20 [kHz]. 

A 12-bit A/D converter has 72dB of dynamic range. Accordingly, it is generally desired 

to have 72dB of attenuation at the Nyquist frequency, 10 [kHz], to avoid aliasing.

Anti-aliasing was achieved by introducing a second filter. It is an analog device,
tf»Wavetec model 842. It was set up to be an 8 order Butterworth filter with a cutoff 

frequency at 4000 [Hz].

1.59 -1035
» « (* )= (s2 + 4.9-104s + 6.3 -108) (s2 + 4.2 -104s + 6.3 -108)

1
(4.11)

(s2 + 2.8-104s + 6.3-108)(s2 + 9806s + 6.3-108)

This filter introduces 7.7° phase delay at 100 [Hz], which has to be considered in 

the design process. Characteristics o f this filter are presented in Figure 4.5 below.

Butterw orth @ 4000 Hz

•100
coT>
<D■o
3 -200

-300

-400

-180
o>0)T>
aT -360 </)
sz
CL -540

-720 ,2 3 4 5 10®10' 10“ 10 10'
Frequency (Ft)

F ig u re  4 .5  A n a lo g  f i l t e r  c h a ra c te r is tic s;  B o d e  p lo ts
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4.1.2 Root Locus PD Control Design

In this section, the Evans root locus design approach is used. The basic properties 

and systematic construction of the root loci were first presented by W.R. Evans. For 

plotting the root loci accurately the Matlab® root locus tool in the Control System 

Toolbox® was used. Magnitude and phase characteristics can be obtained by applying 

this tool to the open loop system modeled in (3.25). Through root locus design, the 

performance of the system can be analyzed and different compensators’ parameters can 

be chosen accordingly.

As a starting point for design and tuning of the compensator C(s) , let G(s) be a 

transfer function of the flexible levitated plant linearized at gap -  0.4 [in.], and the 

current reference value Iref  = 25 [A], The current reference can be easily evaluated for a 

given gap and applied load as shown (2.118). According to frequency plots in Figure 4.6 

a phase margin begins to degrade ~7[deg], due to the first pole at around 5 [Hz]. This 

value can vary and will be higher when the gap decreases. Furthermore, phase is lower 

than -180 [deg] in the range of frequency between 40 [Hz] and 80 [Hz] (-35 [deg]). For 

frequencies higher than 70 [Hz], the system phase margin becomes negative for 

frequencies (-45 [deg] up to 90 [deg]), see Figure 4. 6  below.

B o d e  D iag ram
-20

-40
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ro -100

-120

-140

£  -180

-270 o 1 210 10 10
F r e q u e n c y  (H z)

F ig u re  4 .6  M a rk e d  p h a s e  d e la y s  f o r  th e in itia l co m p en sa to r  d es ig n
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The compensator

C(i; = - 1 8 5 -2 .2 s , (4.12)

provides stable results for all different test-rig setups for both analytical and experimental 

tests.

Root Locus

5 0 0 0 .1 4 .........0 .1 9 0 .0 8 5 0 .0 4

4 0 0 0 .2 7

3 0 0  =■ .........

0 .3 8

200

1
1

0 .5 4

ip  1 0 0
-  0.8  -

0.8
-100

- 0 .5 4  ~  0 .3 8   0 .2 7  1  0 .1 9  0 .1 4  0 .0 8 5 0 .0 4

-100 -5 0 0 5 0
Real Axis

Figure 4.7 Root locus design for modeled system with filters 

Performance characteristics for different system models with the same compensator 

(4.12) and the same filters (4.9) (4.10) are tabulated below (Table 4.3).

Gain Phase Time
Property Margin Margin response

rdB] Tdegl [sec.]
Gap z = 0.4 in. 4.7 10.4 0.4

1 Gap z = 0.7 in. 9.3 11.8 0.6
Table 4.3 Test-rig model performance with PD compensator and filters

Step response result of system linearized around operating gap 0.4 [in.] is presented in 

Figure 4.8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

command
response

0.4

Q.
CO
O

0.7

D 0.1 0.15 D2 0.25 0.3 035 0.4

Time [sec.]

Figure 4.8 Step response for the modeled linear Test Rig system with PD controller

As shown in the above figure, a stable response was obtained for modeled test-rig 

case with this compensator (4.12). The Maglev Test Rig model linearized around an 

operating gap of 0.4 [in.] provided fast response 0.4 [sec.] but at the same time relatively 

high overshoot. Also it has to be pointed out that no compensator was found which 

would work for both Maglev Test Rig systems with and without a large applied load 

(Mweights)- In Figure 4.9 a gap response was shown for a non-linear model simulation 

without applied load. It can be seen that stable result was obtained; however, the steady 

state error is significant.
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Figure 4.9 Gap response fo r  modeled non-linear Test Rig systems with PD controller

4.1.2.1 Steady State Error

It is seen in Figure 4.9 that response has steady-state error as was expected for PD 

compensation. For a step command (0.4 [in.]) steady state-error is caused by gravity, and 

due to Simulink® simulation ess = 0.162 [in.] when the gap command z Cmd = 0 .4  [in.].

Steady state errors can be reduced by either the incorporation of an integrator into 

the control law, or by adding a constant current offset 1°FF to the compensator output 

signal. The second method can be illustrated; based on equation (4.13), where measured 

gap z can be expressed as:
/~i I jO F F  , C m d f- t \

z = — t L J d  (4. is )
1 + z CmdH BGopenloop 

Knowing that steady state error is expressed by:

e „ = z M - z .  ■ (4.14)

the following expression for e can be obtained:
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openloop

B openloop

(4.15)

Thus, by increasing the current offset f )lh for a constant gap command z Cmd, the

value of the ess decreases.

For suppressing ess and to avoid destabilizing effects it may be preferable to use a 

current offset instead of an integrator. Both solutions will be discussed and evaluated 

experimentally in the following subchapters.

4.1.3 Robustness of the PD Control Design

In this subchapter, robustness of the solution proposed in 4.1.2 is discussed. To 

investigate robustness of the controller, an additive plant uncertainty can be defined as

Here, Am represents mass uncertainty with possible variation in the range of 50% 

of its nominal value (weight hung on the rear side o f the test-rig frame). Further Agap 

represents gap variation in the range 0.1 to 0.7 [in]. This is approximately 40% of the 

fluctuation around nominal and desired gap 0.4 [in.]. Figure 4.10 presents how the open 

loop transfer function varies in this range of uncertainly.

[43]:
G Rtal („\

openloop\S ) = ( T ,
i mod eled 
openloop ( S ) + & G openlooP {S ) ’openloop (4.16)

6 Gopenioop(s) Q isgap
Am 0

(4.17)
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Bode Diagram
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Figure 4.10 Open-loop Bode plots with mass and gap uncertainties

Based on uncertainty models, some evaluation of the stability regions can be 

determined using stability sigma calculations. These calculations are valid for both 

MIMO and SISO systems.

Since an open loop system with additive error has the form (4.16) with (4.17), a 

closed loop plant with unity feedback gain is [43]:

W  = G "  (i) + A (s) (4.18)

From Nyquist theory it is known that:

det I  + openloop

det ^ + f e , " ( s ) + A G w ^ ( J))c(S) 

/  + t e C ( 4 + A G „ , w (s))c(s )

* 0

0 < (7 I  + C (s)G :X Z  W + A G oPe„loop (*)C(s)

(4.19)

(4.20)

(4.21)

(4.22)
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0 < <7 j/ + A Gopenloop (5 )  • c(s) 4 - G 0peni00p  W - C W l ' J ^  +  A G ^W -cW )

Assuming a conservative solution:

0<cr 1 + AG„„„, (*)• C(sy (/ + G„„,„, (s). c (i)f .2 [r + G „,„ (s). C(s)]

Knowing that the nominal system is stable with C(s) from (4.12), it follows:

> 0

0<<x[/]-cr

since

AG (s) ■ C(s)(/ + Gopenloop

f r]=i

equation (4.27) becomes:

A G ^ p(s) -C[S ) - ( l  + Gopenloop <1

From singular value properties:

I + Gopenloop « cw

(4.23)

(4.25)

Since both sides of (4.24) can be divided by LHS of (4.25)

=^0 < a [/ + A Gopenloop {Sy  c (sy  (/ + Gopenloop (sy  C i s t  J (4.26)

(4.27)

(4.28)

(4.29)

(4.30)

Thus, (3.35) can be expressed as follows:

W ) ]  < 2  [/ + (j)c(j)] (4.31)
The solution of (4.31) can be shown graphically assuming a compensator in the 

form of (4.12) with system uncertainty (4.17). As it can be observed (Figure 4.11), 

equation (4.31) is valid in nearly the entire frequency range. Only for frequencies 

between 0.2 [Hz] to 1 [Hz] (highlighted by a rectangle) did the test fail to validate. Due 

to the conservativeness with which the equations (4.24)-(4.31) were derived, an 

unequivocal conclusion cannot be made. But at least a range of frequency where potential 

problems can occur can be distinguished.
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Figure 4.11 Robustness ofPD compensation

However as it will be shown, some experimental results on the actual Test Rig 

plant exhibited small vibration in gap response with frequency around 0.8 [Hz] (see 

Figure 4.32). According to analysis this is caused by electromagnetic field stiffness and 

its associated poles at low frequencies (see equations (3.23) and (3.24)).

The solution presented in the Figure 4.11 above was validated via non-linear 

simulation (Figure 4.12) and by experiment. It is found that the system’s simulated 

response does not contain low frequency fluctuations observed in gap measurements.

Because of the steady-state error which was not eliminated by PD compensation, 

it was required to incorporate for a non-linear simulation a current offset value equal to 

15 [A]. Also it was necessary to command a lower gap 0.35 [in.] instead of 0.4 [in.] to get 

a desire gap (see Figure 4.12).
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Test Rig time response, gap feedback, no Load, IM-L simulation
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Figure 4.12 Step response of Test Rig non-linear simulation

To summarize this section, it can be said that proposed compensator (4.12) can be 

successfully applied to the Test Rig system. However the actual plant response with this 

controller will be shown in following subchapters.

4.2 Sensor Fusion, Gap and Acceleration Feedback

In section 4.1 all compensators presented were designed based on gap feedback 

only. In Maglev applications, the high frequency noise content of measured gap data 

hampers the computation of its discrete derivative for feedback control, and indeed 

renders it useless if  the noise is of high enough amplitude. The addition of low pass filters 

to the gap signal reduces stability margins if  the passband is low, or leads to derivatives 

with noise associated with filter response to quantization if  the passband is high. To avoid 

amplification of noise due to the derivative, it is convenient to incorporate acceleration 

measurement feedback. Using the integral of measured acceleration seems attractive 

because it eliminates the need for derivatives; however accelerometer integrators are
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subject to low frequency drift. To work around these problems in practice one could 

resort to a washout filter [80] on the acceleration signal and a leaky integrator to compute 

an approximate derivative. For systems where the derivative term serves to stabilize low 

frequency dynamics, these strategies will reduce the stabilizing influence of the 

derivative term. The goal of this section is to investigate an approach to merge discretely 

differentiated gap data with discretely integrated accelerometer data, in such a way that 

the merged result approximates a derivative.

Laboratory experience shows that the following arrangement serves to minimize 

the low frequency drift of the acceleration data and its integral.

Acc.-K-

LTI System Accel Sensitivity Leaky Int
DM6420 Acc DM6604

DC Offset

-.0078

Wash
5e-5

Target Scope

DM6420
RTD
Analogln

1 (DIFF)
DM6604 

RTD 
Analog Output

Scope (xPC) 3

Figure 4.13 Simulink model o f the acceleration branch in control law

The raw data is adjusted for DC offset, passed through a washout filter, and 

finally integrated using a leaky integrator. In continuous time, the washout filter has the 

form:

= —  0.32)s + a

The discrete-time zero order hold equivalent of the washout filter implemented with 

sample period T is:

= (*-33)z - e
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Washout Filter, 10Orad/s

-10

-15
-20

-25

 Continuous
— -Discrete

» 45

o t ,2 31010 10 10
Frequency (Hz)

F ig u re  4 .1 4  W ash out f i l t e r  ch a ra c ter is tic

The washout filter Bode plot for a = 100 [rad/sec] = 15.91 [Hz] and T = 5xlO-5(20

[kHz] sample rate) above illustrates (Figure 4.14) that this is a highpass filter. A leaky 

integrator is usually specified in discrete form as:

TzGLeakiz) =-----^  (4.34)z — e

where b can be thought of as the “leak” frequency in radians/second. The Table 4.4 

below compares the values of e~bT for various leak frequencies, b, with T  = 5 x 10~5. Note 

that an ideal discrete integrator is a special case of the washout filter with e~bT = 1.

b (rad/sec) 0 0 .2 2 .0 2 0 .0 2 0 0

e~bT 1 0.99999 0.99990 0.99900 0.99000

T able  4 .4  L e a k  fre q u e n c ie s  com parison
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The Figure 4.15 compares Bode plots o f leaky integrators with a range of leak 

frequencies, using T  = 5 x 1 (T5. Note that in each case the slope of the magnitude plot 

passes through the 1 rad/second line at 0 dB gain, thus the leaky integrator is seen to 

approximate an ideal integrator for frequencies greater than b by approximately 1 decade.

Bode Diagram

T5

T3

-00

-100

T5

1 n  i r

-so
0 3

10
tt

10 10 ID 10 10' 10 10
Frequency (radfeec)

F ig u re  4 .1 5  B o d e  p lo ts  o f  lea k y  in teg ra to rs

The gap signal can be lowpass filtered using a single pole unity gain system of the form:

Glp(s) = —  (4.35)
s + c

The discrete-time zero order hold equivalent of the lowpass filter implemented 

with sample period T  is:

fl -e~ cT\ z
Glp^ )  = ^~   J f  (4-36)z — e

Figure 4.16 below shows a Simulink® diagram designed to merge the washed-out and 

leaky integrated acceleration signal with the lowpass filtered discrete derivative of gap.
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Figure 4.16 Simulink diagram designed to merge components in acceleration stream

Equating the washout frequency a to the break frequency c of the lowpass filter, 

results in a system with Bode plot that approximates an ideal derivative. The x-axis is 

radians/second to facilitate the confirmation that the magnitude passes through the 0 dB 

point at 1 [rad/sec] as an ideal derivative would.

Bode Diagram
Simulink Linearization of Signal Merging Scheme PD Acc Mto

100

CDT>
d>TJ
3

C(3nj2

-20

0 50)"O
^  4 5toTO

•1 0 1 .2 3 4
10 10 10 10 10' 10

Frequency (Hz)

Figure 4.17 Bode p lo ts o f  the compensator m erged acceleration stream  

Note that the dip in phase is apparently due to the Simulink® linearization, since a 

linear analysis does not exhibit this property.
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The method shown above illustrates how additional sources of measurement data 

(in this example acceleration measurements) can be utilized during compensator 

application. It was shown that in the control law the problem with a discrete derivative 

term arises; however it can be relatively easy rectified.

4.3 Flux Feedback

Consider system (3.22) but assuming that a measurement of flux density B, 

obtained via a sensor placed in the magnet, is available. It is more convenient for 

modeling to use the air gap flux ® instead of its density B. The relation between these 

two variables is following:

<P
B  = —  [Tesla] 

wd
(4.37)

When air gap flux is linearized as a function of gap z and current I  [47], [63] it becomes:

(4.38)<D = kw I  + k(t)Zz
where

dz
(<o).

dl
(>o) (4.39)

kz
'Vi

t

Ka

Ka 1/L

M/
1/s

H/L

K+i

Id
Structural 

Flexible Test-rig -I>

kz

Figure 4.18 Test Rig system with flux feedback
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A control scheme with flux measurement can be illustrated by a block diagram in 

Figure 2.18 introduced in Chapter 2. According to this scheme and equation (2.38) which 

represents the current state, a new form of equation (2.38) with flux feedback becomes:

dJ _ kz k9k9Z
—  =  — z  +  -— — z  ■ 
dt k : L

K a + R + k^k^j 7 + ^ - 7  
L

Cmd (4.40)

Thus, the state-space matrices of the system (3.25) can be expressed by:

A f =

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1
k  - k . k , c ,z 1 _1_ 0 ___1_ 1 0

m l mx mx mx
K (K + k2) k 2 c\ (c, + C2 ) C2i

m 2 m 2 m i m 2 m 2 m 2

0
k 2 k 2

0 S i . _  S i—
m3 m3 m 3 m3

k k/v<D/vO z 0 0 b*. 0 0
L k f

0

0

0
A
ml

0

0

K a + R + krUk,<D O/

B = B  = C F =C = [1 0 0 0 0 0 o] (4.41)

0
0
0
0
0
0

E l
L

By investigating the characteristic equation of (AF,Bf ,CF), it can be noted 

[25],[63] that flux feedback can make the system conditionally stable without gap 

feedback, only if:

k  =  ( 4 , 4 2 )

{km kt - k mkz)

In the above equation all coefficients apart from km  and km are known. The values of 

k(W and ka>/ can be based on experimental data (Figures 4.19 a, b, c).
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Figure 4.19 Flux experimental data

25

Knowing that <£> = Bw d, first one can calculate kBI based on the flux density curve 

obtained at gap zq = 0.4 [in] around operation current Iq = 25 [A] (+/- 5 [A]).

AB B(30)-B (20) 10500-6800
kB!= —  =-------------------= ------------------  = 370 [Gauss/A] (4.43)

m AI  3 0 -2 0  3 0 -2 0

To convert the flux density units from Gauss to Tesla (SI system) let apply : 1 [Tesla] =

10 4 [Gauss], which gives:

kBI =370-10~4 =0.037 [Tesla/A] (4.44)

Thus,

K i  = kBiwd = 7.1895-1 O'4 [Webers / A] (4.45)

Second, calculate kBZ based on B curves obtained at current Iq = 25 [A] around operation

gapsz = |  0.3, 0.4, 0.7j  [in.].

. AB £(0.017) -5(0 .007) 4800-12400 o i n 5 _  , , //t ^k R7 = ------ = -----      -  = ---------------------= 8-10 [Gauss/m] (4.46)
Az 0.017-0.007 0.017-0.007

After conversion into SI units system it becomes
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kBZ= 8 • 105 • 10"4 = 80 [Tesla / m] (4.47)

Thus,

K z  = kBzwd = 1 -55 [Webers / m], (4.48)

Substituting expressions (4.50) and (4.51) into (4.49)

k^=  1.95T05 [A / Webers] (4.49)

Where k# is the gain for flux feedback loop.

4.3.1 Flux Leakage

Values (4.51) and (4.52) can be obtained analytically from linearized expression (2.13).

juoN I 0S
km  ~ ~ oz I  2z»2

(4.50)

h 2 Z,
Z n

M°NS (4.51)

The difference between these two sets of numbers (4.48)(4.45) vs. (4.50)(4.51) is shown 

in the below Table 4.5.

Linearized 
coefficients for flux. 
(Io = 25 [A], z0 = 0.4 

[in])

Analytical Experimental Flux Error 
[Webers]

Total Flux 
Losses 

[Webers]

K z  
K i

1.82 
7.28 104

1.55 
7.18 104

A k(t>7 zo=0.0027 
A km 7o=0.0025

0 Loss = 0.0052

Table 4.5 Coefficients for linearizedflux expression

These discrepancies may be due to unmodelled [38] flux leakage and flux fringing. 

Assuming a uniform field between the magnets poles, the pole leakage can be defined as:

u NIndh
®u> = — V -  = °-0027 > (4-52>2 z0

where hm is the electromagnet pole height.
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Also for the lower part of the electromagnet, the core leakage flux can be modeled as a 

semicircular shape, called the yoke leakage, expressed as follows:

0  = _ tLo ^ i  °d... = 0.0023 (4.53)
n

Thus total flux leakage is equal

<bLY + cp£/J = 0.0051 [Webers] (4.54)

which is almost exactly the flux error indicted in Table 4.5.

4.3.2 Flux Feedback Analysis

With the value of k,h from (4.52) the open loop Bode plots are illustrated in Figure 4.20.

B ode D iagram

-50

-100
 rigid fluxfeedback in:l [A] out:gap[in]
 flexible fluxfeedbackin:l[A] out:gap[m]
-^ -f le x ib le  without fluxfeedback in:l[A] out:gapfinl

90

Q.

-90

Frequency (Hz)

Nonlinearities are linearized
F ig u re  4 .2 0  M o d e le d  T est R ig  sy s te m  w ith  a n d  w ith ou t f lu x  fe e d b a c k

Based on the magnitude plot one can say that the Test Rig system behaves like a 

system without unstable poles. Using k(l> -1 .9510s the transfer function for flexible test- 

rig system with the flux feedback loop is presented below.
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121517.6165(s2 + 0.318s + 2796)(s2 + 26.89s + 2.473-105) .. . . .
6 (5) =  r------------------- --------------------------------     ( 4 .5 5 )

s2 (s + 174.8) (s2 + 5.485s + 6.054-104)(s2 +44.82s + 3.398-105)

The advantage of using flux feedback is clearly evident in that the real valued 

poles linearizing the unstable and have moved to the origin. Both the rigid and flexible 

Maglev systems illustrated in Figure 4.20 reveal constant slope 40dB/decade at low 

frequency.

However there are known practical problems [25] associated with the Hall plates 

used to effect a flux feedback sensor. Hall sensors are fragile and hence they need to be 

protected. In this particular application they were put in composite “envelopes” inside a 

slot in the electromagnet core. These devices are also sensitive to temperature (the sensor 

used in this application can operate only in the range between -40 [°C] to 100 [°C]), 

which is not desirable especially when the magnet is driven by high current for long 

period of time.

One can apply a root locus method in the compensator design for the system with 

flux feedback as was performed for gap feedback. In this case also, a PD compensator 

was designed (Table 4.6), which provided a stable model response with sufficient 

performance. In the tables and figure below (Figure 4.21) performance of the designed 

compensators is shown.

Gap = 0.4 [in.] Gap = 0.7 [in.]
Compensator Gain Phase Gain Phase

C(s) = -280-2.2s Margin Margin Margin Margin 
[dB] [deg] [dBl [deg]

no load 7.13 32.5 2.1 9.5
with load 16.9 24.6 11.8 35.0

T ab le  4 .6  P erfo rm a n ce  o f f lu x  fe e d b a c k  c o n tro l la w  w ith  P D  co m p en sa to r  a p p lie d  to

lin ea r  M a g le v  m o d e ls
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Figure 4.21 Test Rig time response with flux feedback 

In these tests two modeled test-rig system were investigated, one with extra load 

applied M weights = 320 [lbs] (see Figure 3.14) and a second without additional mass

Mweights ~ 40 [lbs].

Observing the above figures it can be noted that system without applied load 

tracks the gap command faster and with smaller overshoot. This situation can be easily 

explained by mass inertia, which is much higher when M weights acts on the test-rig frame. 

It is worth noting that for loaded system with flux feedback, a stable response exists, 

while for pure gap feedback a compensator setup which could guarantee stable response 

for both plants (with and without applied load) was not found. Also for the system 

without additional mass on the rear side of the Test Rig frame the settling time appears to 

be worse in the gap feedback case (Figure 4.8 - 0.4 seconds), comparing to 0.2 second for 

the modeled flux feedback incorporated into system (Figure 4.21). These notes clearly 

indicate that the flux feedback is desirable to improve system robustness.
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4.4 PD Control with Inverse Calculation

As was mentioned in section 2.14 non-linearity of the Maglev systems equations 

can be neutralized by applying inverse force calculations into the control law (see Figure 

2.23). In this section a model of the system with inverse force calculations is developed 

and a compensator design is presented. Based on equations of motion (3.25) and 

levitation force characteristics from (2.120) a new flexible test-rig model can be derived.

x.

X,

0 0 0
0 0 0

, 0 x 0 0
f a + O 0

m . m l

ki i h  +ki) k2
m  2 m 2 m 2

0
M M

K aK 0 0
k ,L

.+

1

0

0
_ f L

ml

m 2 

0

*2.
k i
0
0
0
0
0
0

Lk.

0
1

0
£ l
m,

( c j  +  c 2 )

m 2
£ l
M

0

Jy-Gm/ j

0
0

1

0

C 2 

m 2

— £i. 
M

0

0
0

0
~ ki
ml

0

0

(k . + r )

+

X ,

(4.56)
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Inverse Calculation
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Figure 4.22 Bode plots o f the system expressed by equation (4.56)

As can be seen (Figure 4.22) the two real poles p i and p 2 which were unstable for (3.26) 

for the system expressed by equation (4.56) have moved to the origin and are similar to 

rigid body poles. This makes the system easier to stabilize. The inverse force calculation 

idea is very similar to flux feedback approach shown in section 4.3.2. In the both cases an 

inner control loop attempts to linearize the system first and then, an outer loop stabilizes 

the plant.

An example of compensator root locus design is shown in Figure 4.23 where system 

poles for PD compensation remain in the stable region for all compensator gains (black 

squares on the loci curves).
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Figure 4.23 PD root locus design for system with inverse calculation

The compensator C(s)=-10400-220s provides the best performance among these which 

were tested. Moreover; systems with inverse calculations as an integral part, tolerate 

variation in compensator coefficients up to +/-50% of their nominal values. Experimental 

results are presented in section 4.5.

4.5 Application and Experiment Results

In the earlier sections control laws for the Test Rig system modeled in Chapter 3 

were designed. To validate all these proposed controllers, experiments were carried out at 

the ODU laboratory facility (see Figure 3.1). In this section the hardware setup of the 

experiment will be discussed and results presented.
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For control law application the Matlab® tool called xPcTarget was utilized. The 

advantage of using xPcTarget is flexibility in the control design. A prospective 

compensator can be changed very easily in Matlab® Simulink® software on the host 

computer, then compiled and sent to the target machine. In this particular test 

configuration a desktop PC computer was used as a host. A PC 104 single based computer 

with Intel® 468 series processor was used as a target. Communication between these two 

devices was established via Ethernet. The RTD® PCI04 computer was equipped with 

data acquisition card. Sampling time for PC 104 was set to 20 [kHz].

Scheme of the Test Rig setup is shown in the Figure 4.24.

B P

PC Host
a

PC 104 Target

Current
Command

Current
Monitor

P~WM Amplifier

Analog
Filter

Acceleration 
Sensor

u, a

Maglev Test Rig

Flux Sensor

Load Cell

Figure 4.24 Schematic o f the Test Rig experiment setup

The PWM amplifier, Clinton power supply, electromagnet and analog filter used 

in these experiments were already introduced in Chapter 3. A Kaman model 12CU eddy 

current type gap sensor was used. For acceleration measurement a PCB 302A sensor was 

used, while to measure flux a BH-202 Hall sensor was adopted. Additionally for 

magnetic force monitoring two load cells were built into the system, Omegadyne®, model
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LCHD-10K, measuring range O-IOOOO lbs. All reading data was converted by National 

Instrument data acquisition card to monitor and plot results in Matlab®.

The duration of each test was 60 seconds. The gap command was a ramp function 

with negative slope starting from gap 0.7 [in], (initial value of gap). The final desired gap 

was value of 0.4 [in.] achieved after 7 seconds.

0.75

0.7

0.65

] 0.6 
i*o 0.55

0.5

0.45

0.4
20 30 40 50 60

time [sec]

Figure 4.25 Gap command fo r  the Test Rig experiment

After 50 seconds another ramp function was activated to smoothly decrease the command 

value back to its initial 0.7 [in].

4.5.1 Pure Gap Feedback with PD/PID Compensator

In the first test, gap feedback control laws were investigated. The best 

performance in this case was achieved with a PD compensator and a 3 pole Chebyshev 

type II digital filter. The Simulink® diagram for this configuration in xPTarget software is 

shown in the below Figure 4.26.
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Figure 4.26 Simulink® diagram o f the gap feedback control law

Obtained gap results {Figure 4.27) were satisfactory; however, after zooming in 

on the gap history a small fluctuation of around 0.025 [in.] with around 120 [Hz] 

frequency was noted {Figure 4.27b). It was also observed that current command to the 

amplifier carried a lot of high frequency noise (see Figure 4.28) and steady oscillation of 

+/-15 [Amps] at approximately 120 [Hz]. In Figure 4.28 the best results are shown when 

a 3 pole 3400 [Hz] Chebyshev digital filter together with 4000 [Hz] analog 8 pole 

Butterworth filter were utilized in the gap feedback control loop.
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Figure 4.27 Gap responses with PD compensator -  pure gap feedback
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4.5.2 PD/PID Compensator based on Gap with Acceleration Feedback

The next test was carried out with the sensor fusion approach described in section

4.2 when acceleration signal together with gap feedback were used. The same PD 

compensator, which was applied in the previous experiment, was used. The only change 

was made in the Simulink® control scheme in agreement with the analysis introduced in 

section 4.2 by incorporating a leaky integrator. The new control scheme diagram was 

uploaded into the PC 104 computer as shown in Figure 4.29. New features in comparison 

to a pure gap feedback control law are marked by arrows.
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Figure 4.30 Gap response with PD compensator -  gap and acceleration feedback in range o f 1
ms time range

As can be seen in Figure 4.30 performance was significantly improved compared 

to the pure gap feedback case. There is no 120 [Hz] oscillation visible and also the 

current command signal looks smoother with a lower noise amplitude range. Current 

signal noise is in the range between 19 and 25 Amps {Figure 4.31) versus 0 to 30 Amps 

{Figure 4.28).
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Figure 4.31 Current command signal (gap and acceleration feedback)

After the applied load to Test Rig was increased some issues related to gap 

response were observed. Gap started to exhibit 0.8 [Hz] variations (Figure 4.32). This 

behavior was predicted by analysis and shown in the Figure 4.11.
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Figure 4.32 0.8 [Hz] fluctuations in gap response
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In spite of this, the system remained stable. Thus, the test-rig system with 

acceleration feedback as an additional source of data coupled with pure gap information 

provided stable and robust performance.

4.5.2.1 Steady State Error Tests

As was mentioned in 4.1.2.1, when using the PD compensator, steady state error 

is expected in the test-rig gap response. In Figure 4.33, system response without a current 

offset is illustrated (0.4 [in] gap is commanded). As can be seen 0.17 [in] error occurs, 

which validates the analytical simulation presented in Figure 4.9. It is common to use an 

integrator to drive down this error. The Test Rig system performs better with an 

acceleration measurement in parallel to gap sensing thus an integrator was incorporated 

into this setup. Steady state error was eliminated while the gap remaining in the 

satisfactory range (see Figure 4.34).
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A new PID compensator was designed based on root loci (Kj-60, Kp= -188, Kp> =-2.2) 

to find a maximum phase and gain margin.

4.5.3 Compensator with Linearized Calculation (Force Inverse)

The control law developed in section 2.14 was tried on the test-rig setup. As was 

predicted this compensator worked over a very wide range of controller coefficient values 

for Kp and Kp. These tests used an m-file to describe the electromagnet force in model 

inversion computations. A simple form of the force model that does not account for 

fringing is used (see Figure 4.35).
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Figure 4.35 Model o f the force inverse calculation

Experimental results when inverse force calculation is used are shown in the 

Figure 4.36 and Figure 4.37.
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Figure 4.36 Test Rig response with force inversion (.KP=35000, KD=350)
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Figure 4.37 Test Rig response with force inversion and integrator Kj=3000

It is worth noting when the values of Kp and Kq were varied in range of +/-50% 

the Test Rig Maglev system remained stable. The integrator which eliminated steady state 

error also did not introduce any undesired behaviors.

4.5.4 Compensator with Flux Feedback

In the last experiment a flux feedback loop was incorporated into the control law. 

The test-rig characteristics, as shown in section 4.3, resulting from the additional flux 

loop became linear and easier to stabilize. On the host computer a new Simulink® model 

was created and applied to the actual plant. In Figure 4.38 new components of the control 

law with flux feedback are marked by arrows.

Results obtained when flux measurement were utilized are shown in Figures 4.39 

4.40. In the first Figure 4.39 gap response with a simple PD controller is presented while 

in Figure 4.40 gap response with an additional integrator (Kj=20) incorporated into 

control law are shown. Comparing to the previous compensators results this setup 

provided good performance and robustness. Compensator gains were varied by -70%
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(120 < Kp < 370 and 1.2 < KD <3.7) and still the Test Rig response remained stable.

Additional weight was added of 320 [lbs] and the system still exhibited a stable behavior.
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Figure 4.38 Simulink diagram o f the mixed gap and acceleration feedback control law with flux

feedback

Flux feedback control is similar in concept to inverse calculation introduced in the 

previous section. However the linearization in this case is more effective which can be 

seen by comparing transfer functions (2.117) versus (2.126). It can be concluded that this 

approach performed the best among those presented. In this case flux measurements 

reduced electromagnet instability while the gap control loop improved quality of the 

response.
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In the last figure {Figure 4.41) a gap response is shown when the additional load is 

applied to the Test Rig (to simulate passenger loading in the real ODU Maglev vehicle).
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4.6 Conclusion

In this chapter compensators were designed and tested on the actual Test Rig Maglev

plant. To compare all control laws the following table was created (Table 4.7).

Compensation / 
Model

Linear
Models

Non-linear
Model Experiment Comments

PD/PID

Fast response 

(0.4 sec.) 

Figure 4.8

Good 

tracking 

Figures 4.9, 

4.12

Noisy response 

Figure 4.27
NOTE 1

PD/PID with 
mixed Gap and 
Accelerometer 

Feedback

NOT

TESTED

NOT

TESTED

Significant 

noise rejection 

Figure 4.30

NOTE 2

PD/PID with 
Inverse 

Calculation

Robust

response

Robust

response

Noise rejection 

and robust to 

weights 

variation 

Figures 4.36, 

4.37

NOTE 3

PD/PID with Flux 
Feedback Loop

Robust 

response 

Figure 4.21

Robust

response

Noise rejection 

and robust to 

weights 

variation 

Figures 4.39, 

4.40, 4.41

NOTE 4

T ab le  4 .7  C o m p a riso n  o f  te s te d  on  a c tu a l p la n t c o n tro l la w s

Note 1: According to analysis the compensator which used just gap measurement 

should provide stable and reasonable results. In the one-degree-of-freedom experiment 

pure gap feedback based on the PD compensation needed a current offset or integrator
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(PID) to achieve the desired gap, which is a typical for the PD design. For the system 

without applied load, stable response was obtained; however some gap fluctuation with 

frequency of 120[Hz] was noted. Current commands (output from compensator) also 

included unacceptable noise with amplitude in range of +/-15 Amps. The fluctuation was 

caused by taking the signal derivative which exaggerated noise peaks. This simple 

control design did not work for different (heavier) Test Rig systems, as a result of the 

effect of different Maglev pole positions relating to different vehicle mass and linearized 

coefficient kz (see equations 2.32 and 2.46).

Note 2: After acceleration measurement was incorporated and merged with the 

gap feedback, the performance of the Maglev system was improved significantly 

compared to PD compensator with gap feedback only. The compensator’s design (its 

transfer function) remained the same; analytical simulation was not carried out. In the 

one-degree-of-freedom experiment the noise in both the command signal and in the gap 

response were reduced. By avoiding direct derivative calculation inside the compensator, 

the current command signal noise reduction reached values greater than 100%, compared 

to the pure gap feedback approach. However, a small fluctuation in gap response was still 

noted and a stable result with applied additional load was not available.

Note 3: When an inverse force calculation was added to the PD/PID compensator 

with acceleration feedback the Test Rig system responded much better. Both analytical 

approaches and experiments agreed and provided very good characteristics. In the gap 

response there were no visible fluctuations. Further, the same compensator could work 

with different loads applied to the Test Rig (however with significantly longer settling 

time), moreover controller gains could be changed by +/- 50% without any impact on the 

system stability.

Note 4: Following the idea introduced for force inversion, a compensator with the 

flux feedback was designed. There are two main advantages of this approach compared to 

force inverse calculation. First, better system linearization can be obtained. Second, 

additional data is provided in the control loop. This additional data provided more 

accurate levitation force evaluation. The PD/PID compensation together with the flux 

feedback delivered the best performance among all controllers evaluated in this work. 

Test Rig response was quick with small overshoot for both analytical models and
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experiments. Flux feedback provided even greater flexibility and tolerance of uncertainty 

resistance than as described above for control design with an inverse force calculation. In 

this case a compensator gains accepted variation within the range of +/-70% of their 

nominal values. After 320 [lbs] load was applied to the Test Rig, the controller with flux 

feedback achieved the desired gap command, in this case with only slightly longer 

settling time.

It can be concluded that among control laws presented, the best results were 

provided with the gap and acceleration fusion feedback, together with the inverse force 

calculation or flux feedback. Only these approaches were able to significantly suppress 

the noise in the current command signal and at the same time get very smooth gap 

tracking. Also it can be said (based on the observation of the Table 4.7) that to 

analytically investigate prospective control design, a very good and detailed non-linear 

model is required. Switching from the linear to the non-linear plant model can cause lack 

of integrity with the actual system and furthermore can provide unrealistic results.

The majority of investigated compensators showed at least similar behaviors to 

these evaluated analytically. Apart from compensator design results for Maglev 

applications, some interesting observations were shown both analytically and 

experimentally in this chapter.

First, controllers which can linearize the system provide more robust response. In 

this regard, an interesting observation (presented in section 2.14) can be related to the 

reduced expression for inverse force calculation (equation (2.118) vs. (2.119)). It was 

shown experimentally that it is not necessary to use full levitation force expression to 

apply inverse calculation and linearize Maglev system. Second, compensators which 

stabilize the electromagnet pole do not necessary guarantee overall system stability.

Thus, while it is relatively easy to deal with Maglev unstable poles, noise and 

non-linearities are significant issues for control design. This fact emphasizes that 

problems during control law design for Maglev systems are mainly caused by three 

factors:

external noise entering the control loop, 

non-linear behaviors due to magnetic levitation force, 

derivative calculation inside the compensator.
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5. ODU Maglev Vehicle Model

In this chapter a model o f the Old Dominion Maglev system is presented. The Old 

Dominion Maglev system is a single EMS vehicle. It is approximately 45 [ft] long with 

the capacity to carry 100 passengers. It is intended to cover a 1.2 [mile] route in 3 -  5 

minutes. This vehicle uses twelve, 200 [lbs] magnets (Figure 5.1), 3 computers and 2 

Linear Induction Motors LIM’s (Figure2.2a). It was designed to travel at speeds up to 40 

[m.p.h] along the 0.6 [mile] long guideway, which is supported by concrete columns 2 

feet in diameter and spaced 80-90 [ft] apart. The existing Maglev vehicle is shown in 

Figure 5.1a and Figure 5.1b.

The vehicle has two separate sub-frames called bogies in the front and rear (see 

Appendix A. 3). Each bogie has six lift magnets. These U-shaped lift magnets are attached 

to the boogies using aluminum “hockey sticks” (Figure 5.2a). The hockey sticks’ 

positions are symmetrical with respect to the centerline of the vehicle. The layout of the 

coils is shown in the Figure 5.1c.
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Hockey
Sticks

Rear BogieFront Bogie

Figure 5.1 ODU Maglev system a) Maglev vehicle, b) Vehicle on the track, c. Layout o f the lift
magnets

The small difference (0.5 [in.]) in the horizontal position of magnets CF and DF 

was provided to improve cross guidance stability of the vehicle. It can be calculated [81] 

that this offset is sufficient to maintain lateral position of the ODU Maglev vehicle at up 

to 40 [m.ph.] crosswind gust.

Figure 5.2 Electromagnets mount a) LIM magnet, b) Coil assembly to the hockey stick 

Detailed schematics and drawings of the Maglev chassis are attached in Appendixes A .l-  

A.3.
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5.1 Control Current Drive Model (CID)

In the section 3.1 a model of the electromagnet with a commercially available 

current amplifier as used in the test rig was presented. The ODU Maglev vehicle uses 

custom-made amplifiers referred to as Control Current Drives (CIDs) [82]. The CIDs 

were designed and fabricated by Williams Consulting Inc. for American Maglev.

The CID is a microprocessor-based device. It is used to drive the magnet coils in 

either current, or voltage controlled mode. The CIDs drive the magnets via an H-bridge 

configuration. Two of the phases of the H-bridge (outputs U and V) are utilized by 

switching MOSFET transistors (arrows in the Figure 5.3). The other phase presented in 

Figure 5.3 looks like a third circuit loop and can be recognized as a chopper for dynamic 

braking. This part of the IGBT module is used for safety purposes. The main function of 

the CID is executed by the PM100CVA100 Intellimod Module, which is controlled by a

Motorola DSP56F803BU80 processor.

S afe ty  B lockM ain C urrent Control B lock
C urrent P+

R S-422  
to  RCC co m p u te r

V oltage
S e n s o r

Error F la g s

0 -5 0  Amps 
Coil

B reak ing
R e s is to r

F W F C F V F U  I dl/dt V  U P  V P W P U N V N

C om m unica tion Inputs O u tp u ts

3 Phase IGBT Module PM100CVADSP Motorola CPU

Figure 5.3 Schematic o f the CID

According to actual measurements of current and voltage (dual 4 channel 12 bit 

A/D converters with 1.510~6 seconds conversion), the Motorola CPU switches voltage 

between one of 3 states:

1). Tumed-on high (+700 [V] on the magnet)
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2). Tumed-on low (-700 [V] on the magnet)

3). Off (2 diode drops plus the IR voltage drop of the magnet)

The process is carried out in a 1-10 4 second cycle. There is also 3-10 6 seconds of dead 

time between each cycle, to avoid a situation in which the UP and VN switches are not 

open, while simultaneously UN and VP are still closed.

The complete model of the CID is non-linear and computationally cumbersome. 

For linearization and control design, a simplified CID model was developed. The 

simplified model (Figure 5.4) exhibits good fidelity to the full model.

<z>
l_Cmd

0 -5 0 A

voltage

sam pling  1e-4
curren t feed b ack  gain 

k_cid_fb
feedback  cu rren t from  coil

Figure 5.4 Simplified model of CID 

The non-linear simulation model shown in the Figure 5.5 was also used.

CD-
A \ i---------------------------------------------- ► *

IIR
b its  reso lu tion  

0 .0 1 2 r m ain  cycle
r* - -

1 — * la b
2 * la  ^

p lu s /  m in u s  
stutch

S  720 
(98)

S a m p lin g  m e asu re  reso lu tion  cu rren t fe e d b a c k  gai

feedback current from coil~GD
Ifdbk 

0 -5 0 A

-►CD
V oltage

Figure 5.5 Model o f CID for non-linear simulation
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5.2 Coil Dynamics due to Inductance (CID)

The dynamic behavior o f the electromagnet and CID together can be expressed 

using the same equations used to describe the PWM amplifier (2.27). There are two 

differences:

a) The CID’s power supply has a higher voltage source V™rce — 700 [V]

b) The current feedback gain is K CID =120

The K cid constant was found experimentally in the same manner applied to the 
PWM.

CID experiment

20Amps +/-4 
20Amps +/-2 
20Amps +/-1

i 2

au
oCOarGCL,

10
I

5 - -  +I
o

ii
- 5 - - TI

-101 l
10 10

Frequency [Hz]

Figure 5.6 CIDs frequency responses obtained from experiment

To get a pole at -100 [Hz] (see figure above), the value of the current gain 

feedback K CID must equal -120 (265 was determined for amplifier 100A40K). In the 

Figure 5.5 arrow indicates increasing current amplitude variation.
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5.3 Model of the Structural Part of the ODU Maglev System

A schematic representation of the ODU Maglev plant in the x,y,z co-ordinate 

system is shown in the below Figure5.7

View From The Top

V EH IC LE

Figure 5.7 Schematic model o f  the ODU Maglev System

By considering the structural model of the ODU Maglev plant presented in the Figure

5.7, the following Equations of Motion (EOM) can be obtained:

<  = £ / , +
1=1

Nf
r f -  (5.1)

i=i

ijy + Dv ■ qv 4 -Av ■ qv = d>K •[/"];

qT + Dt -qT + A r -qT = <E>£ •[—/ ] ;  

for i = 1 N f

0
0

mr ■g
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The notation used for (5.1) is explained in the Table 5.1.

VARIABLE / CONSTANT DESCRIPTION

r 
1 i

* 
N 

i 
i 3x1

Rigid body center of mass 

displacements (* -  longitual, y  - 

lateral, z - levitation)

a  =

I 
I 

i 
i 3x1

Rigid body rotations {()-roll 

angle, 0 - pitch angle, i// - yaw 

angle)

f e v L v x i

Modal coordinates for the 

Maglev vehicle

Modal coordinates for the 

Maglev track

/ , =
f i . A
fi  y

A  J
Force vector for i-th actuator 

(electromagnet)

/  =

' / ,  '

/ 2

f n t _3W/ xl

Force vector for all actuators 

(electromagnets)
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1----------■'■"I
° 

° 
§

° 
£ 

°

§ 
° 

°
1 

..............1
II

3x3

Maglev vehicle mass matrix

p * .  0 0
J V =  0  J Vyy 0

L 0 0 -A*. 3x3

Moment o f inertia matrix about 

center o f  the mass o f the vehicle

0 — X  Z  X  Y

X  = X  z  0 — X  x
i

— X  Y X  X  0 L J3X3

Skew symmetric position 

operator matrix for i-th actuator

Rf =  [ X  X  ... Xf  1 1 2  N,

Skew symmetric position 

operator matrix for all actuators 

(electromagnets)

Dv = 2-

I 
I >£

O 
© 

O 
© 

^
s.

0 
0 

0
-

0
 

0 
0

-
0

0
<N

0
.

0
0

0
CN

 ̂
© 

© 
© 

©
£Vĵ

1 
1 nvxnv

Maglev vehicle damping matrix

Dt = 2-

Cn ■ &T\ o o o  o
0 £T2 • mT2 0 0 0 
0 0 - 0 0  
0 0 0 - 0  
0 0 0 0

ntxnt

Maglev track damping matrix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



151

A t  =

m 2n  0  0  0  0  

0  g t 2 2  0  0  0  

0  0  0  0  

0  0  0 - 0  

0  0  0  0  m ln t
nlxnl

Maglev vehicle stiffness matrix

i 
i

o 
o 

o 
o 

xS
v,

O 
O 

0
^

0
N>

0 
0

-
0

0
 

0
-

0
0

0

 ̂
N> 

o 
o 

o 
o

1 
1

nvxnv

Maglev track stiffness matrix

V I j v x 3 -Iff

Maglev vehicle modes shape 

matrix (taken from FE data)

Maglev track modes shape 

matrix (taken from FE data)

Table 5.1 Notation table for structural ODU Maglev model

According to Figure 5.1 and the actual data, it can be seen that:

1. The ODU Maglev system has 12 electromagnets N f = 12 ;

2. Vehicle mass is in the range o f 25000 -  40000 [/&s];

3. Vehicle inertia is (when mv = 105[/fo] ): J Vxx -  3.951 * 107 [lbs • m2];

J Vyy = 4.368 • 10s [lbs ■ in2 ]; J Vzz = 4.295 • 108 [lbs ■ in2 ];

4. Damping ratios are assumed to be: f v =f.n = 0.025;

5. By taking the first 9 natural frequencies for both track and vehicle model:

nt -  nv = 9 ;

6. Position of actuators according to Figure 2.3 can be expressed as:
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0 37.31 -31.82 0 37.31 31.82
2 = 1 -37.31 0 -195.75 ’V -37.31 0 -195.75

_ 31.82 195.75 0 _ -31.82 195.75 0

0 37.31 — 31.82" 0 37.31 31.82 “
1 =

3
-37.31 0 -129.25 -37.31 0 -129.25
31.82 129.25 0 _ -31.82 129.25 0

0 37.31 -31 .82 '
-

0 37.31 31.82'
X = -37.31 0 -100 * ^  = -37.31 0 -100

5 6
31.82 100 0

_
-31.82 100 0

0 37.31 -31.82" 0 37.31 31.82'
X =1

-37.31 0 100 =’ 8 37.31 0 100
31.82 -100 0 31.82 -100 0

0 37.31 -31.82 0 37.31 31.82'
X =

9
-37.31 0 129.25 ;X = 

’ 10 -37.31 0 129.25
31.82 -129.25 0 -31.82 -129.25 0

0 37.31 -31.82 ' 0 37.31 31.82'
1 = it -37.31 0 195.75 ■,x = 

’ 12
-37.31 0 195.75

31.82 -195.75 0 -31.82 -195.75 0

where index i = 1 corresponds to magnet AF, index i -  2 corresponds to magnet BF, etc. 

(values are given in inches).

Through the use of a Finite Element model prepared4 in Nastran software, the 

first 9 natural frequencies for the vehicle and track can be obtained (Table 5.2, Table 5.3):

4 Finite Element Model was created by research team at ODU, Mechanical Engineering Department
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Variable name Freq [Hz] Description

(Ovx 10.13 Rocking sideways in y

(Oy 3 11.37 Twisting about x

IvV3 12.96 Bending in z 2-node

(OyA 13.50 Bending in z 3-node

®V5 13.74 Coupled bending with twisting

(Oy6 13.79 Coupled bending with twisting

0)V1 15.67 Coupled Modes hard to recognize

CDy% 16.36 Coupled Modes hard to recognize

t&yq 16.88 Coupled Modes hard to recognize

Table 5.2 First nine natural frequencies for Vehicle, obtained from Nastran

s ii

=i

1

ill

Table 5.3 Visualization o f the first 9 natural frequencies for the Maglev vehicle

5 First 6 modes were neglected, they are rigid body modes
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Variable name Freq [Hz] Description

con 2.12 Horizontal bending (y)

a T2 2.83 Translation (x)

2.85 1st Vertical bending (z)

<y7’4 3.05 Rotational about (x)

(°T5 4.34 Rotational about (z)

(0T6 7.44 Horizontal bending (y) + Rot (x)

coT1 8.84 Rotational about (x)

0)T 8 8.86 2nd Vertical bending

13.03 Rotational about (x)

Table 5.4 Track (first nine) natural frequencies obtained from Nastran software

5.4 State Space Format of the Structural Maglev Equations of Motion

The Equations of Motion (5.1) can be transformed to a more convenient state- 

space format

x = Ax + Bu 

y  — Cx + Du 

Let equations (5.1) denote as follows:

1=1

(5.2)

<s -3>/=i

4r = ~ ^ v clr ~ Dy(Jr + *fv[y];

qT — —A rqr — DTqT y ], (-5.4)

for all above equations index i = 1 N f

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

The Equations (5.2) denote rigid body dynamics, while (5.3) represents modal dynamics 

due to system flexibility. Using state space notation, equation (5.3) becomes:

State vector x :

x 4 8x1

X , y , Z ,  X , y , Z , ( / f  , 0  , \ff ,()> , 0  , l(f , q^y  ’ ^3V ’ ^?4K >*?8F ’ ^ 9V >•

... qlv, q2V,  q i v  ,q^y, q$y , q ^  y ,  qiy ,  q%r , q 9 r , ......

. . .  qiT , q 2T ’ 0  4T ’ ^57 lObT ’ (far ’ Q w  ’ $97 ’ Q\T ’ ^2T ’ OiT ’ ^4T ’ OsT ’ A t  ’ $7T ’ Q%T ’ ^ 9 j ]  ( $ - 5 )

Input vector u :

SJM = [ / f ;  (5-6)

This vector represents forces acting on the chassis. For further calculation, 24 input 

forces will be utilized (levitation and lateral).

Output vector y :

Tax i = [ x , y , z f ;

Thus, the components of equations (5.2) have following forms:

(5.7)

where,

A  —

A  =

A  o o'
A = 0 Ay 0 ?

0 0 Aj,
4 8 x 4 8

^ 3 X 3 - ^ 3 X 3 ^ 3 X 3 ^ 3 X 3

^ 3 X 3 ^ 3 X 3 ^ 3 X 3 ^ 3 X 3

^ 3 X 3 ^ 3 X 3 ^ 3 X 3 7 3X3

^ 3 X 3 ^ 3 X 3 ^ 3 X 3 ^ 3 X 3  _ 6 x 6

^ 9 X 9 ^ 9 X 9

1 > ~Dy 5

1 8 x 1 8

^ 9 X 9 ^ 9 X 9

1 > - D t
5

1 8 x 1 8

(5.8)

(5.9)

(5.10)

(5.11)
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B =

03X36

(m v ■ IiXi);3X36

^3X36

W  - R f \  
o

<D 
0

3X36

3X36
T
V 9X36

9X36

o 79X36

(5.12)

48x36

c = (^3X3 ):36X3 ^36X3 3 6 x 3  ^36X3 ^ K 3 6 X 9  ^36X9 ^7"36X 9 ^36X9
36X48

D =[0l136X36 ’

where: X ,X ,X , A ,Xt ? /■> ? 'l 9 /t 9 .1
12

(5.13)

(5.14)

(5.15)
3X36

Note that depending on the position of the Maglev vehicle with respect to the track, the 

mode shape matrix in (5.12) and (5.13) will vary.

Transformation from modal coordinates into state space can be accomplished by 

another modal transformation. In physical coordinates the system equations are expressed 

as [83]:

W i ) + [ e » K + W  = {7l (S-16)

Taking the first nine natural frequencies, the structural coordinates are related to modal 

coordinates as follows [74]:

{ 4 = 4 , M  (S-17)

and
NN m

(5.18)

where NN  is the number of modes being considered and is equal (according to Table 5.1) 

to nt for track or nv for the vehicle model. The<l> mode shape matrix in (5.12) and (5.13) 

is obtained from Nastran (procedure SOLI 03). Knowing this value it can be written that,

fefrWM (S-19)
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Substituting (5.19)  into (5.16)

[ M f e } = 4 c of e } - M ? } + F  (5.20)

{«} = ~[m ]'  [ c j ? }  -  [M f  + [M f‘[F] (5 -21)

with conditions:

[M ]= [o f[M l® ]; (5.22)

[cJ=[4>7[CDI® ]= [D j;  (5.23)

[^ ]= [® f[x I® ]= [A ]; (5.24)

W = [ ® r M ;  (MS)

The mass matrix is normalized. The state space formulation is rewritten:

(5.26)

[A]=[M]-'[Z] (3.27)

which provides a final modal set of equations:

(328)

In (5.18) the mode shape matrix occurs only next to the [ f]  matrix. Thus, in state space

formulation, the B  matrix includes [<h]r . Also equation (5.19) holds:

M = M M  (5-29)

which means that the C matrix also contains the mode shape matrix [<f>].

Based on the information obtained from the modal transformation, a state space 

model described by (5.8)-(5.13)  can be shown using Bode plots. In Figures 5.8 and 5.9, 

Bode plots illustrate the levitation degree-of-ffeedom (displacement in z  direction) only. 

Numbers from 1 to 12 in the figure legends represent electromagnets’ numeration.

It can be noted by observing the characteristics in these figures that the dominant 

influence on the Maglev system is a track bending mode at a>T3 = 2.85 [Hz]. It can also

be concluded that different vehicle positions on the track cause the system’s transfer 

function zeros to move. This phenomenon was explored analytically in Chapter 2.
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V ehicle  in C enter of th e  T rack Span-Levitation
•20

-40

. . . . . . r ~-80

-120 .....

"T T'TT

- T - -

10'1 10° ID1 10*
F re q u en c y  (H z)

F ig u re  5 .8  B o d e  p lo ts  f o r  lev ita tio n  D O F  - c a se  w h en  ve h ic le  is in th e m id d le  o f  th e tra c k  span
(ce n te r  b e tw e en  p illa r s )

__

11XX-140

oi
©•a
| -450

F re q u en c y  (Hz)

F ig u re  5 .9  B o d e  p lo ts  f o r  lev ita tio n  D O F  - c a s e  w h en  veh ic le  is c lo se  to  p i l l a r  (a p p ro x im a te ly
on e q u a r te r  length  o f  th e tra c k  span )

According to these Bode plots, it can be said that the structural part of the Maglev system

is stable.
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5.5 Complete Equations of Motion for the ODU Maglev System

As it was pointed out above, the model of the Maglev electromagnetic suspended 

system can be divided into two parts. The complete EOM for the Maglev system are 

expressed in a form where the electromagnetic and structural parts are combined. The 

structural dynamics are covered by the state space equations (5.8)-(5.12) derived in 

section 5.3. The A matrix includes rigid body motions and flexibility modes. The B 

matrix includes 36 force inputs (alternately lateral and levitation forces and gravity 

force), and the C matrix produces as an output vector of 36 gaps (also alternately lateral 

and levitation displacements).

The electromagnetic part of the ODU Maglev system is described by the 

expressions derived in chapters 3.1 and 3.3, where the inputs are the 12 current 

commands for the 12 CID devices. Through the coil models (inductance and magnetic 

force expressions), lateral and levitation forces are obtained. Forces are consistently 

recognized as inputs into the structural model described in chapter 5.3.

A schematic view of these system equations is shown in Figure 5.10.
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12 Current Commands

V M - I - R  = - [ H z , y ) - m \

CID Hardware

Electromagnet Model

Magnetic

Forces

Structural Model

from Finite Element Analysis

12 vertical and 12 horizontal gaps 

Figure 5.10 Scheme o f  the complete ODU Maglev model
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State-space equations (5.8)-(5.12) describe the structural model only. Now, after 

accounting for the electromagnets incorporated into the system, equations become:

x  = A -x  + B -u  

y  = C -x  + D -u

where a new state-space vector is:

X 60xl =

, 0  ,(/> , 0  ,̂ j y ,(}2V ■>Qw>Qw>*l5V iQbV’QlV i Q w i Q w  ■>.........

(5.30)

. . .  ^ i y , ^ 2 V ’ ^ 3 V ’ 9 4 V ’ ^ 5 V ’ ^ 6 V ’ <l 7 r ’ ^ l s V ^ 9 V ’.......

. . .  ’QlT’ #8r ’ 5W ’ *7ir ’tflT’ QiTi ̂ 4T’^5T’ ̂ 6T’ QlT 9̂T

Components of matrix A in (5.30) follow:

A =

(5.31)

4 0 0

0 0

0 0 a t ^ B 2

0 0 0 A
CIO

(5.32)

60x60

where,

4 ,.
0

\ k i \

5X 12

1X12
+ M I6xl2(z) >

6x12

A' -A R ~

A' - [ ^ ] & 2 4 x l2 ( z )  j

II

[ ^ ] 2 4 : 4 2 x l 2 ( z ) ’

^ 3 X 3 1 3 X 3 ^ 3 X 3 ^ 3 X 3

^ 3 X 3 { ^ z l l X l  ^ 3 X 2 ^ 3 X 3 ^ 3 X 3

^ 3 X 3 ^ 3 X 3 ^ 3 X 3 1 3X 3

^ 3 X 3 ^ 3 X 3 ^ 3 X 3 ® 3 X 3

A  =
^ 9 X 9  1 9 X 9

- A v - D r
9

18x18

(5.33)

(5.34)

(5.35)

(5.36)

6 x 6

(5.37)
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j4.j —

C1D

09X9 9X9

  Ay —Dj.
18x18 

\
12x12

(5.38)

(5.39)
12x12

In equations (5.32), (5.33), (5.34) matrix [B] refers to (5.12), index i.e.: 6:24xl2(z) 

means: rows of matrix [B] from 6 to 24, and 12 columns which are referred to z 

displacement modes only. Vector u in this case represents current values inside the 12 

electromagnets. Thus, a new B matrix has the form:

^ 60x12 —
0<

L a n

48x12
K r '

L 12x12
(5.40)

The output vector y  now represents the 12 gap outputs compared to 36 measurements in 

the previous model. There are only displacements in the z direction for each magnet.

~  [(^3X3 )l

C,12x60 12X48 012X12 ] =
12X3 012X3 R f  12X3 0 n x 3 ® V \2 X 9  ^12X9 ®TUX9 1̂2X9 012X12

(5.41)

Matrix D is zero, with dimension 12x12.

D  — [0I 2X125 fJ. 42)

In the figures below (Figure 5.11a and Figure 5.11b), Bode plots for the Maglev vehicle

a) placed in the center of track span, and b) above the pillar are presented. Because 

model (5.32)-(5.42) after reduction differs from system (5.8)-(5.12) a new magnet 

notation was introduced where magnet number 1 according to Figure 5.7 is now denoted 

as A, magnet number 2 as B  and so on.
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It can be seen that for model with the electromagnets included, the position of the transfer 

function’s zeros still vary with the vehicle’s placement on the track. With this exception, 

many similarities to the test rig Maglev model introduced in Chapter 3 can be noticed. 

The main form of the transfer function remains the same as was shown for the test rig.

1) The input-output relation for each magnet has one unstable pole.

2) There are 12 high frequency poles due to current feedback in 12 electromagnets.

3) Zero-pole pairs from structural flexibility play the same role as was seen in the 

test-rig model.

As a result of the above, it was decided to design control laws for the SISO sub­

system (similar to the test-rig case) and then apply them to the full ODU Maglev Vehicle. 

Results of this application are presented in Chapter 6.

5.6 Conclusion

In this chapter a model was developed for the complex, flexible Maglev system at ODU. 

Results from finite element analysis were used for accurate structural modeling. It was 

illustrated how the finite element data can be transformed into a set of state-space 

equations, a very convenient notation for further compensator design. The ODU Maglev 

systems dynamics appear to be very similar to those of the test-rig discussed in Chapter 3 

and 4.
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6. ODU Maglev Control

In the previous chapter control laws for a simple version of the Maglev system 

were introduced. In Chapter 5 model of the multivariable MIMO Maglev system at ODU 

was developed. In this chapter a control system for this modeled plant is discussed.

Among many similarities between test-rig and ODU Maglev vehicle, there are 

four differences:

a) The ODU vehicle has slightly different flexibility characteristics compared to 

the test rig introduced in Chapter 3.

b) The ODU vehicle is a MIMO system where there are 12 inputs (currents) and 

12 outputs (gaps).

c) Zeros of the ODU Maglev transfer function change their positions due to 

different position of the Maglev train on the track.

d) In the ODU vehicle, custom made CID units are used instead of the PWM 

amplifiers used for the test-rig system.

Differences in current amplifiers (CID vs. PWM) were already discussed in 

Chapter 3 and Chapter 5. Also the phenomenon of zero movement for the vehicle placed 

on the flexible levitated guideway was discussed in chapter 2. Therefore, only the first 

two factors a), b) will be explored further in this chapter.
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6.1 Stability Issues Due to ODU Maglev Structural Flexibility

Since levitation stability is the main issue for this investigation, a compensator for 

stable levitation control has to be designed which remains robust in the presence of 

structural flexibility. Assuming collocation between actuators and sensors, a simple 

proportional and rate controller can be designed, where basic control can be expressed as 

(4.2) where Kp and K D denote the proportional and rate gain matrices, not single 

constants as was the case in Chapter 4. They are assumed to be positive for the structural 

system stability investigation. By taking under consideration only the flexible poles of the 

system obtained from finite element analysis, without considering electromagnetics, it is 

known [84] that when K p and K D are symmetric, and K p >0. Then the closed loop 

system given by equations (5.8) - (5.12) is stable in the sense of Lyapunov [84][85] if 

K d >0, and is asymptotically stable if  K p>0. According to this theorem the closed loop 

system matrix A c l -

A cl —A B •
(  K  ^

k pc - - ^ c r
v J

(6.1)

where the CR matrix corresponds to velocity states of the system, is guaranteed to be 

stable providing that the above conditions are satisfied. From (6.1) the Eigenvalues for 

closed loop feedback system can be easily calculated. Figure 6.1 and Table 6.1 shows the 

values of the close-loop system are stable as expected.
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150i T T
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+  o p e n  loop  p o le s
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Figure 6.1 Maglev poles before and after closing feedback loop
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Open Loop poles Closed Loop Poles- Center Closed Loop Poles- Quarter
lOOx lOOx lOOx
-0.0205 + 0.8184i -3.2648 -3.4150
-0.0205 - 0.81841 -2.4288 -2.9347
-0.0044 +0.1778i -2.1112 -2.1429
-0.0044- 0.17781 -0.0554+ 1.055 li -0.0557 + 1.05521
-0.0048 + 0.19161 -0.0554- 1.05511 -0.0557- 1.05521
-0.0048-0.1916i -0.0347 + 1.0217i -0.0360+ 1.02231
-0.0117 + 0.4673i -0.0347- 1.0217i -0.0360- 1.02231
-0.0117 - 0.4673i -0.0273 + 0.9805i -0.0269 + 0.9809i
-0.0139 + 0.55651 -0.0273 - 0.9805i -0.0269 - 0.9809i
-0.0139 -0.5565i -0.5044 + 0.3778i -0.2876 + 0.7457i
-0.0150+ 0.5999i -0.5044 - 0.3778i -0.2876 - 0.7457i
-0.0150-0.5999i -0.0996 + 0.7986i -0.0737 +0.775 li
-0.0199+ 0.7946i -0.0996 - 0.7986i -0.0737-0.775 li
-0.0199-0.7946i -0.0221 +0.8580i -0.0222 + 0.8580i
-0.0209 + 0.8367i -0.0221 - 0.8580i -0.0222 - 0.8580i
-0.0209 - 0.8367i -0.0221 +0.8579i -0.0222 + 0.8578i
-0.0246 + 0.9843i -0.0221 - 0.8579i -0.0222 - 0.8578i
-0.0246 - 0.9843i -0.2541 + 0.6989i -0.2518+ 0.6740i
-0.0265 + 1.0603i -0.2541 - 0.6989i -0.2518 -0.6740i
-0.0265 - 1.0603i -0.3030 + 0.5802i -0.4531 +0.3768i
-0.0164 +0.655 li -0.3030 - 0.5802i -0.4531 -0.3768i
-0.0164-0.655 li -0.1183+ 0.6466i -0.1256+ 0.4903i
-0.0217+ 0.8662i -0.1183-0.6466i -0.1256-0.4903i
-0.0217-0.8662i -0.0459 + 0.5585i -0.0711 +0.5109i
-0.0216+ 0.8630i -0.0459 - 0.5585i -0.0711 -0.5109i
-0.0216-0.8630i -0.0234 + 0.4476i -0.0563 +0.4818i
-0.0257 + 1.0276i -0.0234 - 0.4476i -0.0563-0.4818i
-0.0257 - 1.0276i -0.0414 + 0.2909i -0.0348 + 0.2661i
-0.0033 + 0.13321 -0.0414 - 0.2909i -0.0348-0.266li
-0.0033-0.1332i -0.1156 + 0.18071 -0.0995+ 0.1919i
-0.0045 + 0.1790i -0.1156-0.1807i -0.0995-0.1919i
-0.0045 -0.1790i -0.1744 -0.1618
-0.0068 + 0.2726i -0.0045 + 0.17781 -0.0046 + 0.1777i
-0.0068 - 0.2726i -0.0045 -0.1778i -0.0046-0.1777i
-0.0139 + 0.55531 -0.0050 + 0.0959i -0.0428 + 0.1413i
-0.0139 - 0.55531 -0.0050 - 0.0959i -0.0428-0.1413i

0 -0.0066 +0.1258i -0.0087 + 0.10381
0 -0.0066 - 0.12581 -0.0087-0.1038i
0 -0.0251 +0.0459i -0.0220 + 0.0473i
0 -0.0251 -0.0459i -0.0220 - 0.0473i
0 -0.0527 -0.0527
0 -0.0529 -0.0530
0 -0.0016+ 0.0140i -0.0014+ 0.0135i
0 -0.0016-0.0140i -0.0014-0.0135i
0 -0.0001 + 0.0029i -0.0001 + 0.0029i
0 -0.0001 - 0.0029i -0.0001 - 0.0029i

T ab le  6.1 M a g le v  p o le s  f o r  th e open - lo o p  a n d  c lo sed - lo o p  ca ses: ce n te r  p o s itio n , a n d  
q u a r te r  p o s it io n  on g u id e  w a y  span
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It can be seen that with this simple control law all the closed-loop poles have 

negative real parts, indicating stability o f the structural system. This means that in spite of 

the flexible modes the system can be stabilized. However this result does not account for 

the electromagnetic actuator dynamics associated with magnetic levitation.

6.2 ODU Maglev Vehicle as MIMO System

In Chapter 5 a complex Maglev model was introduced by (5.32)-(5.42) where B and C 

matrices represent a 12 input 12 output system. In spite of uncoupled CID’s and 

electromagnet models, the system is still coupled by its structural equations. In such a 

case it is important to decide whether a centralized or decentralized control law should be 

utilized. This problem was explored in Chapter 2.

In [57] it was proven that if  the sensors and actuators are collocated a proper 

control law solution exists for the decentralized robust system problem if  and only if  a 

solution exists to the centralized robust problem. Also in [55] it was shown that the 

decentralized controller has the property that “ spillover problems” associated with un­

modeled high-frequency elastic modes could be eliminated. The decentralized approach 

is very convenient for control design where single pairs of SISO sub-systems can be 

investigated separately [60].

However, if  there is a desire to shape a closed loop transfer function or there is 

bounded gain limitation, then in such situations decentralized control can provide worse 

performance compared to the centralized approach [56],[58]. The main reason for this 

state of affairs is caused by off-diagonal terms in the decentralized system transfer 

function. To be able to minimize impact of these factors RGA (Relative Gain Array) 

methods introduced by Bristol [86] are used. The RGA matrix measures interaction for 

all possible single input-output (SISO) pairings of the considered variables. But even if 

the perfect values are found for RGA there might be significant one-way interaction in 

the system which can deteriorate response [87]. Also for larger systems than 3x3 (as is 

the case in this thesis) variable pairings based on RGA may fail, because the RGA may
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be unable to discriminate between several feasible sets, find feasible sets, or simply 

cannot find any feasible set of variable pairings [55].

The advantage of using a centralized approach was proven only for the systems 

that were very well modeled and where there was no significant uncertainties existing

[57] resulting from nonlinearities or flexibility. Another important issue, which makes the 

centralized approach undesired in this particular application, is related to the very small 

operation range for gaps. With very small gaps, it is almost impossible, based on their 

measurements, to obtain centralized variables (transforming measurements gaps into 

pitch, roll, yaw angles and rates) see section 2.11.

Because of all of the above it was decided that for the purpose of achieving stable 

levitation the decentralized approach to design 12 decouple compensators will be used 

based on sequential design [61][88].

6.3 PD/PID Compensation

Consider the system expressed by (5.32)-(5.42) assuming that the inputs are 

current commands and the outputs are the gaps between electromagnets and the track. 

For simplification sensor offset was neglected, thus, the system is considered collocated.

There are 12 transfer functions, which have to be stabilized by feedback control. 

First, to avoid high order transfer functions for root locus design, the Maglev model was 

reduced in such way that pole-zero pairs, which nearly cancel each other, were 

eliminated. This step was necessary to make system easier for further investigation and 

for future interpretation of results. In the new system only 24 of 60 states are left. 

Comparison between ODU Maglev systems before and after reduction is shown in the 

Figure 6.2. This comparison validates the reduction assumptions made above.
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The reduced system models for 2 different positions on the guideway are shown 

in Figures 6.3 and Figure 6.4.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



172

Bode Plots in: Current Cmd, out: Gap
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Figure 6.4 Reduced model o f the ODU Maglev system (vehicle at quarter position on the 
guideway 12 magnets transfer functions)

By observing the Bode plots above it can be said that the first track zero is shifted 

from around 8 Hz when the vehicle is in the center of the track length to around 9.5 [Hz] 

when the vehicle is placed in the quarter length of the guideway. Also some zero 

movement can be distinguished between zeros for the same cases on Figure 6.3 and 

Figure 6.4. This small variation is a result of different location of the magnets. The most 

widely separated magnets, thus having the greatest moment arm, are 391.5 inches apart. 

The gain value for a given magnet increases when the force moment arm is greater; 

therefore, the largest transfer functions gains are associated with the most distal magnets 

(A, C, L, I) see Figure 6.5.
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D A E B F C J G K H L  I 
Electro-magnets

Figure 6.5 Impact o f the cross product matrix on the Maglev transfer functions

As can be seen, the cross product matrix [89] has impact even on these magnets 

which are close to the mass center (~ 2dB difference). This can be rectified by a 

centralized control approach. However, it is still possible to design a controller, which 

would have gain margin higher than 3.5 dB (maximum gain fluctuation seen on the above 

figure).

Requirements for the prospective compensator are similar to these for the test-rig 

system. The maximum gain and phase margin has to be achieved while time response has 

to be at least less than 1 sec. and damping ratio in a reasonable range, higher than 0.7. 

Because of the system non-linearites the design procedure is performed for two different 

operational conditions (at gap = 0.7 [in.] and gap = 0.4 [in]). Using a root locus method in 

an analogous way as was done in Chapter 4 a design process can be carried out.
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Figure 6.6 Root locus and Bode design (example for magnet A at gap = 0.4 [in])

System single transfer functions still remain in the form introduced in (2.43). 

Only because mass, inertia and number of modes are changed a gain and number of pole- 

zero pairs is different in the new transfer functions expressions.

Where in equation (6.2) , index i and j  correspond to particular gap/current 

relation for magnet ( i=1..12, j  = 1..12 ), index k  corresponds to number of flexible 

modes which are taken under consideration. Thus, it is easy to conclude that the similar 

design approach for the compensator as was utilized in Chapter 4 can stabilize the 

system.

On the ODU Maglev vehicle different gap sensors were used compared to the test 

rig setup. It was equipped with optical sensors with 1 [msec.] delays. Therefore special 

concern was pointed out about phase margin for prospective compensators with 

minimum value at least -20  [deg]. Therefore an additional lead part was added to the

2 (6.2)

k

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



175

previously designed PD control. The proposed compensator’s phase margins are listed in 

the table below and their Bode plots are shown on the Figure 6.7.

Magnet A 
Center case

Magnet A 
Quarter case

Proposed Compensators
Gap = 

0.4
Gap = 

0.7
Gap = 

0.4
Gap = 

0.7
Phase

Margin
[degl

Phase
Margin

Tdegl

Phase
Margin

[degl

Phase
Margin
Tdegl

1)
-12223.341 (s + 6.251) (s +1.224) 

s(s + 1000)
43 69 44 70

2)
- 2678.4992 (s + 61.47) (s + 0.5929) 

s(s + 1000)
24 19.7 22 13

3)
-11118.9808 (s + 20.23) 

(s + 1000)
44 59 45 16

4)
-18017.3781 (s + 61.47)(s + 0.08814) 

s(s + 1000)
18 44 20 52

5)
- 9562.0339 (s + 26.41) (s + 0.3866) 

s(s + 1000)
47 51 48 37

Table 6.2 Proposed compensators for ODU Maglev train

12C

10CP

40

270

Q)w<0 135

10-4 10-3 10-2 10-1 10O io1
Frequency (Hz)

Figure 6.7 Compensators Bode plots
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First, after merging all SISO subsystems a linear simulation was carried out. All 

designed compensators performed differently for step input commands after off-diagonal 

terms were added into the transfer functions. Of the controllers evaluated, only Compl 

and Comp4 provided acceptable response (see Figure 6.8). All controllers in the linear 

simulation based on model (5.20) gave stable response but the size of the overshoot for 

2nd, 3rd and 5th were not acceptable and their settling time was too high (~ 6 seconds). 

Also it can be seen that since it lacks integration, Comp3 exhibits significant steady state 

error (Figure 6.8).

CDT33
"5.
E<

0 0 2 4 6  8 10 12 14 16 18 20
Time (sec)

Figure 6.8 Step response o f the linear ODU Maglev train (Magnet A)

Based on above results it was decided that for nonlinear simulation only Compl 

and Comp4 would be investigated further. The non-linear model of the ODU Maglev was 

built in Matlab® Simulink® (see Figure 6.10). A Simulink® model was prepared based 

on the equations introduced in Chapter 3 and Chapter 5. Expressions inside CID blocks 

are covered by (2.22) while the force expressions inside electromagnets model (2.15) and 

(2.18). the structural system block is based on equation (5.7) - (5.10). The Compl 

exhibits the best performance (Figure 6.9) and this one was used during tests on the 

actual plant.

Compl
Comp?
Comp3
Comp4
Comp5
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Gap Command Compensatoi Electromagnet model Sensor Delay

CID Model Structural (FE) Model
F ig u re  6 .1 0  S im ulink n o n -lin ea r m o d e l o f  th e O D U  M a g le v  p la n t
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6.3.1 Experiment Results

The compensator designed in the above section 6.3 was validated experimentally. 

A decentralized approach was utilized using the same control for each magnet. PC 104 

computers were used to control the magnets and to store data. The vehicle uses one 

PCI04 computer for levitation control of each bogie (6 magnets). In Figure 6.11 below 

results for one bogie only are shown. The other end of vehicle was supported on jacks in 

the position it would be in while levitated. In the figure below some difference in the 

initial gap values can be seen, this is due to different gap sensor position for each magnet.

0 . 2 ------------------------------------------------------------------------------------------

0 . 1 ------------------------------------------------------------------------------------------

0  -J- - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - ,- - - - - - - - - - - - - - - - - - - -
0 5 10 15

Time [sec.]

 gap A
 gapB

gapC
 gapD
 gapE
 gapF

Figure 6.11 Gap response o f  the actual ODU Maglev vehicle

It can be noted that the system achieved stable levitation but with significant high 

frequency noise in the gap data. This situation is very similar to the behavior shown in 

Chapter 4, where the control law for the test-rig was only based on gap feedback6. 

However, because the ODU Maglev vehicle was not equipped with either acceleration or 

flux sensors, other tests with controllers proposed and suggested in section 4.7 couldn’t 

be carried out.

For ride quality and public use these results are not acceptable. However because of 

lack of access to the actual ODU Maglev plant only this simple control law was tested.

6 This situation is being revised at the time o f this writing
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Based on analysis carried out in the previous chapters for the test-rig Maglev system one 

can say that the undesired characteristics which appeared for ODU Maglev vehicle can be 

resolved by:

- utilizing a control law with inverse force calculation .

- changing damping rate in the control law.

- improving or adjusting digital filters, 

adding anti-aliasing filters.

If there is a possibility to change a hardware setup at ODU Maglev vehicle it would be 

suggested to:

add acceleration sensors

- incorporate Hall flux sensors

All these suggestions may significantly improve the gap response and make the system 

easier for control design (linearization). Keeping in mind similarities showed in this work 

between the test-rig and the ODU Maglev system, it can be said that robust control laws, 

which worked well for laboratory 1-degree-of-freedom setup would work better or at 

least improve performance of the real 12 magnet vehicle.

6.4 Conclusion

In this chapter a control law for the full MIMO Maglev ODU system was 

designed. According to analytical results supported by experimental data it was shown 

that Maglev system can stabilized using a decentralized approach. During tests on the 

real system, the Maglev vehicle exhibited structural vibration of the track and vehicle. 

Since the ODU Maglev vehicle was designed to be a low cost project, the approach used 

to build the track requires a trade-off for a more robust control law. It is necessary to 

carry out further investigation to tune the compensator due to its poor response in the 

actual plant. However, the results obtained in this section and compared to the test-rig 

characteristics pointed the way to achieve better performance.
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7. CONCLUSION

In this thesis several different design approaches applicable to low cost Maglev 

systems were evaluated analytically, and selected methods were tested experimentally. 

Procedures for modeling Maglev systems, control design, and system implementation 

were explored. These procedures were carried out for two physical systems, the one- 

degree-of-ffeedom Maglev test-rig and the multi-input multi-output ODU Maglev 

vehicle.

Starting from simple examples, the fundamental and characteristic behaviors 

particular to magnetic suspension were illustrated. The Maglev plant is inherently 

unstable as an open-loop system. Feedback control is required for stable operation. It was 

shown that closed-loop stability can be achieved over a limited range of gains using PD 

control in a positive feedback loop. Moreover, based on a lumped-parameter model 

which incorporates structural flexibility, it was shown that this property is retained, 

providing that collocated actuator and sensor pairs are used. If the system is non­

collocated, a flexible Maglev structure with PD compensation can achieve marginal
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stability at best. In this case, the stability can be recovered by adding acceleration 

feedback.

To extend the investigation to flexible systems, finite element structural model 

data was used to account for existing flexible modes in a Maglev plant. For large flexible 

structure systems, eigenvectors and eigenvalues obtained from finite element software 

can be relatively easily converted (using modal transformation) into transfer function 

form. This transformation was illustrated in details in this dissertation, and it was shown 

that it is a very convenient tool for flexibility modeling.

With regard to choosing an appropriate control strategy it was shown that for 

MIMO Maglev systems, a centralized (modal) control approach which is based on gap 

measurements results in some flexible modes being uncontrollable. This may leave 

marginally stable modes subject to instability as a result of such influences as discrete­

time controller implementation. Thus, the centralized control approach is not 

recommended for Maglev systems with significant flexibility.

Because of Maglev’s inherent instability, lead compensation is required to 

stabilize the system. It was analytically illustrated that an appropriate way of signal 

derivation for the PD compensator is necessary to get better system response. Thus, an 

appropriate combination of the low pass filter, washout filter and leaky integrator is 

recommended. This assertion was supported by simulation examples and test rig 

experiments.

When the different control laws were applied to the actual plants, it turned out that 

noise is the most undesirable factor leading to unacceptable performance. Therefore, 

methods for applying two filters to the Maglev control loop architecture were presented. 

First, a digital filter designed to suppress noise in the control signal (compensator output) 

was shown. Second, an analog filter was incorporated to avoid aliasing. Also, it was 

mentioned that it is not desirable to use notch filters due to the interactions between the 

vehicle and the track at several positions along the guideway. A flexible track or 

guideway implies that the Maglev’s transfer function zeros move which can interact with 

a notch filter and possibly make the overall system less robust or even unstable.

The laboratory test-rig provided an important source of information to evaluate 

control robustness and to provide guidelines for Maglev compensator design. According
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to these results it turned out that in spite of the fact that pure gap feedback based on 

PD/PID compensation can achieve desired gap, this control design did not retain stability 

when test-rig load was increased. Acceleration measurements which are merged together 

with the gap feedback improve Maglev performance significantly by suppressing noise 

relating to the compensator derivative calculation and made the gap response smoother. 

Of the compensators tested, only the PD/PID compensator with merged gap and 

acceleration and either inverse force calculation or flux feedback based on real 

experiments exhibited acceptable characteristics. In these cases in the gap response there 

were no visible fluctuations. Moreover, the same compensator could work with different 

load applied to the test-rig. Both designs (flux feedback and force inverse calculation) 

incorporate similar idea of linearizing system nonlinearities.

Summarizing above, it can be said that the first main conclusion of this thesis is 

that designing a control law for a Maglev plant is a trade-off between compensator lead 

(required for stability) and compensator lag (needed for noise suppression).

As was mentioned above, in this work, some ideas for dealing with the system’s 

non-linearities through the use of either different system models or favorable control laws 

were presented. Two different control laws including inverse force calculation and flux 

feedback were designed and tested to linearize Maglev’s non-linear characteristics. It was 

shown that these approaches provide very good results, and make the system more robust 

when compared to controllers which must work with a purely non-linear plant. It was 

shown that when the inverse force expression is introduced to the compensator design, a 

simple method for prescribing the levitation force command can be utilized. Through this 

method (instead of using full force expression), a simpler formula can be incorporated 

and still guarantee satisfactory results. This new method of linearizing the Maglev system 

allows one to avoid tangential calculation, reduces computation time and can render a 

control loop much faster in the working application.

The second main conclusion is that for a low cost Maglev system where 

robustness is required (due to complexity of this type of plant), project designers must 

rely and focus more on the alternative control solutions. This means that for low budget 

magnetically levitated suspension systems, the controller design is even more crucial to
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the objectives of achieving a stable and comfortable ride. In this dissertation, this 

statement has been supported by both analytical and experimental results. Compared with 

classical Maglev control concepts based on gap measurements only, better characteristics 

were achieved when:

1) the system was linearized using:

the addition of flux feedback to the loop, and 

inverse force calculation,

2) additional data is provided to the controller, i.e. acceleration measurements.

This observation leads to a final conclusion A trade off for not only the control 

design is required (between noise rejection and stability robustness), but also from a 

general perspective: a trade off between low cost of construction and how the control is 

designed.

Future work on the ODU Maglev research project is expected to involve deeper 

investigation of the comparison between centralized and decentralized control approach, 

the exploration of more advanced control design, and more tests and experiments to be 

carried out on the actual magnetically suspended vehicle.
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