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Abstract
The feasibility of a magnetic levitation pump for oil well down-hole use is investigated. The
design, development, and testing of a closed-loop magnetic levitation pump is presented. This
includes the design of the maglev motor, system instrumentation, and mechanical components.
The motor angular velocity and motor gap position are controlled with the use of a digital
controller. The digital controller utilizes commutation laws for commanding current to the motor
based on desired torque and levitation force. The design, simulation, and experimental testing of
a proportional controller and a lead compensator for the control of motor velocity and motor gap,
respectively, is also discussed.
The experimental effort associated with the development of the maglev pump is
described in detail. Major topics are the development of models for the system, implementation
of control algorithms, and analysis of system response data. Testing verified that motor gap
(levitation) and angular velocity are controlled effectively under various pumping conditions.
These results prove the feasibility of a closed-loop maglev pump. The pump reached maximum
speeds of 1432 RPM during testing, as limited by the motor drive amplifiers. Analysis shows
that the pump is capable of reaching 3600 RPM and providing flow and pressure levels equal to
conventional submersible pumps, if the current to the motor is increased by a factor of
approximately 2.5. Such a current increase is possible without exceeding the thermal limits of
the motor.
Results show that designing and building magnetic levitation motors for down-hole
applications, under the size constraints of current submersible pumps, is feasible. Furthermore,
maintaining the levitation gap under pumping conditions and sudden pressure increases is
possible through closed-loop control of the motor currents. This work serves as a first step to
developing magnetic levitation techniques for down-hole submersible pumps. Suggestions for
improvement of the maglev pump are given, and recommendations for future research are
presented.
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1. Introduction
1.1 Magnetic Levitation Pump
Electric submersible pumps (ESP's) are commonly used in the oil industry to provide lift to fluid
below the surface. These pumps are powered by large induction motors and run on radial and
thrust bearings. Recent studies documenting failure analysis of pumps operating in the field
indicate that motor and pump bearings constitute a common failure or damage mode in ESP
systems, resulting in lost production or pump pulls. The concept of a magnetic levitation pump,
as investigated in this thesis, arose from the desire to eliminate bearing surfaces in the motor and
the pump.
Magnetic levitation planar stages have been built for semiconductor manufacturing,
primarily because they are not limited in motion by bearing surfaces, require no lubricants, and
do not generate wear particles. A magnetic levitation pump would draw on this technology in
order to both spin and levitate a pump impeller. Developing a pump that requires no or fewer
mechanical bearings, which can operate successfully in a down-hole environment, could
dramatically change the landscape of ESP technology and increase the life expectancy of ESP's
in the field. This thesis presents an investigation into the feasibility of magnetic levitation for
down-hole submersible pumps, and details the design, manufacture, and testing of a closed-loop
maglev pump prototype.
1.2 Thesis Overview
The thesis consists of five parts: Review of Prior Art; Analysis; Design; Control; and
Conclusions. Appendices, Vendor List, and Bibliography follow the main body of the thesis.
Chapter 2 provides an overview of submersible pumping systems, discusses the failure modes of
current ESP's, and introduces the concept of a down-hole magnetic levitation pump. Chapter 3
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presents a literature review of magnetic levitation techniques for multi-degree-of-freedom
systems, which served as the basis for the analysis used in this thesis.
Chapter 4 presents electromechanical analysis of the permanent magnet linear motor.
This analysis focuses on the derivation of commutation laws that are used in the closed-loop
control of the motor.
Part III covers the electromagnetic and mechanical design of the maglev pump prototype.
Chapter 6 covers the design of the rotor, stator, power amplifiers, and overall instrumentation.
The design, construction, and assembly of the mechanical parts are presented in Chapter 7.
Part IV presents the control of the maglev pump.
linearization,

This includes decoupling and

sensor and commutation algorithms, linear control techniques, and the

implementation of digital controllers using MATLAB and DSPACE hardware and software.
Chapter 9 reviews the DSPACE models used to implement the control algorithm, and Chapter 10
gives testing results.
Part V presents conclusions and gives recommendations for future work based on the
results with the closed loop maglev pump prototype. The Appendices include all part drawings,
calibrations results, amplifier setup instructions, and a user's guide to operating the maglev
motor using dSPACE software.
1.3 Contributions of the Thesis
The development of a closed loop magnetic levitation pump is the main contribution of this
thesis work. The maglev pump does not require motor or pump thrust bearings, which account
for a common failure mode in submersible pumping systems.
More specific contributions of the thesis are the analysis, design, and control of a closed loop
maglev pump as follows: (1) Presentation of magnetic levitation commutation laws for rotational
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maglev motors. (2) Electromagnetic and mechanical design of maglev pump prototype. (3)
Design and implementation of real-time digital controllers for 2-degree-of-freedom pump. (4)
Experimental verification of motor gap (levitation) and velocity control under pumping
conditions.
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I.

Review of Prior Art

2. Down-hole Pumping Systems
There are various techniques for providing artificial lift to fluids in the well bore. These include:
gas lift, electrical submersible pumps (ESP), jet pumps, piston pumps, and progressive cavity
pumps (PCP), among others. ESP's are the most widely used, and are the focus of this thesis. In
this section, I provide a brief overview of current ESP technologies and discuss the motivation
for developing magnetic levitation pumping alternatives.
2.1 ESP: Electric Submersible Pump
In 1916, Armais Arutunoff designed the first electric motor that would operate under water to
drive a pump and lift large amounts of fluid. This motor served as a major improvement in the
methods of pumping oil wells and deep-water wells. In 1930, REDA was formed by Arutunoff
to provide electric submersible pumps to the oil industry and to this day remains the industry
leader in ESP's (REDA is now Reda Production Systems in the Well Completions division of
Schlumberger Oil Field Services). Today, approximately 10% of the world's oil is produced with
submersible pumps [Reda 1997].
An electric submersible pump consists of an electric motor, an intake, a pumping section, and
a protector. The protector serves to keep the pressure on the inside of the motor the same as the
pressure on the outside (in well annulus). The protector also prevents entry of well fluid into the
motor and provides an oil reservoir to compensate for the expansion and contraction of the motor
oil due to heating and cooling of the motor during operation. The intake section is bolted to the
bottom of the pump to allow fluid entry. A standard intake is simply a housing with holes that
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allow fluid entry into the pumping stages and a screen that blocks large particles. In some cases,
a gas separator is used to not only act as an intake section but to also separate gas from fluid.
REDA pumps are rotodynamic centrifugal pumps, consisting of a rotating impeller and a
stationary diffuser. The impellers are coupled to a shaft, which is rotated by an induction motor.
Figure 2-1 shows an exploded view of a single pump stage.

ESP's typically consist of 70-300

pumping stages working in series, in order to supply enough pressure to lift fluid from several
thousand feet below the surface.

O~kimpeer

oil

Pads

Difffser

Figure 2-1. REDA pump stage [Reda 1997].
Impellers are designed to "push" fluid outward as they rotate, increasing the kinetic energy of the
fluid and delivering the fluid to the diffuser. The diffuser slows the fluid down and forces it back
to the center of the pump, delivering it to the next impeller, as shown in Figure 2-2. Due to the
principle of conservation of energy, the diffuser increases the pressure of the fluid, converting
the kinetic energy into potential energy (head).

Thus, each pump stage provides a pressure

increase to the fluid until it reaches the pump outlet.
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Figure 2-2. Fluid flow path in a "mixed flow" stage [Reda 1997].

ESP's are operated using surface equipment that provide and regulate the electricity to the
downhole motor. Figure 2-3 shows an illustration of an ESP system.
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Figure 2-3. ESP system [Reda 1997].
2.2 Submersible Motor
The motor provides the driving force that turns the pump. Electric motors used in ESP's are two
pole, three-phase, squirrel cage induction motors. These motors run at a relatively constant
speed of 3,500 rpm on 60 Hz. and 2,915 rpm on 50 Hz. The motors are filled with oil that
provides dielectric strength, bearing lubrication, and good thermal conductivity.
The motor horsepower is calculated by multiplying the maximum horsepower per stage
from the pump curve by the number of pump stages and correcting for the specific gravity of the
fluid. Amperage requirements may vary from 12 to 130 amps. The required horsepower is
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achieved by increasing the length of the motor section. The motor is made up of rotors, 12-18"
long, which are mounted on a shaft and located in the electrical coils mounted within the
housing. Single motor assemblies are typically 30-40 ft. in length, and are rated up to 200-250
hp, while tandem motors approach 100 ft and are rated up to 1,000 hp [Brown 1980]. Figure 2-4
shows a REDA ESP motor.
Coupling
Thrust Bearing
Pot Head
Shaft
Copper Windings
Stator Steel Laminations
Stator Brass Laminations
Rotor Bearing
Rotor

Motor oil fill plug

-

Figure 2-4. REDA ESP motor [Reda 1997].
2.3 Bearings
Bearings are one of the most critical components in rotating machinery. The safe and reliable
operation of rotating machines depends greatly on bearing performance. Bearing performance is
of considerable importance in down-hole applications, due to harsh well conditions such as
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extremely high loads, high temperatures, solid particles, and the limited cooling available. As a
result, it is common for bearing surfaces to suffer accelerated wear. This serves to open up tight
clearances in the pump, causing vibration and radial instability, which can ultimately lead to
bearing failure.
Reda pumps use Zirconia or Silicon Carbide/Zirconia radial bearings at each stage and at
the head and base of the pump section, as shown in Figure 2-5.

Head and Base
Compliant Mounted Zirconia Radial Bearings
Optional SiC/Zirconia Bearings

Stage Bearing
Figure 2-5. Reda pump radial bearings [Reda 1997].
Thrust washers are used at all mating surfaces between the impeller and the diffuser to
absorb thrust generated from differential pressure in the stage (downward or zero), gravity acting
on buoyed mass of the impeller (downward), and force from momentum of fluid entering the
stage (upward or zero).
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2.4 ESP Failure
Failure analysis from ESP pulls (an ESP is typically pulled from the well bore when there is
lost/low production or a down-hole short) indicates that bearings account for a majority of failure
or damage modes in motors [Reda 2001]:
Major motor failure modes:
1. Winding failure bum/grounded
2. Radial/Thrust bearing failure
Major motor damage modes:
1. Thrust bearing/runner worn.
2. Rotor bearing sleeve scorn.
3. Rotor bearing spin.
4. Base bushing wear.
It is therefore believed that a system with no, or fewer, mechanical bearings may exhibit
a longer runtime and lower failure frequency than existing ESP's. This belief is the underlying
motivation for investigating alternative ESP configurations and technologies, henceforth referred
to as Next Generation Pumps.
2.5 Next Generation Pumps
This section reviews the development of the concept for a magnetically levitated pump impeller
and discusses the possible advantages of such a system over conventional ESP's.
The idea for a magnetic levitation pump arose from the desire to integrate the motor and
the pump, simultaneously eliminating the need for mechanical bearings or a shaft. Maglev pump
stages could operate in parallel, and the failure of a single motor or stage would only result in the
loss of pressure from that stage. With such a design, ESP's could tolerate some number of
failures and continue to operate at less than capacity.

Engineers and operators could

troubleshoot problems or order replacement parts at the well site without having to pull the pump
and lose days of production.
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Magnetically levitating each pump impeller provides a means of powering each stage
independently and eliminating bearing surfaces, which contribute to a majority of failure and
damage modes of ESP's. Figure 2-6 shows an early drawing of the maglev pump concept, with
the permanent magnets and motor coils integrated into the impeller and diffuser.

F
Ft
Impeller
~ Permanent
magnets

Y~qE

Diffuser

Electromagnets

Figure 2-6. Conceptual drawing of mag-lev pump.
Originally, it was envisioned that a magnetic suspension system could control six
degrees-of-freedom for each impeller, as has been done in planar maglev stages, eliminating the
need for a shaft. Building such a system is possible, and would only be an extension of the work
presented herein. We decided to design and build a more simple and robust system, which uses
radial bearings and a shaft that couples the impeller to the maglev motor. This design still
eliminates the need for thrust bearings, and reduces the control problem to two degrees of
freedom: axial movement and rotation about the center axis (shaft). This thesis presents the
design, prototyping, and testing of such a synchronous permanent magnet 2-degree-of-freedom
maglev pump.
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3. Magnetic Levitation
The magnetic levitation techniques discussed in this thesis have been developed by Professor
David Trumper's Precision Motion Control group at MIT, and used to build single- and multidegree-of-freedom magnetic suspension systems. This section reviews the development of these
systems and their application to magnetic levitation pumps.
Long travel magnetic suspensions can be classified as one-dimensional or twodimensional, according to the number of directions in which they provide long travel. Onedimension long travel magnetic suspensions provide long-range planar travel in one direction
perpendicular to the suspension direction, while generating small motions in all six degrees of
freedom. A one-dimension long travel magnetically levitated stage for precision control was
developed by Mark Williams, which uses electromagnets to control the motion of a 13.5 kg.
platen in five degrees-of-freedom (two translational and three rotational) and a permanent
magnet linear motor to control motion in the sixth degree-of-freedom [Williams 1998].

The

linear motor controls the stage position along the axis of the motor and consists of a permanent
magnet Halbach array attached to the underside of the platen and a linear six-phase stator fixed
in the machine frame. The use of Halbach arrays in permanent magnet machines is laid out in
[Trumper, Williams, & Nguyen 1993], and is discussed in further sections of this thesis.
Alternatively, two-dimensional magnetic levitation systems provide two axes of long
travel in a plane.

The design and development of a high precision, six-degree-of-freedom,

magnetically levitated stage with large planar motion capability in two dimensions, is described
in [Kim 1997]. The platen is levitated without contact by four three-phase linear permanentmagnet motors that provide suspension and drive forces. The linear motor consists of Halbachtype magnet arrays attached to the underside of the levitated platen, and coil sets attached to the
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fixed machine platform. Figure 3-1 shows an illustration of this planar magnetic levitator, built
by Wong-Jong Kim. The arrangement of motors shown in Figure 3-1 allows generating all sixdegree-of-freedom motions for focusing and alignment and large two-dimensional step and
scanning motions for high precision positioning. The stage was designed for photolithography in
semiconductor manufacturing.

platen (moving)

4

mirror

-.

sandwich
honeycomb
magnet array
three-phase
stator winding
capacitance

probe

stator core

stators (fixed)

end block
Figure 3-1. Six-degree of freedom magnetic levitator [Kim 1997].
Analysis for the design and control of the linear motors used for drive and levitation in
[Williams 1998] and [Kim 1997], is summarized in [Trumper, Williams, & Kim 1996].

These

papers served as the foundation for the motor analysis used in this thesis, which is described in
Section II.
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II. Analysis
4. Motor Analysis
In my system, an ironless permanent magnet motor is used to provide axial levitation forces, to
stabilize the axial pump position and carry thrust loads, and torque to the pump impeller. The
motor is a synchronous permanent magnet machine consisting of a 3-phase coil stator and a rotor
with a Halbach magnet array.

The use of Halbach arrays in the design of these types of

levitation motors was first introduced in [Trumper, Williams, & Nguyen 1993], which provided
the analytical solutions for the motor's fields, forces, and commutation structure. I have used
these results for the design of the motor used in this thesis. The derivation and analysis of these
solutions has been previously published in detail in [Trumper, Williams, & Kim 1996],
[Williams 1998], [Kim 1997], and so only the final solutions will be discussed in this thesis.

4.1 Halbach Magnet Array
Halbach developed his rare-earth magnet arrays for use in particle accelerators.

In these magnet

arrays, the magnetization vector has gap-normal and gap-tangential periodic components and
rotates as a function of distance along the array. If the vector rotates continuously, as shown in
the "Ideal Halbach" in Figure 4-1, the field on one side of the array becomes zero while the field
on the opposite side is twice that of the "Vertical Sinusoidal" magnetization. However, it is not
easy to build blocks with a continuously rotating magnetization axis. Instead, more typically, a
spatial wavelength of the magnet array is constructed from four uniform blocks of magnet,
square in cross-section, rotated by 900, as shown by the "Four Block Halbach" in Figure 4-1.
This configuration achieves field strength within 80% of that obtainable from the ideal Halbach
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array and F2 times stronger than that of a conventional north-south ironless magnet array
[Trumper, Williams, & Nguyen 1993].

Four Block Halbach

Standard North-South

Ideal Halbach

Vertical Sinusoidal

Figure 4-1. Four possible magnet arrays based on Halbach's ideas.
4.2 Motor Forces
Figure 4-2 shows a representation of a 3-phase linear motor. Based on the derivations presented
in [Trumper, Williams, & Nguyen 1993] and [Kim 1997], the fundamental forces acting on one
spatial period of the magnet array for a 3-phase motor can be written in the form
cos(kx)

cos(kx -- ;

cos(kx -

3

F

= Cee

-sin(kx)

-sin(kx--)

3

Fi-

3
-sin(kx-

-

3)

2

(4.1)

where Cis a constant that accounts for the effects of the motor geometry and winding density
and k=2rl is the spatial wavenumber for the wavelength 1. The constant term, C, is proportional
to the remanence, pM 0 , permanent magnets. Here, x and z represent motion of the magnet
array relative to the stator as shown in Figure 4-2.
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VmB*LL tB

Stator
Figure 4-2. Representation of a 3-phase linear motor.
This relationship can be simplified further if we ignore the z (motor gap)-dependence of
the commutation laws. The e-" term in (4.1) can be thought of as a variable gain, which only
affects the force by 20-30% over the gap changes we contemplate. If the controller is designed
to be robust to such a gain change, this term can be ignored.

Therefore, as a back-of-the-

envelope calculation, the horizontal force on one coil can then be expressed as
Fh

(4.2)

= 2B,,,e NWI cos(kx)

where N is the number of turns, Bave is the average magnetic field, and W is the width of the
coils, as shown in Figure 4-3.
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N turns

W

Figure 4-3. Illustration of stator coils
The average maximum field seen by the coils will be approximately 0.4 T for typical magnet
arrays. The fundamental forces acting on one spatial array of the magnet can thus be modeled as
cos(kx - -)

cos(kx)

3
-sin(kx --- )

Fx= C -sin(kx)

Fz

cos(kx --

sin(kx-

3

where C = 2BaveNW.

3

)

;

(4.3)

2

3

For the purposes of controlling the motor, the commutation laws are

derived by inverting (4.1) to yield

cos kx
I2
I

-sin kx

cos(kx--)
3
C
cos(kx -

3

)

-sin(kx--)
3
-

(4.4)
FJ

sin(kx - 2)

3

From these commutation laws, the controller specifies input phase currents (I,,12, and I3) needed
to generate the desired horizontal and vertical output forces, Fdh and Fdv. The motor phase
currents are then controlled by current drive amplifiers, which drive each of the three coils.
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As a proof that the commutation laws work, we can substitute the input phase currents
derived from (4.4) into (4.3) to calculate the actual forces on the motor. If we first look at the
horizontal force,
=

Fh

Fd

cos 2 (kx) - F, cos(kx) sin(kx) + F cos 2(kx -

.. +F2h
.+
F cos

(kx -)
3

- Fd, cos(kx

Substituting the half-angle

-)

3

- Fd, cos(kx -

3

) sin(kx - )...

3

2
2x
-- )sin(kx -)
3
3

identity,

cos2

21+

x =

(4.5)

cos 2x
, and the double-angle identity,
2

sin 2x = 2sin x cos x, into (4.5) gives

F=F

[

..F4

d

2

1
Ik

1
2

+-1sin(2kx
2- sin(2kx) 2
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2z +
3
2

1
2

4
3

(4.6)

-2r) +-Isin(2kx - 1
3
2
3 _]

The cosine and sine terms cancel each other out because the sum of three cosines or sines, shifted
by

-

3

radians (1200), is always equal to zero. This leaves

3
F =- F
2

(4.7)

Thus, the commutation laws give a force proportional to the desired force regardless of the motor
position, to the extent that the motor force model is accurate. Carrying out the same analysis for
the vertical force gives the same result.
3
Fv = - F

2

(4.8)

I

dv

For rotational systems, however, it is more practical to measure angular displacement,

, and

command torque, T. In order to maintain the commutation laws derived above, we convert

31

angular

displacement

measurements

to

horizontal

displacement

using

the

following

approximation,
X=,OmRave

where

(4.9)

0 M is

the mechanical angular displacement of the rotor and Rave is the average radius of

the rotor. The pitch length, 1,for a rotational array is
""

1=

(4.10)

M

where M is the number of pitches of the motor. The spatial wavelength, k, then becomes
k

(4.11)

M
Rave

Substituting (4.10) and (4.11) into (4.4) gives the following commutation laws,

cos e

-sin

e

T

I

I2

-

C
cos(Ge

-sin(O, -

3

-

)

3

-

sin(e

-

3
2)
3

Rav,vcos(e

1

(4.12)

2r F

where Ge is the electrical angle of the motor, equal to the mechanical angle, O,,, times the number
of pitches, M.

4.3 Motor Power Requirements
A REDA GN5600 pump stage was used for the purposes of this thesis. This model has a
housing OD of 5.12" and a nominal flow rate of 5600 bpd (barrels per day) [163.3 gpm]. The
torque and levitation requirements for the maglev system were derived from the requirements for
a single GN5600 stage.
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The impeller requires 1.34 kW (1.8 HP) input power to produce 6050 bpd at best
efficiency point (BEP) [REDA 1996]. To provide 1.34 kW at 3600 RPM (366.52 rad./sec.)
requires a torque of 3.66 N-m. The GN5600 impeller has an average radius of 1.425" (0.036 m).
Therefore, the motor must supply a tangential force of approximately 101.12 N (22.73 lbf). The
axial force (thrust) under these conditions is 15.4 lbf (BEP). However, the motor must be able
to provide 26.5 lbf of levitation, which is the axial force at zero flow or "shut off' condition
(max thrust).
From previous experience, we can estimate magnetic suspension systems can generate 410 psi of tangential and levitation pressure, if liquid cooled and properly designed. A motor with
a working area of approximately 7 in 2 would provide 28-70 lbs of tangential and levitation
forces. Therefore, designing a motor that provides the needed levitation and tangential forces
given the size constraints of the GN5600 casing is feasible, if the process liquid is used to cool
the motor. It should be noted that achieving the power requirements for the GN5600 stage was
not a top priority for this first prototype. In fact, testing revealed that although the motor was
intended to provide the needed power to the pump, the efficiency and performance of the system
was limited by the power supplies and current amplifiers driving the motor. Evaluating these
requirements was done primarily to determine the value and feasibility of developing magnetic
suspension systems for downhole applications.
4.4 Summary
In this chapter, we have used the electromagnetic analysis of a 3-phase linear motor with a
Halbach arrayed stator, presented in [Trumper, Williams, & Nguyen 1993], to develop
commutation laws for our ironless permanent magnet motor, which provides axial levitation
forces and torque to the pump impeller. In addition, power calculations have shown that if we
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use the process liquid to cool the motor during operation, we should be able to design a motor
that provides the levitation and tangential forces needed to meet the design specifications of the
maglev pump.
The commutation laws shown in equation (4.12) require knowledge of angular and axial
position of the motor during operation. Based on motor position, the commutation laws specify
input phase currents to the motor, which are then controlled by current drive amplifiers.
Operating the motor, therefore, requires the use of angular and axial position sensors, a data
acquisition system, a controller that implements the commutation laws based on the sensor
outputs, current drive amplifiers, and amplifier and sensor power supplies. These components,
along with the maglev motor, make up the electromagnetic system of the maglev pump, which is
presented in Chapter 5.
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III. Design
5. Electromagnetic Design
This chapter describes the design of all electromagnetic components that make up the maglev
pump, as well as the instrumentation and electronics used to power, operate, and control the
motor. The chapter also presents the derivation and implementation of algorithms used for
sensor processing. The maglev rotor and stator were manufactured by Fred Sommerhalter'. All
other electronic components were purchased from various vendors, listed in the Vendors section
of this thesis.
5.1 Magnet Array
Neodymium iron boron (NdFeB) magnets have been used in previous magnetic suspension
systems [Kim 1997], [Williams 1998], because they provide the highest energy product (35-47
MGOe [Million-Gauss Oersted]) for commercially available rare-earth magnets [Ma & Willman
1986]. NdFeB magnets have a Curie temperature of 312 0 C and are rated for maximum operating
temperatures of 150'C. Down-hole submersible pumps, however, typically operate at bottom
hole temperatures of 170'C. For this reason, Samarian Cobalt (SmCo) magnets were chosen for
the motor, which are rated for maximum operating temperatures of 300'C and have a maximum
magnetic energy product of 20-32 MGOe.
The rotor consists of thirty-two 0.25 x 0.25 x 1" SmCo5 magnets, glued 11.250 apart
along the outer circumference of the rotor.

Although wedge-shaped magnets would have

maximized the magnetized area of the rotor, magnetizing such geometry along different axes for
the Halbach array would have been very difficult for the manufacturer. Instead, a square-cross
section rectangular geometry was chosen. The diameter of the rotor was limited to 5" based on
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size constraints imposed by Schlumberger. From preliminary power requirement calculations
(See Section 4.3), we estimated that a working area of approximately 7in 2 would be needed to
generate the required tangential and levitation forces. With this in mind, the force generating
inner and outer diameter of the motor (rotor and stator) were selected to be 4" and 5"
respectively.

The magnet dimensions were then selected in order to maximize the force

generating area of the rotor and allow for 8 pitches (1 Halbach pitch consists of 4 magnets) with
approximately 1mm spacing between magnets. The inner circumference of the working area was
approximately 9.425". In order to fit 32 magnets onto the rotor the width of the magnets could
not exceed 0.29". The magnets were then chosen to have a cross section of 0.25 x 0.25" to
provide some tolerance for the manufacture to work with when gluing the magnets. Figure 5-1
shows an illustration of one motor pitch.

8x 4-magnet pitches = 32 magnets
450 of Diameter
S
N

Ao

N

S

I

N
S

S

BO

B(C(&AO

8x 3-coil pitches = 24 coils

Figure 5-1. Halbach motor pitch.
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5.2 Rotor
The magnets were glued on the rotor core, which was machined from low carbon steel. Magnet
slots were machined into the rotor core in order to locate the magnets more easily during
assembly and to prevent the magnets from shifting during operation.

Figure 5-2 shows a

machine drawing of the rotor core. Rotor assembly drawings are also included in Appendix A.
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As seen in Figure 5-2, the rotor has four radial 1-20 UNC threaded holes, which are used to bolt
the rotor to a rotor flange that is keyed to the pump shaft. In addition, twenty-four radial 4-40
UNC threaded holes were machined on the underside of the rotor for balancing the motor after
fabrication, which ultimately was not necessary. Figures 5-3 and 5-4 show pictures of the rotor.

Figure 5-3. Magnetic levitation pump rotor: Front-view.

Figure 5-4. Magnetic levitation pump rotor: Back-view.
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5.3 Stator
Three types of windings were considered for the stator: wrap around (Gramme) windings,
interlaced windings, and non-interlaced windings. Gramme windings have been used in previous
magnetic suspension systems [Kim 1997], [Williams], due to the ease of fabricating Gramme
coils independently on a winding jig and stacking them side-by-side around a stator core. This,
however, was not possible, as our stator core was circular. Non-interlaced windings had not
previously been designed for magnetic suspension systems, and so to avoid unforeseen
complications and maximize power efficiency, interlaced windings were chosen.
5.3.1 Stator Core
The stator core was machined from G10, a glass-epoxy conjugate. It was necessary for
the stator to be non-conductive, so that the magnetic rotor would not be attracted to the stator
when the coils were not energized.

This would have made working with the motor more

difficult. The stator has an outside diameter of 6" and an inside diameter of 2". Forty-eight
0.195 x 0.194 x 1'" slots, spaced 7.50 apart, were machined in order to locate the stator windings.
The outer and inner diameters are machined to provide enough room for the winding end turns to
be formed down. The radial holes on the outer diameter are used to bolt the stator to the bottom
cap of the housing. Figure 5-5 shows a machine drawing of the stator core. Assembly and part
drawings of the stator are also included in Appendix A.
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5.3.2 Stator Windings
An interlace winding pattern for a 3-phase motor requires 6 coil thicknesses per pitch. In order
to have eight pitches, the coils must be 7.5' apart. A stator with an inner diameter of 3" allows
1.178" per pitch or 0.1963" per coil. Therefore, the stator windings were selected to have a
cross-section of 0.194 x 0.194". The stator coils were designed as 8 sets of 3 racetrack-shaped
coils that locally interlace, as shown in Figure 5-6.

Figure 5-6. 3-phase interlaced stator model.
During initial prototyping, it became clear that keeping all the formed end turns below the top
surface of the coils in the 3-coil interlaced design was nearly impossible. The only way to
achieve interlacing was to have one coil end-turns formed down, one straight, and one formed
up, as shown in Figure 5-7. In this fashion, however, the magnet would pass through the formed
end turns.
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Figure 5-7. Prototype coils of original interlace design
The winding pattern was rearranged such that there is only one crossover per coil, as shown in
Figure 5-8.

Figure 5-8. Prototype coils of 1-crossover per coil design.
The stator was wound with 20ga. wire. Smaller wire provides a higher torque constant, however,
it also produces a higher back EMF (electromotive force).
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Fred Sommerhalter tested the

prototype at speeds of 420-1080 rpm, prior to delivery, by spinning the motor on a lathe at
various motor gaps. Based on this data, a back EMF curve was extrapolated for a motor speed of
3600 rpm. Figure 5-9 shows that the motor produces a back EMF of approximately 60-70 V
under pump operating conditions (gap=1-2mm, Q2=3600rpm).

This back EMF surpasses the

capabilities of the 0-60V H-P6274B power supplies used to run the motor. A motor wound with
18ga. wire would be able to reach 3600 rpm, but we ultimately decided against building a second
prototype due to time and budgetary constraints. Figures 5-10 and 5-11 show pictures of the
stator.

Back EMF vs. Motor Air Gap
80
e7
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S

.600

420 rpm Data
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1080 rpm Data
- -e- - 3600 rpm Extrapolated
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10

0

1

2

4

3

5

Air Gap (mm)
Figure 5-9. Stator back EMF test data (Generated by Fred Sommerhalter).
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Figure 5-10. Prototype stator: front view.

Figure 5-11. Prototype stator: side view.
5.4 Power Amplifier
Two different amplifier setups were used to drive the motor during testing. Because the data
presented in this thesis was gathered using both setups, the two are discussed in this section.
Initially, a TA320 three-phase, sinusoidal, brushless linear motor amplifier from Trust
Automation2 was used as the power amplifier. The TA320 was configured as three single-phase
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amplifiers, which controlled the individual stator phase currents.

The TA320 gave us

considerable problems throughout testing because it did not properly protect itself from overcurrent, resulting in Phase A of the device burning out repeatedly. The problems experienced
with this amplifier constituted the majority of the setbacks of this project, and limited the amount
of testing and data gathering that was done.
After burning out three units, we abandoned the TA320 in favor of driving each phase
3
independently, using three Model 423 DC Switching Amplifiers from Copley Controls.

Switching amplifiers, however, are noisier than linear amplifiers, due to high DV/DT that results
from switching off and on. In order to prevent high-amplitude current spikes at each switching
instant, the load seen by the amplifier must be inductive. To increase the load inductance of the
motor and decrease noise, the amplifier output was run through FC1001O

filter cards from

Advanced Motion Controls 4 . These cards consist of a lOOgH inductor and .OlpF capacitor.
Twisted-pair shielded cables were used wherever possible, and care was taken not to have any
"floating" grounds.
The commutation command by the controller is transmitted through D/A converters,
which give signals as voltages. Both the TA320 and the 423 switching amps were operated in
torque mode, where the amplifier outputs a current proportional to the command input voltage.
The transconductance (current gain) is calculated by dividing the desired peak current by the
maximum available voltage from the DS 1102 board (10V), as shown below:
G -ouVref

(5.1)
10V

Amplifiers were set at a gain of 1.2 A/V. The specifications of the TA320 and 423 amplifiers are
shown in Tables 5-1 and 5-2.
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Table 5-1. TA320 3-phase Linear Brushless Amplifier Specifications.
Supply Voltage - dual supplies
Equivalent Motor Voltage
Output Current
Command Input
Torque Gain
Bandwidth

± 24-60 V (80 V max. rating)
32-115 V
± 12 A peak, ±6 A continuous
± 10 V (± 12 V max. rating)
0.3-1.2 A/V
5 kHz

Table 5-2. 423 DC Brush Switching Amplifier Specifications.
Supply Voltage - single supply
PWM Switching Frequency
Output Current
Command Input
Torque Gain
Bandwidth

22-170 V
25 kHz
±30 A peak, ± 15 A continuous
± 10 V
0-2.8 A/V
3 kHz

The current limits of the switching amplifiers were lowered to 15A peak and 15A continuous in
order to protect the motor.

Differential input commands were used to minimize noise

interference.
In order for either the TA320 or 423 to operate, all /ENABLE inputs must be pulled to
ground via a switch, or logic low via Digital I/O. The amplifiers are designed to disable in the
event of any of the following: connection to the /ENABLE input is lost, over-temperature, overcurrent, or under-voltage.
5.5 Power Supplies
Two H-P6274B power supplies, manufactured by Hewlett Packard5 and reconditioned by Tucker
Electronics 6 , were used to power the TA320 amplifier. Only one power supply was needed to
drive the three 423 Switching Amplifiers. The H-P6274B has a variable output of 0-60 V and 015 A, and has a drift of less than 0.03% of output plus 2mV. The H-P6274B is operated in
constant voltage mode, with the current limit set to 15A.
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5.6 Axial Position Sensor
A 3300 XL 8mm. proximity transducer system from Bently Nevada 7 was used to monitor axial
position of the shaft. The system consisted of a proximity probe, a XL Proximitor@ Sensor, and
a 5m.extension cable. The system has a linear range of 0.25-2.3 mm., with a recommended air
gap of 1.27 mm. The deviation from best-fit line is less than +/- 25mm for a minimum target
size of 0.6 in.
The probe requires -24V input voltage, which is supplied by a Tektronix 8 PS280 DC
power supply, and typically outputs 7.87 V/mm for low carbon steel. The probe was calibrated
for use with the 316 stainless steel 1" pump shaft by measuring output voltages for known shaftprobe distances. Calibration results, shown in Appendix C, gave a best-fit curve:
d = 0.0769V +0.1872

(5.2)

where d is the shaft-probe distance in millimeters, and V is the probe output voltage. The data
acquisition system used has a maximum input voltage of 1OV. As a result, the data saturates
beyond 1.25 mm. The pump stage was redesigned to allow a motor gap range of 1.1-2.1 mm [1
mm travel], which ensures that the motor levitation will not exceed the linear range of the probe
or the saturation limits of the data acquisition system.
At the zero-current point (no levitation condition), the motor air gap is approximately 1.1
mm., with the system resting on the thrust bearings of the diffuser. The initial shaft-probe
distance, d0 , is set at 0.33 mm. The actual motor air gap, z, can be thus be calculated from
z = d + z0 - do

(5.3)

where zo is the zero-current motor gap.
All sensor processing algorithms were implemented in Simulink.

Simulink is a

MATLAB control toolbox, which can take sensor inputs from the data acquisition hardware
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through A/D converters, manipulate them using block diagrams, and output them as command
signals to the system through D/A converters. The data acquisition system is described in detail
in Chapter 8. The Simulink block diagram model used to calculate motor gap (in meters) from
probe voltage, based on equations (5.2) and (5.3) is shown below. The A/D converter represents
IV in the outside world as 0. V in Simulink. Therefore, all sensor voltages are run through a
10V "A/D Gain", as shown in Figure 5-12. The probe is mounted on an aluminum 6061T Lbracket, which is fixed to a T-slotted aluminum base.

.00033
Initial shaft-probe
distance

ns

A/D Gain

Calibration

Z(m)

.0011
Zero current
motor gap

5-12. Simulink block diagram that calculates motor gap [Z(m)] based on probe voltage [Sensor
Output]
5.7 Angular Position Sensor
Various methods for measuring angular position were considered.

Initially, it was

thought that using a through-shaft encoder or resolver would be the best way to monitor the
angular position of the motor. However, finding a resolver or encoder that could tolerate 1-1.5
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mm. of axial shaft displacement proved to be difficult. As a result, I decided to use Hall sensors
to measure the angular position of the rotor, in order to provide commutation to the motor and
control angular velocity.
5.7.1 Hall Sensors
The Hall effect is the appearance of a transverse voltage difference on a conductor carrying a
current perpendicular to a magnetic field. A particle with charge

Q, moving

with velocity, V,

within a magnetic field B, will experience the Lorentz Force, as shown below:
(5.4)

F = Q(VxB)

A Hall sensor is a four-terminal solid-state device capable of producing an output voltage,
proportional to the product of the input current, the magnetic flux density, and the sine of the
angle between the magnetic field and the plane of the Hall sensor.
Two sets of three Gallium Arsenide GH Series Hall sensors from F.W. Bell 9 , spaced 120*
apart, were incorporated in the stator coils during fabrication. The output Hall voltage of each of
these sensors is
Va = K cos(9, + 0)

Vb

= Kcos(O, +

V, = K cos(%, +

(5.5)
27r

)

(5.6)

4xr
-- )
3

(5.7)

--

3

Where K is some scale factor proportional to the magnetic field, input current, and open circuit
product sensitivity, 0, is the electrical angle of the motor, and
the motor coils. The electrical angle,

0

e, tracks

# is some

angle offset relative to

the electrical commutation of the motor, and

travels 0 to 27c for each motor pitch. In contrast, the mechanical angle,
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6

,,, represents the

-I.........
......
.........
.....
.
. .........................
------------

physical angle change of the motor, and travels 0 to 27t for each motor rotation. Therefore, for
an 8-pitch motor, the electrical angle frequency is 8 times the mechanical angle frequency.
Hall cells were connected in series to a ± 15V Tektronix PS280 DC power supply.
Figure 5-13 shows Hall cells on their mounting surface and Figure 5-14 shows the Hall cells
mounted on the stator prior to winding.

Figure 5-13. Hall cells on mounting surface.

Figure 5-14. Hall cells mounted on stator core.
1.5 k

resistors were used to maintain a current of 10 mA through the cells. Each Hall cell

outputs a differential voltage, which is run through an AD620 instrumentation amplifier from
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Analog Deviceso, that outputs an absolute voltage. Figure 5-15 shows a connection schematic
for the instrumentation amplifier of Hall Cell A. The output from the AD620, VA, is then sent to
the data acquisition system. Amplifiers for Hall Cells B and C are connected in the same way.

R9

1 AD620

HALL
CELL A

a2

7

i

Y

D

+_4

1+Va

0uF

.01U
-5

+5

Figure 5-15. Hall cell A amplifier connections. Amplifiers for Hall cells B and C are connected
in the same way.
5.7.2 Hall Voltage Transformation: abc -* af#
Two Hall measurements are all that is needed to determine the angle of the rotor, which can be
deduced by looking at the ratio of the flux produced by the two Hall cells. Our motor has three
Hall cells for the purposes of adding a redundant measurement. Therefore, in order to find the
angle of the rotor, we must represent the flux produced by the three Hall cells: Va,Vb Vc , as the
equivalent flux produced by two orthogonal Hall cells: Va,V . In essence, we need to project the
voltages from a three-axes frame, abc, onto a two-axis frame, a#. This transformation is
somewhat similar to converting the currents of a three-phase AC system with fixed axes abc to a
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two-phase AC system with fixed axes a#, as described in [Liebman 2001]. This method is
derived by equating the magnetomotive forces in the two frames. [Liebman 2001] provides a
more thorough understanding of equating complex voltage vectors in different reference frames,
and served as the basis for this analysis. However, the abc -

a# transformation equations

presented herein are derived through trigonometric vector analysis of the voltages.

I have

included the derivation from [Liebman 2001] in Appendix A for completeness and to show that
both methods yield the same result.
As discussed previously, the flux produced by the Hall cells can be represented as three
time-varying sinusoidal signals that are shifted by -- radians.
3
(5.8)

Va = K cos(ct)
V =

K cos(tut +-)

V, = K cos(wt +-)

(5.9)

3

(5.10)

3

Because e-"" = cos(ut) + j sin(wt), these voltages can be represented as the real part of el"":
(5.11)

V, = Relae''tI;a=K

Vb=

Re be}w' ;b = Ke

(5.12)

3

V = Relcewt ;c = Ke

(5.13)

where a, b, and c are the magnitudes of the Hall voltages. It follows that the flux produced from
two orthogonal Hall cells will be of the form
(5.14)

V =C cos(zt )
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(5.15)

V, = C cos(ut +-)

2

and will have magnitudes a = C and /= Ce

j-

2

Figure 5-16 shows magnitudes a, b, c and a, plotted on a real vs. imaginary axes.

The

transformation shown in Figure 5-16 can be done through simple vector analysis.

Im

Im
abc->a3

i"

transformation

j.2;r
b =Ke 3

=Ce

a=K

2

a=C

Re

Re

.4m

c = Ke

3

5-16. Hall cell voltage magnitude vectors a, b, c and equivalent orthogonal magnitude vectors

a, .
It is clear from Figure 5-16 that vector a is the sum of the x-components for vectors a, b, and c.
Therefore, acan be expressed as
2x
4x
1
1
a = bcos--+ ccos-+a =-- b -- c +a
3
3
2
2

(5.16)

In addition, if we assume that the voltage signals from the three Hall cells are balanced, then the
sum of their magnitudes must equal zero. This follows from the fact that the sum of three
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vectors of equal length, shifted by

--

3

radians, equals zero. This gives a relationship for a in

terms of b and c.
a = -b

-

(5.17)

c

Combining (5.16) and (5.17) yields
3
a = -a
2

(5.18)

Similarly, vector

#

is the sum of the y-components for vectors b and c (vector a has no y-

component). This gives an expression for #in terms of b and c.

. 27r

. 4c

h

=bsm -- + c sin 4s-=-- b- -c
3
3
2
2

(5.19)

Because only the ratio between a and 8 is needed to determine angle, we can divide (5.18) and
(5.19) by any scale factor.

Dividing a and # by 3/2 gives the abc -* a# transformation

equations:
(5.20)

a=a
1
#= 3

1
T-3

(5.21)

Once voltages Va,Vb,V, have been converted to V,,V,, using equations (5.20) and (5.21), the
angle of the rotor can be determined through trigonometry,
Oe =tan-

i

In MATLAB,
oe

(5.22)

Oe

is found using the following command
(5.23)

= a tan 2(V,,V,)

55
-j

which solves for the four quadrant arctangent of Vf and Va. It is important to remember that
is the electrical angle, not the mechanical angle, of the rotor.

Oe

As defined previously, the

electrical angle tracks the electrical commutation of the motor, while mechanical angle
represents the physical angle change of the motor. For an 8-pitch motor, the electrical angle
frequency is 8 times the mechanical angle frequency, and the mechanical angle is 1/8 the
electrical angle. However, electrical angle is all that is needed for commutation. The Simulink
block diagram that implements the abc4af3 transformation and calculates

e,

based on

equations (5.20) through (5.23), is shown in Figure 5-17.

atan2

10

Hall Voltage
Va
Hall Voltage
Vb
3
Hall Voltage
Vc

Va Gain

Vb Gain
n10
Vc Gain

Trigonometric
Function

1/sqrt(3)

Pl
Electrical
Angle

-

-K1/(sqrt(3))

Figure 5-17. Simulink block diagram that calculates 0e, based on Hall voltages using abc*a#8
transformations.
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5.7.3 Angle Offset
During preliminary testing, we were unable to achieve commutation using the electrical angle
measured by the Hall cells.

It was believed that this was due to an offset in the angle

measurement. In order to determine the angle offset, the motor was run by inputting a periodic
ramp function in place of the measured electrical angle. This simulated the motor spinning at a
constant speed.

The generated angle function that was commutating the motor was then

compared to the actual angle measurement of the Hall cells, as shown in Figure 5-18.

Angle Offset Experiment: Input Angle vs.
Measured Angle
7-

Angle
Input

54
3

- - -

1 2

-Angle

gMeasured

0
0

100

50

150

Time (ms)
Figure 5-18. Results from angle offset experiment: Input Angle vs. Measured Angle.

The angle profile running the motor and the measured angle profile would be roughly identical if
the Hall cells were measuring angle accurately. Instead the Hall cell measurement led the angle
function by approximately 2.45 radians, as seen in Figure 5-18. Based on these results, a 2.45
radian (1400) offset was added to the Hall angle measurement. Implementing this offset in the
Sensor processing block that calculates

6

, allowed successful commutation of the motor.
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Another angle offset was included in later testing to optimize the motor controller, and is
described in Section 8-5.
5.7.4 Angular velocity calculation
Angular velocity in the electrical angle reference frame can be calculated by measuring the
change in electrical angle for a given time.
measurements,

and

e1

0e2,

For example, if two discrete electrical angle

are made at times t, and time to+ r, we are able to calculate the

angular velocity of the motor by dividing the change in angle by the change in time, as shown
below
~electrical
92ee,,a

(5.24)
5.4

=eo -Gele

-

In our case, the electrical angle measurement is a discrete-time sequence of a continuous time
1
signal, obtained by periodic sampling at a sample frequency of -.

Therefore, in order to

implement the algorithm shown in (5.24), we must represent it as a discrete transfer function.
We first look at the average change in angle,
Odference =,

Odifference,

over n samples:

(5.25)

- 0,n

This can be represented as a discrete transfer function, using the z transform [Ogata 1995]. The
unilateral z transform of samples of a time function x(t) or of a sequence of value x(n), is defined
as
X(z) = Z[x(n)]=

x(n)z~"

(5.26)

k=O

Therefore, taking the z-transform of (5.25) gives the z-transfer function that calculates the
change in electrical angle over n samples
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difference(Z)

Zn -1

(z)

z"

(5.27)

The z-transfer function shown in (5.27) takes samples of a time function ,(t) as an input and
outputs the change in angle,

6

difference

, over n samples. In order to minimize the effects of noise in

the angle measurements, the change in angle was averaged over 5 samples instead of taking a
sample-by-sample angle difference. A z-transfer function that calculates change in angle over 5
samples was implemented in Simulink, as shown in Figure 5-19. High frequency noise was also
minimized by passing the output of the discrete transfer function through a low-pass filter. The
low-pass filter shown in Figure 5-19 has a gain of 1 and a cutoff frequency of 250 Hz.
The electrical angle of the rotor is periodic from 0 to 3600. Modulo-2ir arithmetic is used
in the control algorithms in order to represent a change in angle from 3580 to 20 as a change of
40,

as opposed to a change of -356'.

This is done using the mod command in MATLAB,

represented as a Simulink block in Figure 5-19. In addition, the modulo output is manipulated in
order to measure a change in angle for both clockwise and counterclockwise rotation. For
example, if the motor was at rest at an electrical angle of zero, and was moved 10
counterclockwise (-10), the algorithm would incorrectly measure an angle change of 3590
clockwise (+3590).

In order to correct for this, 3600 is subtracted from any modulo output

greater than 1800. This, however, assumes that the motor will not move more than ±r in the 5
averaged samples. This assumption is valid given the high sampling rate (5 kHz) and the motor
mechanics, which prevent moving a large amount in such a short time. At our target maximum
speed, 3600 RPM, the motor does not approach moving ±;r in 5 samples (1 msec.).
Subtracting 2n from any modulo output greater than 7E is done using the "Threshold
Switch" seen in Figure 5-19. The switch has a threshold set at n radians. If the modulo angle
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(input 2) is greater than or equal to the threshold, the switch outputs 2m (input 1), otherwise it
outputs 0 (input 3).

The output of the switch is then subtracted from the modulo angle.

Mechanical angular velocity is calculated from
Qme

9electrical

8

A

(5.28)

8nT

where n is the number of samples between angle measurements and T is the sampling rate. The
Simulink block diagram that calculates motor velocity based on the electrical angle of the motor
is shown in Figure 5-19. The motor velocity produced by this block diagram was compared to
the motor velocity calculated by an optical tachometer, and was consistently within 5% of the
tachometer reading.

Electrical
Angle

Discrete

Trnse F'

d4e-3s+1
Modulo

2I'

1/8nT

2piC

Low Pass Filter

Angular

Velocity
(rad/sec)

Col

Threshold
Switch

Figure 5-19. Simulink block diagram that calculates angular velocity based on motor position
[Electrical Angle] averaged over 5 samples.
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5.8 A/D and D/A Converter
A DS1102 DSP floating-point controller board from dSPACE" was used for data acquisition.
The DS 1102 uses a Texas Instruments TMS320C31 floating-point DSP processor that runs at
60MHz clock rate and thus a 33.3 ns cycle time. The controller sample time was set at 0.0002
seconds, corresponding to 5kHz sampling frequency. The DS 1102 has two 16-bit A/D input
channels, two 12-bit AID input channels, four 12-bit D/A output channels, and two incremental
encoder channels.

A CP 1102 connector panel was used to connect the DS 1102 board to the

system sensors. The CP1 102 uses BNC connections for the A/D and D/A signals.
5.9 Connections
The following approaches regarding electrical connections, described in [Trumper 1999] were
followed:
a) Commons and chassis grounds were tied extensively, in order to keep systems at equal
potentials.
b) Subsystems were kept electronically separate (Differential or instrumentation amps were
used for all analog connections).
c) Twisted-pair shielded cable was used to minimize E-field-coupled noise.
d) Load inductance at the output of the switching power amplifiers was increased using
inductance coils.
A schematic showing the power connections to the motor, for the switching amplifier setup, is
shown below. The shielding is tied to the motor frame and all grounds are tied at a single
location.
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5-20. Motor power connections for Phase A using a Model 423 switching amplifier. Phases B
and C are connected in the same way.

5.10 Summary
In this chapter, we presented all electromagnetic components that make up the maglev pump
system.

We discussed the design of the maglev rotor and stator and presented the

instrumentation for controlling the motor. This included the sensor processing algorithms for
calculating motor angle, motor velocity, and motor gap position based on the outputs of three
Hall cells and a proximity probe. The instrumentation used to control the system worked well
throughout testing. An advancement on this design, however, might be to integrate an axial
position sensor into the motor, in the same way that the Hall cells were embedded in the stator
core. This would eliminate the need for having an external probe or running the shaft out of the
housing. In addition, having all sensors integrated within the maglev pump housing would be a
step towards building a self-contained down hole system.
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This chapter also presented the power electronics used to drive the motor.

As was

discussed, the 3-phase linear current-drive amplifier used initially gave us considerable problems
during testing. This amplifier was simply not equipped to handle the current levels needed to
drive the pump and burned out a number of times. Driving all three coils with a linear amplifier
was abandoned in favor of driving each coil individually with three high-current limit, switching
amplifiers. We feared that using switching amplifiers would introduce a great deal of noise into
our system. However, by increasing the load inductance of the motor, carefully grounding the
system, and using twisted-pair shielded cable for all power connections, we were able to avoid
any such problems. The Model 423 switching amplifiers work well, but are limited to 15A
continuous current. As will be discussed in Part IV, driving the motor with a 15A peak current
input does not generate enough torque to reach our target speed of 3600 RPM or pump
considerable flow rates. Therefore, a major improvement on this design would be to revamp the
power electronics setup to provide for higher input current to the motor.
Building the maglev pump involved integrating the electromagnetic system discussed in
this chapter with the mechanical components that make up the pump. The following chapter
presents the design, functionality, and assembly of all mechanical parts, including: pumping
elements, non-pumping parts, pump housing, bearings, and seals.
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6. Mechanical Design
This chapter will discuss the design and manufacture of all test bed parts and show illustrations
and pictures of test bed assemblies. It should be noted that all cross-sectional views in this thesis
do not illustrate the flow passages of the pumping elements (impeller and diffuser), as I did not
design these parts. For simplicity, I modeled these parts as solid pieces without intricate flow
passages.

All of the parts in this section, with the exception of the pumping elements, were

machined by RPM Machine 12 . Detailed part and assembly drawings for all test bed components
are given in Appendix A. The test bed consists of three primary subassemblies: shaft assembly,
pump assembly, and bottom cap assembly.

6.1 Shaft Assembly
The shaft assembly consists of all the rotating parts in the test bed: shaft, rotor, rotor flange,
impeller, and retaining piece. The design and assembly of these components are discussed in
this section. The rotor and the rotor flange are the moving parts of the mag-lev motor. Figure 61 shows a cross-section view of the shaft assembly.
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ROTOR::

RETAINING PIECE

Figure 6-1. Cross-section of shaft assembly. Note that flow passages lie in the hatched area of
the impeller, but are not detailed here.

Figure 6-2. Shaft assembly. The retaining piece is not labeled but can be seen bolted to end of
the shaft, to the right of the impeller.
6.1.1 Shaft
A standard 1" diameter, 20.25" long, 316 stainless steel pump shaft is used to transmit
torque. The torque from the motor is transmitted to the shaft through a

" square, 1" long key.

The rotor is fixed to the shaft with a /-20 setscrew. The test bed was first assembled without
having the rotor fixed. The rotor was then positioned 1.1 mm from the surface of the stator and
fixed in place via the setscrew.
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The shaft transmits torque to the impeller through a 0.066" square, 1" long key. The
impeller is held in place by a retaining snap ring and an aluminum retaining piece that is bolted
to the end of the shaft, as seen in Figure 6-1.
6.1.2 Rotor Flange
The purpose of the rotor flange is to couple the rotor to the shaft of the system through a

"

square key. The rotor flange was machined from low carbon steel and includes a

-

" keyway,

20 threaded setscrew hole, and four /-20 clearance holes for bolting the rotor to the flange, as
seen in Figure 6-1.

During assembly, the rotor is bolted to the rotor flange, and the shaft is

inserted through the rotor flange hole. The rotor flange is then located axially on the shaft with a
setscrew, as discussed previously.
6.1.3 Shaft Retaining Piece
The purpose of the retaining piece is to axially fix the impeller on the shaft.

In standard

applications, the GN5600 impeller used is designed to "float" on the shaft, which transmits
torque but not axial movement. The ability to transmit axial movement (levitation), however, is
key to our prototype. To prevent any "floating", the impeller is sandwiched between a snap ring
and an aluminum retaining piece that is bolted to the end of the shaft with a %-20 shoulder bolt.
Figure 6-1 shows a cross-sectional view of the snap-ring groove, the retaining piece, and the
threaded bolthole at the end of the shaft.

6.2 Pump Assembly
Components from a REDA GN5600 pump were used as the pump for the system. The pump
stage consists of two diffusers and an impeller, made from gray cast iron. Although a single
stage (diffuser/impeller) would have been adequate, a second diffuser was added to the assembly
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in order to constrain the axial motion of the impeller and channel the fluid flow back to the
center of the pump.

The pump assembly consists of the pump stage, diffuser constriction,

diffuser flange, and top cap. The design and assembly of these components is presented in this
section. A cross-section and a picture of the pump assembly mounted on the shaft assembly are
shown in Figures 6-3 and 6-4, respectively.

TOP CAP
DIFFUSER CONSTR ICT ION
DI FFUSE R FL ANGE

DIFFUSER
ROTOR

LZZZLZZZZZZZ/11H
SHAFT
IMPELLERRETAINING PIECE

ROTOR FLANGE

6-3. Cross-section of pump assembly.
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6-4. Pump assembly showing ring of rotor magnets. Picture does not show impeller, diffusers, or
diffuser constriction, which lie inside the diffuser flange.

6.2.1 Impeller
The purpose of the impeller is to provide kinetic energy to the fluid by pushing fluid outward. A
standard REDA GN5600 impeller is used. The impeller is coupled to the shaft as discussed
previously, and is located between two diffusers. When a GN5600 impeller sits between two
diffusers, there exists a nominal 2.59 mm gap between the top surface of the impeller and the
bottom surface of the diffuser. Therefore the impeller is allowed to travel 2.59 mm in the axial
direction before it is restricted by the diffuser. We decided to modify the impeller, in order to
decrease this gap, thereby limiting the amount of allowable axial movement. Because the rotor
and impeller are coupled, limiting the axial movement of the impeller means limiting the
levitation gap of the motor, which is our goal for purposes of motor power efficiency.
When the motor coils are not energized (no-levitation) and the impeller rests on the
bottom diffuser, the motor gap is approximately 1.1 mm. We decided to have a motor gap range
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of 1.1 mm. (impeller resting on bottom diffuser) to 1.9 mm (impeller restrained by top diffuser).
This was achieved by press-fitting two upward thrust washers to the impeller. This decreased the
impeller-diffuser gap from 2.59 mm to 0.8 mm, thus providing the 1.1-1.9 mm motor gap range.
An illustration of the motor gap range is shown in Figure 6-5. It should be noted that Figure 6-5
does not include all of the pump components and is not drawn to scale. The gap distances are
exaggerated so that they can be seen more clearly.
Bottom Diffuser
1.1 mm

0.8 mm

,

Top Diffuser

Rotor

Stator

Modifled
Imnellpr

Si uai L
No Levitation. Motor Gap: 1.1 mm.

NOT TO
SCALE

1.9 mm

I
Max Levitation. Motor Gap: 1.9 mm.
Figure 6-5. Illustration showing the motor gap range during operation. Does not show all pump
components and is not drawn to scale.
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6.2.2 Diffuser
The purpose of the diffuser is to increase the pressure of the fluid by redirecting it to the center
of the pump. Two modified REDA GN5600 diffusers are used in the pump stage. Four %-20
threaded holes were machined into the outer diameter of each diffuser, which are used to bolt the
diffusers to a diffuser flange as shown in Figure 6-3. The impeller sits in between the "bottom"
and "top" diffusers. The diffuser/impeller/diffuser assembly constitutes the pumping elements of
the maglev pump. A diffuser constriction was also designed, in order to channel fluid from the
outlet of the "top" diffuser to the outlet of the pump housing. The diffuser flange, which holds
the diffuser/impeller/diffuser/diffuser constriction assembly, is bolted to the top cap.
6.2.3 Diffuser Constriction
The purpose of the diffuser constriction is to channel the flow from the outlet of the diffuser to
the outlet of the pump. The inner diameter of the cavity through which fluid exits the diffuser is
approximately 2.696". The flow outlet of the housing is designed for a 1" NPT hose fitting,
which was chosen at the recommendation of John Huddleston of Schlumberger.

The diffuser

constriction has an inner diameter that tapers from 2.696" to 1.00" in order to funnel the flow
from the outlet of the diffuser to the inlet of the hose fitting smoothly. Figure 6-3 shows a crosssection of the diffuser constriction, as it sits in between the top diffuser and the top cap.
6.2.4 Diffuser Flange
The purpose of the diffuser flange is to hold all of the pumping elements, so that they can be
easily bolted to the top cap and inserted into the housing. In REDA ESP's, the diffusers are
stacked on top of each other and are held in place by the other components of the pump. In this
setup, however, the diffusers cannot interfere with the motor and are only bolted to one end of
the housing.

I designed the diffuser flange in order to bolt the pump assembly
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(diffuser/impeller/diffuser/diffuser constriction) to the top housing cap. There are six radial 1024 threaded holes on the lip of the flange, which are used to bolt the flange to the top housing
cap, and eight radial 0.220" holes on the outer diameter, which are used to bold the flange to the
diffusers. During assembly, the bottom diffuser, impeller coupled to the shaft, top diffuser, and
diffuser constriction are stacked on top of each other. The diffuser flange slides over the
subassembly and is bolted to the diffusers. The entire pump assembly is then bolted to the top
housing cap, as shown in Figure 6-3.
6.2.5 Top Cap
The purpose of the top cap is to seal one end of the housing and to hold the shaft assembly and
pump assembly. The top cap is bolted to the diffuser flange, which holds the shaft and pump
subassemblies, via six radial 10-24 bolts. These bolt holes are seen clearly in Figure 6-3, which
shows a cross-section of the shaft and pump assembly. The top cap provides the system's flow
outlet through a 1" NPT hose fitting, and has an o-ring groove for a NS-256 o-ring. The pump
and shaft assembly is placed inside the housing by inserting the top cap into the Plexi-Glass
housing and inserting the shaft through the journal bearing and shaft seal located inside the
bottom housing cap. The two ends are then clamped together using /-20 threaded rods.

6.3 Pump bearings
As mentioned in Chapter 2, Reda pumps use Zirconia or Silicon Carbide/Zirconia radial bearings
at each stage.

This prototype uses simple journal bearings, because it is not designed to

experience heavy radial loads or operate in harsh down-hole conditions. In addition, to simplify
the design of the pump, the impeller is used as one of the pump radial bearings. The impeller is
coupled to the shaft and rotates inside the diffuser, so there is no need to add another bearing at
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that end of that shaft. The other radial bearing is a SAE 660 bronze sleeve bearing which is
press-fit into the bottom housing cap. This bearing is oil-impregnated, and so operates best when
the pump is running at speed, which causes the bearing to heat up and self-lubricate itself. As a
result, it is difficult to generate enough torque to get over the dry bearing friction when running
the motor at low current levels. Overall, however, the bearings work well and do not seem to
produce excess losses or radial instability. Both bearings can be seen in Figure 6-8, which shows
a cross-section of the mag-lev pump assembly.
6.4 Pump seals
The mag-lev pump assembly is designed to be a sealed system. Nitrile, size 2-256, 70 durometer
o-rings are used at both ends of the housing to maintain a static seal. The o-rings rest inside oring grooves machined into the bottom cap and top cap. In addition, a 1" I.D. radial lip seal is
pressed into the bottom cap, and allows the shaft to rotate and move axially while maintaining a
seal against the shaft. The lip seal can be seen in Figure 6-6.

6.5 Bottom Cap Assembly
The bottom cap assembly consists of 4 parts: stator, bottom cap, journal bearing, and lip seal.
Figures 6-6 and 6-7 show a drawing and picture of the bottom cap assembly, respectively.
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Figure 6-6. Cross-section of bottom cap assembly. The stator windings are not labeled, but they
are shown at left, in solid cross-section.

Figure 6-7. Bottom cap assembly showing stator windings.
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6.5.1 Bottom Cap
The purpose of the bottom cap is to seal one end of the housing and hold the stator, journal
bearing, and shaft lip seal. Because the stator coils do not allow getting a bolt through, the stator
was bolted to the bottom cap using

-20 studs. Prior to bolting the stator onto the bottom cap, a

SAE 660 bronze sleeve bearing is press fit into one side while a shaft lip seal is pressed into the
other side, as shown in Figure 6-6. A nitrile, size 2-256, 70 durometer o-ring is used to maintain
a static seal on the housing, and is located in the o-ring groove on the outer diameter of the
bottom cap. During assembly, the bottom cap is inserted into one end of the housing. The shaft
from the top cap assembly is inserted through the journal bearing and the lip seal. As mentioned
previously, the two end caps are clamped using threaded rods along the sides of the housing.

6.6 Housing Assembly
The shaft, pump, and bottom cap subassemblies are inserted into the housing and both end caps
are clamped together using threaded rod. The housing is manufactured from a Plexi-Glass tube.
Housing dimensions are: 6" I.D., 7" O.D., 16" length. A second housing with an 8"x4" window
cut out was also manufactured. This housing is used in order to measure the "no-levitation" gap
between the rotor magnets and stator coil. The test bed was assembled inside the windowed
housing, which allowed measuring the gap by hand using plastic shims. The test bed was then
disassembled and reassembled inside the closed housing.
The test bed base is built from T-slotted aluminum extrusions, which are easy to
assemble. The base is then clamped to the table top with C-clamps. The housing assembly rests
on V-blocks and is fixed to the base with hose clamps. A cross-section of the mag-lev pump
assembly is shown in Figure 6-8.
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6-9. Photograph of Mag-Lev Pumping System.
6.7 Flow Loop
The flow loop consists of a pressure gauge, flow meter, pressure regulator, ball valve and oil
reservoir. The oil reservoir was constructed by mounting an oil bucket on a tower, made from Tslotted aluminum extrusions, and adding the appropriate inlet and outlet hose fittings. The flow
loop elements are connected with a combination of 1" and

" I.D. flexible braid PVC tubing and

aluminum pipe fittings. Nylon quick connect couplings are used at the inlet and outlet of the
pump in order to facilitate connecting and disconnecting the flow loop from the pump. Figure 610 shows a diagram of the flow loop.

Figures 6-11 and 6-12 show pictures of the fully-

assembled test bed.
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Figure 6-10. Pumping System flow loop diagram

6-11. Mag-Lev pump test bed.
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6-12. Mag-Lev pump testbed with flow loop.
6.8 Design Issues and Redesign
A primary problem encountered when assembling the test bed was related to the plexi-glass
housing. Initially, the bottom and top housing caps were to be bolted to the housing using radial
bolts along the outer diameter of the housing. Plexi-glass, however, is a material that deforms
easily relative to metals.

Bolting the end caps using radial bolts proved to be problematic

because the housing deformed, causing axial misalignment and shaft binding. Had this problem
been anticipated, a bearing that could tolerate shaft misalignment would have solved the
problem.

Instead, the radial bolts were abandoned and the housing end caps were clamped
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against the housing using four pieces of aluminum and %-20 threaded rods along the sides of the
housing, as shown in Figure 6-9.
In addition, during testing, the motor cable became a significant leakage path. A standard
coupling connector was screwed into the bottom cap, which sealed up against the outer diameter
of the cabling.

However, because the cabling was composed of many individual wires, oil

traveled in between the wires, and leaked out of the pump. This leakage path also allowed air to
be continuously drawn into the pump during operation, greatly affecting pump performance.
Future designs will need to incorporate a sealed cabling system, perhaps by having conductors
embedded in the bottom cap, which would then connect to wires that were isolated from the
fluid.
6.9 Summary
In this chapter, we presented all mechanical components that make up the maglev pump system.
The most complex and critical parts in the maglev pump are the pumping elements, which were
pulled "off-the-shelf" at Schlumberger.

Not having to design these components greatly

simplified the overall mechanical design of the system.
In this design, the motor and pump are separate and are coupled by a shaft. A next
generation mechanical design of this system might be to try to integrate the motor and the pump
into a single unit, which was the original concept of a magnetic levitation pump. This would
involve embedding the Halbach array into the impeller and mounting the stator coils somewhere
within the diffuser, which would call for redesigning both of these parts. It is unknown if such a
design is feasible given the geometric constraints of the impeller or the diffuser, or how the
performance of these components might be affected by such changes.
feasibility of such a design is an area of future study.
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Determining the

This concludes Part II, which presented the design of the magnetic levitation pump. Part
IV will present the control of the motor, using commutation laws and sensor algorithms derived
previously in this thesis, and will discuss the testing of the pump under various operating
conditions. The modeling of the pump and the design and simulation of linear controllers will
also be presented and compared with testing results. Finally, the pump performance will be
evaluated and compared with the performance curves for standard GN5600 pump configurations.
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IV. Control
7. Dynamics and Control
This chapter presents the dynamics and control of the magnetic levitation pump.

The

linearization and decoupling of the system is discussed and the control techniques used are
presented.
7.1 Decoupling and Linearization
The commutation laws presented in Section 4.2 are used to control velocity and motor gap by
commanding phase currents, and effectively linearize and decouple the system. We make the
assumption that the commutation laws work properly and, in concert with the current-drive
amplifiers, can thereby specify motor torque and levitation force directly and independently.
The commutation laws take a torque or levitation force command from the controller and
output three-phase currents. The motor can be viewed as a perfect transformer, which takes
three-phase current inputs and outputs torque and levitation force. Thus, if the commutation
laws work properly, the forward transformation of the commutation laws (torque-to-current) and
reverse transformation of the motor (current-to-torque) cancel each other out. Because the
current amplifiers used to generate the three-phase currents are of much higher bandwidth then
the closed-loop system, the amplifier dynamics can be ignored. Thus, for the purposes of control
design, the motor can be modeled as two decoupled systems: a mass load and an inertia load, as
driven by the commanded torque and force. As a result, two decoupled controllers can be used
for shaft angular velocity and levitation gap. Figure 7-1 shows a block diagram of the maglev
system with the forward and reverse transformations, reduced to two decoupled systems.
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7-1. Commutation laws reduce the motor to two decoupled systems: mass and inertia loads. The
velocity calculation block disappears if we assume it works perfectly.

7.2 Modeling: Inertia and Mass Properties
The test bed assembly was designed and modeled, with all parts and respective material
densities, using Pro/Engineer software.

The mass and inertia tensor properties of the shaft

assembly were then calculated through Pro/Engineer analysis. The theoretical properties of the
shaft assembly are the following: M = 3.77 kg, J = 2.9x1T-3 kg-m 2 . The shaft assembly mass
was measured with a digital scale to be 3.88 kg, which is within 2.8% of the theoretical value.
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The moment of inertia was not measured, however the small error in mass properties suggested
that the moment of inertia calculation was sufficient. Also, we are not very sensitive to the exact
value, since the controller gain can be adjusted in the experiment to properly work with the real
value.
7.3 Control
Classical single-input-single-output (SISO) control theory is used to control the magnetic
levitator.

There are various options for closed loop linear control.

This section presents

simulation results for various methods.
7.3.1 Proportional Velocity Control
Proportional control is the easiest control technique to understand and implement. Proportional
control action is used as the controller for the angular velocity, fl, of the motor. A proportional
controller simply provides an output proportional to the error signal, by some gain K. The loop
transmission, GH(s), and closed loop transfer function,

Q(s)

, of the proportional controller

ref (s)

are
_K

GH(s) =a(s)

Q(S) Orf(s)

(7.1)

Js
K
Js +K

JK

(7.2)

where J is the moment of inertia of the shaft assembly (2.9x 1 0- kg-M2 ). A proportional gain of
K=0.25 is used. A block diagram of the proportional controller used is shown in Figure 7-2.
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Figure 7-2. Block diagram for proportional velocity control, where T represents a torque
command.
A Bode plot and step response of the proportional controlled system is shown in Figures 7-3 and
7-4, respectively. Figure 7-4 shows that the system should settle in approximately 0.06 seconds,
without overshoot or steady state error.

Bode Diagrams: Negative Loop Transmission of Proportional Velocity Control
Gm = Inf, Pm=90 deg. (at 87.843 rad/sec)
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Figure 7-3. Negative loop transmission for proportional velocity control.
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Proportional Velocity Control: Velocity Step Response
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Figure 7-4. Closed-loop step response in velocity and torque for proportional velocity control
loop.

7.3.2 Proportional + Integral Velocity Control
A proportional-plus-integral (PI) controller can be used to eliminate velocity errors due to torque
disturbances. A P1 controller consists of feeding the error (proportional) plus the integral of the
error forward to the plant. Thus, the control action, m(t), is defined by
m(t) = Kpe(t)+

(7.3)

P f e(t)dt
i 0

or the transfer function of the controller is
M(s)= K(1+ 1
E(s)
Ts

(7.4)

where Kp represents some proportional gain and Ti represents the integral time, which adjusts the
integral control action. The integral action provides a nonzero output until the error is zero,

85

eliminating speed error at steady state. Essentially, the integrator output produces a motor torque
that cancels the disturbance torque. Meanwhile, proportional action adds stability to the system.
It was my goal to keep the control system as simple as possible for this first prototype.
Therefore, I decided not to design or implement a PI controller unless the proportional velocity
controller proved ineffective during testing.

As will be discussed later in this chapter, the

proportional velocity controller worked well under operating conditions, and did not produce
velocity steady state error under disturbances, such as sudden pressure increases in the pump. As
a result, adding an integral term was not necessary.
7.3.3 Position Control: Lead Compensation
Lead compensation for position (motor gap) control was evaluated. Lead compensator transfer
functions are of the form G, (s) = K

T s +1
a

Tb s +1

, where K is the loop gain. Ta and Tb determine the

locations of the zero and pole of the compensator, respectively, as shown in Figure 7-5. We also
define an attenuation factor, a =-a.
T

Im

Re
1
T

1
T

Figure 7-5. Poles and zeros of lead compensator G, (s) = K a
Tbs+1
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We take a frequency-response approach to designing the lead compensator. An illustration of
the frequency response of the lead compensator is shown in Figure 7-6.

4k
i

iaK

K

1

1

T

T

#(Gc)

Figure 7-6. Illustration of a frequency response for lead compensator. Corner frequencies of the
compensator are determined from the compensator pole and compensator zero.

It follows from our definition of the attenuation factor that the ratio of the two corner
frequencies,

-

1

T

1
and -,is a. If we place the phase maximum at the cross over frequency 0jr,
T

then the ratio between the corner frequencies and the cross over frequency is .[ . Thus, placing
the phase maximum at the cross over frequencies gives the corner frequencies: w

t= me I

, as shown in Figure 7-7.
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Figure 7-7. Illustration of a frequency response for lead compensator with phase maximum
placed at the cross over frequency. Corner frequencies of the compensator are determined from
the attenuation factor a and the desired cross over frequency.

If we choose an attenuation factor, a=9, then the zero and pole of the compensator can be
calculated from the desired loop cross over frequency:
1 - (O
T

(7.5)

3

1-. = 3wc(7.6)

The loop is designed to cross over at co, =50 radians/sec. From equation (7.5) and (7.6) this
results in Ta=0.0667 and Tb=0.0067. The loop gain is derived to be K=930.7624, by imposing
the unity gain condition:

IGH(jw,)

=

(7.7)

1

Compensators can then be placed in the feed-forward or feedback path of the control loop, as
shown in Figures 7-8 and 7-9.
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Figure 7-8. Forward-path lead compensation for position control, where T represents a
command torque.
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Figure 7-9. Feedback-path lead compensation for position control, where T represents a
command torque.
The loop transmission of the lead compensated system is shown in Figure 7-10. The phase
margin and gain margin are 45.40 and infinity, respectively. Figure 7-11 shows the forward-path
lead compensated system step response in position and torque. Figure 7-12 shows the feedbackpath lead compensated system step response in position and torque.
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Bode Diagrams: Negative Loop Transmission of Lead Compensated System
Gm=-360.67 dB (at 0 rad/sec), Pm=45.401 deg. (at 19.866 rad/sec)
100;
50

--- -- -- - ---0 --- -- -- ---------

-50

C
-100
C

-120

C

-140

.c

-160

-180 10'

100

103

102

101

Frequency (rad/sec)

Figure 7-10. Negative of the loop transmission for the lead compensated single-mass system (z).
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Figure 7-11. Motor gap position and torque closed-loop step response for lead compensation in
forward path.
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Lead Compensation in Feedback Path: Position Step Response
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Figure 7-12. Motor gap position and torque closed-loop step response for lead compensation in
feedback path.

Both systems display a similar position response, with overshoot and a settling time of
approximately 0.5 seconds. It is important to note that, as discussed in [Trumper 1990], placing
the lead network in the feedback path, instead of the feed-forward path, reduces the peak current
by a factor of 10.

This is somewhat of a subtlety, however, so only forward-path lead

compensation was implemented in the actual controller. The closed loop transfer function for
the feed-forward lead compensated system is:
Z
Z ref

62.082s + 930.762
0.0253s

3 +3.7724s 2 + 62.082s

+ 930.762

7.3.4 Position Control: Lead-Lag Compensation
Lag compensation provides better steady state characteristics, which corresponds to higher
positioning accuracy.

Lag compensator transfer functions are typically of the form
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G,(s)=K

Ts +1
+ .

Figure 7-13 shows an illustration of the frequency response of a lag

compensator.
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Figure 7-13. Illustration of the frequency response of a lag compensator.

First, we choose to place the lag pole at zero, which provides a free integrator to the
system that eliminates steady state error, as discussed in 7.3.2. This gives a lag compensator
transfer function of G,(s) = KTs+I .
S

Following from the design analysis of the lead

compensator, we place the zero of the lag compensator based on the desired cross over frequency
of the system.
T-

3

T

3

(7.8)

Again the loop is designed to cross over at w =50 rad./sec, which gives the same zero location
as the lead compensator. The loop gain is also derived from the unity gain loop transmission
condition. Figure 7-14 shows a block diagram of the lag/lead compensated system.
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Figure 7-14. Block diagram of lead/lag compensated system with lead term in the feedback path,
where T represents a command torque.

Figures 7-15 and 7-16 show the loop transmission and position and torque closed-loop step
responses of the lag/lead compensated system, respectively.
Bode Diagrams: Negative Loop Transmission of Lead/Lag Compensated System
Gm=-14.249 dB (at 16.771 rad/sec), Pm=38.167 deg. (at 50 rad/sec)
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Figure 7-15. Negative of the loop transmission for the lag/lead compensated single-mass system.
Crossover frequency is 50 rad./sec. with a phase margin of 380.
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Lead/Lag Compensated System (Lead Feedback): Position Step Response
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Figure 7-16. Motor gap position and torque closed-loop step response for lag/lead compensation
(lead in feedback path).

Although integrator terms cancel out steady state error, as shown in Figure 7-16, they also make
a system more unstable. In our case, steady state error in position is not of great concern, as long
as the motor maintains the motor gap within the allowable range.

It is more important to

maintain robust stability. Thus, we chose to use only lead compensation, implemented in the
forward path, as described in Section 7.3.3.
7.4 Summary
In this chapter, we have presented the control of the magnetic levitation pump.

The

commutation laws derived in Chapter 4 allow us to specify motor torque and levitation force
directly and independently.

Thus, we can use two decoupled controllers to control angular

velocity and levitation gap.
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We designed and simulated a proportional controller to control the angular velocity of the
motor.

Using a gain, K=0.25, resulted in a closed-loop system in velocity that settled in

approximately 0.06 seconds, without overshoot or steady state error.

We also evaluated a

number of options for motor gap position control. Using a frequency-response approach, we
designed a lead compensator and a lead/lag compensator. For both compensators, we designed
the system to cross over at 50 rad/sec, corresponding to a time constant T= 0.0667 sec, which
places the phase maximum at this frequency. Adding lag compensation provides higher
positioning accuracy, but adds instability to the system. As a result, we chose to implement lead
compensation in the forward path to control the motor gap. Step responses of the motor gap
position and torque closed-loop system, for lead compensation in the forward path, showed
approximately a 20% overshoot in position and a settling time of 0.5 seconds.

Because

overshoot is not a primary concern, as long as the motor gap is maintained during operation, this
controller is adequate for our purposes.
The controllers designed in this chapter are implemented using Simulink software, which
allows representing controllers as block diagrams with specified transfer functions.

These

controllers are part of the dSPACE real time model, which is connected to the magnetic
levitation motor through A/D and D/A converters. The real time model takes in sensor outputs
and commands motor currents, based on the commutation laws derived in Chapter 4 and the
controllers designed herein. The design and implementation of the dSPACE real time model is
discussed in Chapter 8.
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8. dSPACE Real Time Model
The linear controllers for angular velocity and motor gap were developed and tested in Simulink,
as discussed previously. These controllers are incorporated in a Simulink model that includes
the decoupling commutation laws and sensor processing. This control system is implemented on
the actual plant and simulated in real-time through dSPACE Real-Time Interface (RTI). RTI and
Real-Time Workshop (RTW) automatically generate real-time C-code from the Simulink model
and implement this code on the dSPACE real-time hardware.

The plant is connected to the

controller through A/D and D/A converters, which are RTI blocks supported in Simulink. Figure
8-1 shows a flowchart of the maglev pump control loop.
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Figure 8-1. Control loop for the magnetic levitation pump.

The system is monitored and run on ControlDesk software, which allows changing model
parameters and capturing data in real time. The Simulink model (Matlab .mdl file) that executes
the "Digital Controller" block of Figure 8-1 is shown in Figure 8-2.
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Figure 8-2. Simulink Model: Mag-lev motor control loop. The blocks labeled "Scope A",
"Scope B", and "Scope C" have no functionality in the dSPACE system.

The controller model is composed of three primary subsystems: "Sensor Processing",
"Normal Operation", and "Commutation Laws".

The "Sensor Processing" subsystem was

designed using the sensor processing algorithms derived in Chapter 5.

The algorithms for

calculating electrical motor angle and motor gap (Z), based on voltage outputs from the Hall
cells and proximity probe, are represented as block diagram models, as shown in Chapter 5. The
algorithms are implemented in the "Sensor Processing" block of Figure 8-2.
The "Normal Operation" subsystem contains the decoupled controllers designed in
Chapter 6. The proportional velocity controller and the lead compensator discussed previously
are represented as transfer function blocks in Simulink. The controllers command torque and
levitation force based on reference inputs in velocity and motor gap position. The reference
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inputs come into this system through the "Normal Operation" subsystem. The user commands
these inputs via ControlDesk.
The torque and levitation force commanded by the controllers in the "Normal Operation"
block are used to derive motor phase currents using the commutation laws developed in Chapter
4.

The "Commutation Laws" subsystem shown in Figure 8-2 contains a block diagram

representation of these commutation laws. The "Commutation Laws" block outputs motor phase
current commands. Thus, the theoretical analysis from Chapters 4, 5, and 6, has allowed us to
build a digital controller in dSPACE that commands motor phase currents based on reference
inputs and sensor measurements of angular velocity and motor gap position.
The Simulink block "DS 1 102ADC" represents the A/D converter of the DS 1102 board.
This block outputs signals that represent the voltage outputs of the 4 sensors. The "Multi-port
Switch" allows changing the operation mode by changing the value of the "Operation Mode
Input" in ControlDesk. The default mode is "Off', which commands zero current to the motor,
as shown in Figure 8-3.
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Figure 8-3. Simulink Model: "Off' subsystem
The Home operation mode is used in preliminary testing to determine the correct offset angle
of the Hall sensors. The "Home" subsystem outputs 6.5A for phase current A, and OA for phase
currents B and C. The phase currents are transformed to an equivalent voltage, based on the
voltage-to-current gain of the amplifiers, and are passed through the dSPACE 0. IV "DAC" gain
before they are output by the D/A converter. The "DAC" gain is necessary because the D/A
converter outputs 1OV to the outside world for an input of 1 to the D/A block in the Simulink
model.

The "Operation Mode Input" selects between the "Off', "Home", and "Normal

Operation" (Commutation Laws) outputs, on the basis of user commands set up via ControlDesk.
It should be noted that the 3 blocks in Figure 8-2, labeled "Scope A", "Scope B", and "Scope C",
take in the commanded current as inputs, but have no functionality in dSPACE.

They were

only added so that I could reference a location from where to view the current commands in
ControlDesk.
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8.1 Sensor Processing
The "Sensor Processing" subsystem takes sensor signals as inputs, runs them through Simulink
blocks that implement associated algorithms, and outputs values for angular velocity f2,
electrical angle 0e, and motor gap z. The block diagram representation of each sensor-processing
algorithm was previously discussed in Sections 5.3, 5.6, and 5.7.

The "Sensor Processing"

subsystem block diagram is shown in Figure 8-4.

Angl

Offset

-.
Phase Offset

Modu

ata-

eg1OmegalThetaelZ

Trignomeric
Fuenvt.00s33

VAD Gain

i Tiaf-roob e ti
d

HalCab

utnctio

elo
Cosa

t

Swit

eab a-Z

braGain

motor gap

Figure 8-4. Simulink
Cosan2p Model: "Sensor Processing" Subsystem
The input ovals "Hall

"

"

Hall

b" and "Hall Vc", represent the Hall cell voltages

from the A/D converter. The A/D converter inputs a digital signal of magnitude 1 into the
dSPACE model, for an analog signal of 1OV in the real world. The Hall signals are passed
through a gain of 10 to calculate the actual voltage output from the Hall cells. Signals "Vb" and
"Vc" are multiplied by a gain of

and subtracted from each other, giving a new signal,
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"Vbeta".

This manipulation follows from the abc - afi transformations derived in Section

5.7.2. The atan2 block outputs the four quadrant arctangent of its two inputs, Va and Vbeta.
This solves for the electrical angle of the motor, as discussed in Section 5.7. The sign of the
atan2 output is changed by multiplying the electrical angle signal by a gain of -1.

This is done

to maintain the convention of counterclockwise rotation as positive. An angle offset is added to
the electrical angle using the summing junctions and the blocks labeled "Angle Offset" and
"Phase Offset". The mod block calculates the signed remained, after division, of its two inputs.
Thus, the mod block outputs an electrical angle, 0,, that is periodic from 0 to 2n.
The output from the atan2 block is also run through a "Discrete Transfer Function" block
that takes the average difference in electrical angle, averaged over 5 samples, as discussed in
Section 5.7.4. The difference in electrical angle is run through a mod block, which outputs an
angle difference that is periodic from 0 to 2n. In addition 2n is subtracted from any "Modulo"
output greater than n is done using the "Threshold Switch". The switch has a threshold set at n
radians. If the modulo angle (input 2) is greater than or equal to the threshold, the switch outputs
2n (input 1), otherwise it outputs 0 (input 3). This is done to ensure that a negative angle change
of 1' is not viewed as a positive angle change of 3560, as discussed in Section 5.7.4. Otherwise,
the controller would think that the motor was traveling at a very high speed counterclockwise,
when it is was in fact traveling at a very low speed clockwise.
The electrical angle difference is then multiplied by a gain of

8nT

, where

n=5 is the

number of averaged samples, T=0.0002 is the sampling period, and 8 is the number of pitches of
the motor. This calculates the mechanical angular velocity of the motor, as discussed in Section
5.7.4. The angular velocity is run through a low pass filter, to cut out high frequency noise,
before being output by the subsystem.
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The bottom input oval "Bnev" represents the Bently Nevada proximity probe voltage
from the A/D converter. The signal is multiplied by a gain of 10 to calculate the actual voltage
from the sensor.

The voltage is converted to a probe-to-shaft position, using a calibration

function derived in Section 5.6. This function is represented by the "Calibration" block. The
actual motor gap Z is then calculated by subtracting the initial shaft probe distance and adding
the zero-current motor gap, as discussed in Section 5.6.
The subsystem outputs the motor gap, the electrical angle, and the angular velocity of the
motor, through the output oval "Omega/Thetae/Z".

The output of the "Sensor Processing"

subsystem serves as the input to the "Normal Operation" subsystem containing the controllers.
8.2 Controllers
Motor control is implemented in the "Normal Operation" subsystem shown in Figure 8-5. This
subsystem is made up of two control loops: a proportional controller for angular velocity and a
lead compensator for motor gap (z) position. The saturation blocks ensure that control action
does not surpass the 1OV range of the dSPACE boards or the current limitations of the drive
amplifiers.

The "Dynamic Signal Analyzer" block, developed by Katherine Lilienkamp

[Lilienkamp 1999], is used to measure system frequency response. The use of the dynamic
signal analyzer (DSA) in dSPACE is discussed in more detail in Chapter 9. A User's Guide to
running the DSA, excerpted from [Lilienkamp 1999], is also included in Appendix D.
The input switches are used to change the reference command via ControlDesk while the
application is running. The controllers output torque and vertical force commands, which, along
with electrical motor angle, are used for commutation.
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Figure 8-5. Simulink Model: "Normal Operation" Subsystem. The block labeled "RPM"
has no functionality in the dSPACE system.
The system has three inputs for angular velocity control: A constant input block "Omega
const-ref", a ramp-up input block "Ramp", and a Sine input from the "Dynamic Signal
Analyzer" block. The "Omega Switch" allows changing between these three inputs using the
"Omega Control Input" block (A value of 1 in this block allows input 1 to pass through the
switch, a value of 2 allows input 2 to pass through, etc.). The angular velocity reference input,
"Omega reference", is subtracted by the measured angular velocity, which is input from the
"Sensor Processing" block. This gives an error signal in velocity. In this proportional controller,
the error signal is multiplied by a gain of 0.25 and passed through a saturation block before being
output as a torque command by the controller.
T. = ±1.6N-m.
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The torque saturation limit is set at

The system has two inputs for motor gap control: a constant input block "Z const-ref" and a
sinusoidal input block "Z wave-ref'. The "Z-control switch" allows changing between these
inputs via the "Z-control input" block as stated before. The motor gap reference input, "Zreference" is subtracted by the measured motor gap position, which is input from the "Sensor
Processing" block. For lead compensation, the error in motor gap position is multiplied by a
gain and run through a lead compensator, as discussed in Section 7.3.3. The output of the lead
compensator is run through a saturation block before being output as a levitation force command
by the controller.

The torque saturation limit is set at F. = ±22N . The electrical angle

measurement "Thetae" passes unchanged through the system.

The system outputs torque,

electrical angle, and levitation force through the output oval "T/Th/Fv". The output from the
"Normal Operation" subsystem serves as the input to the "Commutation" subsystem.
It should be noted that the block in Figure 8-5, labeled "RPM", takes the reference velocity
command, but has no functionality in dSPACE.

It was added so that I could reference a

location from where to view the commanded angular velocity in ControlDesk.

8.3 Commutation
The "Commutation Laws" subsystem, shown in Figure 8-6, is a block diagram implementation
of the commutation laws presented in Section 4.2, and is simply made up of product blocks
(which output the product of two inputs), summing junctions, gains, and sine and cosine blocks
(which output the sine/cosine of their inputs). The inputs to this system are the torque command,
the vertical force "Fv" command, and the measured motor electrical angle "Thetae". These
signals are input from the controllers through the input oval labeled "T/Th/Fv".

The

"Commutation Laws" subsystem outputs three motor phase currents, labeled "Ia", "Ib", and "Ic"
through the output oval "ABC". These currents are used for running the motor.
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Figure 8-6. Simulink Model: "Commutation Laws" Subsystem

8.4 Summary
In this chapter, we have presented the design and implementation of the digital controller for the
motor.

The digital controller is implemented by building and running a real-time Simulink

model on a PC, which is connected to the maglev system through A/D and D/A converters. The
model takes voltages from the Hall sensors and the proximity probe as inputs and calculates
motor velocity, electrical motor angle, and motor gap position, using algorithms derived in
Chapter 5.

The model also implements the proportional controller and lead compensator

developed in Chapter 7. These controllers command a torque and a vertical force, based on
velocity and motor gap reference inputs. The user controls these inputs, and can change them
while the system is running, via ControlDesk. Finally, the model calculates motor phase currents
using the commutation laws derived in Chapter 4, from the torque command, vertical force
command, and electrical angle measurement. These current commands are sent to current-drive

106

amplifiers that drive the motor through the D/A converter.

This concludes the design and

development of the maglev motor control system.
The system was tested at different motor gaps, velocities, and operating conditions, by
making changes to the model via ControlDesk. Using ControlDesk, we were able to monitor
signals within the model and capture data during testing in real-time. Chapter 9 presents and
analyzes testing results of the magnetic levitation pump.
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9. Motor Control: System Response
This chapter presents testing results and discusses the performance of the system based on
frequency and step responses.

The performance of the maglev pump is also evaluated and

compared with that of a conventional GN5600 pump stage.
9.1 Frequency Response
The dSPACE real-time model was used to determine the actual transfer function of the system
using a dynamic signal analyzer (DSA) block that was developed by Katherine Lilienkamp
[Lilienkamp 1999]. The DSA outputs a sine wave at each specified frequency to be tested.
Once the system has settled to steady state, channels 1 and 2 of the DSA collect data from
desired locations in the system. The gain and phase calculated from channel 1 to channel 2 at
each tested frequency are used to create the transfer function output by the analyzer. To measure
the system transfer function of a plant, the output of the plant would be connected to channel 2,
the input to the plant would be connected to channel 1, and the plant would be excited by the
DSA sine output, as shown in "Normal Operation" Simulink subsystem in Figure 8-5.
The plant transfer functions for

A2(s)
Z(s)
and
were measured with air in the motor gap
T(s)
F,(s)

and compared with theoretical transfer functions. Time constraints did not allow measuring
plant transfer functions with oil in the gap. In Section 7.1, it was assumed that the system was
decoupled and linearized by the commutation laws, and could be described as a single
mass/inertia load with the transfer functions:

Ai(s)
T(s)
-

-

1
2.88x1-

3

s

and

Z(s)
1
=
. Figure
F,(s) 3.77s 2

9-1 shows the system frequency response of Z(s) measured by the DSA.
Fr(s)

As expected, the

magnitude plot has an overall -40 dB slope, corresponding to two poles at the origin. The plot
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starts out at -100 dB, instead of OdB, due to the large gains floating around inside the Simulink
model. Nevertheless, the overall characteristic of the measured transfer function is essentially
consistent with the model of a single mass system.

Figure 9-1. Measured plant frequency response for Z(s) with air in the motor gap.
AF~s)
The system frequency response of

T(s)

is shown in Figure 9-2. The characteristics of this

transfer function, however, are not consistent with a single-inertia load. Figure 9-2 shows the
magnitude falling off initially, then flattening, and then rolling off at approximately 630 Hz.
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This result greatly puzzled us. We measured the transfer function under a variety of initial
conditions to try to ascertain the root of the response, but under the compressed time schedule of
this project, were not able to determine the cause of the anomalous roll-off behavior.

Figure 9-2. Measured plant frequency response for

T(s)

with air in the motor gap.

It is possible that the angular velocity estimator used within the control loop may have
added an extra phase shift or affected the frequency response of the system in some other
manner. In addition, electrical feed-through to the Hall cells due to the magnetic field from the
stator coils may have directly affected the Hall cell measurements. Due to packaging, the Hall
cells were located in the coil region of the stator and so are directly exposed to the magnetic field
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from the coil. This electrical feed-through could also be responsible for the unexplained system
transfer function. These are two possible causes for the strange frequency response shown in
Figure 9-2, but there may be a number of explanations that we have not thought of or that further
testing would reveal. It is certain, however, that this issue merits further investigation in any
new project. One experiment that may shed some light on this matter would be to measure the
transfer function with the rotor locked so that it could not move. The transfer function under
these conditions should be zero. However, if there exist some parasitic cross coupling, we would
be able to see it in the form of a non-zero transfer function measurement.
System transfer functions for

Z(s)

T(s)

and

_(s)

,(s) were also measured in order to ensure that
F,(s)

the system was decoupled. Figures 9-3 and 9-4 show the measured frequency response of these
system transfer functions. These bode plots display at least a 20dB attenuation of the crosscoupled variables, relative to the direct coupled terms. For our purposes, this decoupling is
adequate.
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Figure 9-3. Measured plant frequency response for
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Q(s)
with air in the gap.
F,(s)

.
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Figure 9-4. Measured plant frequency response for Z(s) with air in the gap.
T(s)

The DSA block used to measure these system responses was first introduced in Section 8.2. A
brief tutorial on running the DSA is included in Appendix D, which serves as a user's guide to
running the motor on Simulink and ControlDesk.
9.2 Step and Ramp Reponses under No-load Conditions (air in the gap)
The closed-loop motor control system was operated under various step and ramp reference
inputs. Figures 9-5 through 9-8 show step and ramp responses, which illustrate the performance
of motor levitation under different motor velocity conditions. This data was taken with no oil in
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the system, and therefore the pump was not pumping fluid or experiencing an external load.
Notice that the motor velocity response ramps linearly to the final value.

This behavior

resembles the response to a constant torque command, not a velocity step command. This is due
to the saturation blocks within the control loop, which are necessary because of the current
limitations of the drive and voltage limit of the DS 1102 board. The maximum allowable torque
was set at 1.6 N-m. As a result, any control command greater than 1.6 N-m will be seen as a
constant torque command by the motor.

Attempts were made to take data for small step

responses, such as changes in 10-20 RPM, in order to see the true linear dynamics of the
controller. However, such small signal data is simply too noisy to see any clean responses. The
incremental step-up and step-down response shown in 9-7 was the smallest step increments that
yielded clean results. Notice that the motor gap displays a slight overshoot and reaches steady
state in approximately 0.5 seconds. This is consistent with lead controller simulations in Section
7.3.3.
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Figure 9-5. Motor velocity (1432 RPM) and motor gap (1.6mm) step responses under startup
with no oil in the system.
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Figure 9-6. Motor velocity (2865 RPM) and motor gap (1.6mm) step responses under startup
with no oil in the system.
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9-7. Motor gap step response when stepping up and stepping down the motor velocity with no oil
in the system.
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9-8. Motor velocity step response when stepping up and stepping down the motor gap with no oil
in the system.
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Figure 9-9. Motor velocity ramp and associated motor gap step response with no oil in the
system.
Figures 9-7 through 9-9 are a good illustration of the decoupled nature of the motor controllers
because they show that steady state error is independent of motor velocity. Moreover, one
control-parameter is not greatly affected by sudden changes in the other, as shown in the step-up
and step-down plots of Figure 9-7 and 9-8. The motor gap signal, however, does become noisier
as velocity increases, which is most probably due to the vibration of the test bed at high speeds.
The proximity probe was mounted on an L-bracket, which was sensitive to table vibration. Had
we used a more robust mount, or properly balanced the shaft assembly, vibration and noise could
have been minimized.
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9.3 Step Responses under Pumping Conditions (oil in the gap)
Step response data was also taking while pumping Dexron III/Mercon Automatic Transmission
Fluid (viscosity @ 40C = 34.1 cSt). The amount of data gathered while pumping was limited
because of time constraints and the amplifier problems discussed previously. As a result, the
controller was not optimized for pumping conditions. Figures 9-10 and 9-11 show motor gap
and motor velocity step responses under pumping conditions.

Figure 9-10 Motor gap step response with motor velocity step-up and step-down while pumping
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Figure 9-11 Motor velocity step response with motor gap step-up and step-down while pumping

We see that the addition of the fluid to the system results in a noisier motor velocity and a
slightly larger motor gap steady state error than seen under no-load conditions. The larger steady
state error is consistent with our expectation, as the backpressure from pumping serves as a force
disturbance. We decided previously not to include a lag compensation term in the controller to
eliminate steady state error under disturbances, because such a term would make the system
more unstable. The motor gap response still settles in approximately 0.5 seconds, but the 6%
overshoot is larger than for the no-load condition. The most important point however, is that the
motor gap is maintained while pumping fluid and remains constant under velocity step-ups and
step-downs, which correspond to changes in pressure and flow rate. Therefore, motor gap
control is successful under a variety of pressures, flow rates, and pressure spikes.
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9.4 Pump Performance
Pump performance was greatly affected by the power limitations of our setup. The amplifiers
used had a maximum continuous current of 15A. As a result, the maximum torque the controller
could command was 1.6 N-m. This torque yielded a maximum velocity of 1432 RPM (150
rad./sec) under pumping conditions (pump immersed in automatic transmission fluid).
Therefore, the maximum power available to the motor was 0.32 HP.
Figure 9-12 shows performance curves for a GN5600 pump [Reda 1997] operating at
3600 RPM. Figure 9-12 shows pump head (labeled Feet on the left of the plot), power (labeled
HP on the right of the plot), and pump efficiency (labeled Eff to the left of the plot) as a function
of flow rate (labeled Capacity). Flow rate is measured in barrels per day (1 bpd = 34.36 gpm)
and pressure is represented as head, where a head of 1 ft. represents the static pressure of a water
column of height, h = 1 ft.
The parabolic curve in black, representing efficiency, reaches its maximum value of 70%
at a flow rate of

Q=

6155 bpd. This maximum efficiency corresponds to a pump head, H =

27.55 ft., as shown by the decreasing blue curve, and power, P = 1.79 HP, as shown by the
slightly increasing red curve. These parameters represent the best efficiency point (B.E.P.) of the
pump, which are shown in the caption at the top left of Figure 9-12.
Therefore, Figure 9-12 shows that GN5600 pumps are designed to operate at best
efficiency at 1.79 HP, which is almost 6 times the maximum power available of our system. In
order to determine the performance curve of the maglev pump, the pump would need to operate
at higher flow rates, which require a greater amount of power than was available.

Using a

smaller scale impeller/diffuser stack, designed for lower power, would have allowed determining
a pump performance curve under our power limitations. In our setup, however, the pump is
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confined to operating in a small range of flow rates close to the shutoff pressure.

As a result,

our analysis is limited to the shutoff pressure characteristics of the pump.
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Figure 9-12. Performance curves for a REDA GN5600 pump stage operating at 3600 RPM.
Flow (Capacity) is measured in barrels per day (1 bpd = 34.36 gpm) while pressure is
represented as static head in feet. Curves also show power (HP) and pump efficiency (Eff) as
functions of flow, with their axes at left of the figure.
The shutoff pressure (zero flow) for a GN5600 stage at 3600 RPM is approximately 15.4 psi.
The expected shut-off pressure for a GN5600 stage operating at a lower speed can therefore be
calculated using the following affinity law,
0 2 2

P2 =

1

P(9.1)
1

For example, from equation (9.1), we expect a shutoff pressure of 2.43 psi at 1432 RPM.
Shutoff pressure data for various flow rates was taken and compared to expected values, as
shown in Figure 9-13.
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9-13. Shutoff pressure data for maglev pump

The actual pressure from the pump is calculated by subtracting the static head of the oil reservoir
from the measured pressure. Figure 9-13 shows that the pump produces pressures approximately
equal to expected values, based on GN5600 pump performance data. Therefore, one can assume
that at high speeds (3000-3600 RPM), the maglev pump would perform as well as a traditional
GN5600 pump.

Thus, pump performance is not adversely affected by the maglev pump

configuration.
9.5 Motor Temperature
A type K thermocouple was embedded in the stator windings during fabrication, which was used
to monitor the motor temperature during operation. The motor temperature was kept below
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170F. It was feared the coils might begin to de-bond from the epoxy at temperatures greater
than 170"F.
Figure 9-14 shows a temperature profile generated when pumping at a speed of 1432
RPM, with motor peak current of 15A. The motor temperature shows an initial increase of 15'F,
followed by a small linear increase over time. This data was taken after numerous pump runs,
and so the motor started off warmer than room temperature.

Figure 9-14 also shows an

extrapolated temperature profile for the case where the motor starts at room temperature. In
either case, only the initial temperature rise is of importance, because it represents the increase in
coil temperature due to power dissipation.

The linear temperature rise over time is due to

heating the circulating fluid and is not fundamental to the motor operation. Therefore, the coil
temperature would stay at approximately 85"F if the fluid was kept at room temperature and the
motor was started at room temperature.
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Motor Temperature when pumping at 1432 RPM
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Figure 9-14. Motor temperature as a function of time for current of 15A peak while pumping.

If we were to increase the power to the motor, then the temperature rise due to power
dissipation would follow proportionately.
AT =15' F, at a peak current of 15 A.
Tm

Currently, the motor exhibits a temperature rise,
If the motor starts at T = 70'F and cannot exceed

=170 F (AT =100*F), then we can increase the power to the motor by a factor larger than

6. Previously, we only had 0.32 HP available, which made it difficult to reach high speeds or
operate in flow rates outside of the shutoff pressure flow regime. A 6x power increase, however,
would allow us to operate the motor at its best efficiency point of 1.79 HP. Furthermore, given
that power is proportional to the square of current,
P=I 2R

(9.2)
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a power increase by a factor of 6 corresponds to a current increase by a factor of V6. Therefore,
the temperature profile shown in Figure 9-14 suggests that we can increase the input current to
36.7A, resulting in a maximum torque of 3.9 N-m, without exceeding the thermal limitations of
the motor. Thus, it follows that reaching high speeds (>3600 RPM) and operating at the best
efficiency point of the GN5600 stage is theoretically feasible. We are now only limited by the
limitations of current drive amplifiers on the market.
This analysis is very promising to further research with this prototype, but is not
completely relevant to down hole applications, where a more temperature resistant coil bonding
method would have to be employed to survive bottom hole temperatures. Thermal limitations
and motor performance at high temperatures are areas that may require future study before
maglev pumps can be operated down-hole.
9.6 Optimization
The motor controller was optimized throughout the testing process, in order to better the
performance of the system. This section discusses the two principle optimizations that were
made. The plots shown in the previous sections were generated using data from the optimized
motor controller.
9.6.1 Motor Phase Configuration
The motor theory developed earlier assumes the motor coils to be shifted by 600 in phase, and so
the commutation laws derived in Section 4.2 are for such a configuration. However, the motor
can also be run with input currents that are 1200 out of phase. This is done by flipping the
positive and negative leads of the Phase B coil and defining it as the new Phase C. The original
Phase C is defined as the new Phase B. By this means, the motor coils are now driven 1200 out
of phase. Running the motor 1200 out of phase puts less strain on the amplifiers and power
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supplies, because the peak sum of positive and negative currents is less than for a 600 out-ofphase configuration. Figure 9-15 shows the sum of positive and negative currents as a function
of electrical angle, for a 1 A current amplitude input.

Sum of Positive and Negative Motor Currents vs.
Electrical Angle
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Figure 9-15. Sum of positive and negative currents as a function of electrical angle.

Based on these results, the motor was run with phase currents 1200 out of phase, by modifying
the commutation laws in the Simulink model, thereby better utilizing our DC power supplies.
9.6.2 Motor Gap Steady State Error and Cross-coupling
Initial testing showed a proportionally large steady state error in motor gap, which increased with
motor velocity, as can be seen from Figures 9-16 and 9-17. Moreover, Figure 9-16 shows that
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motor control deteriorated momentarily whenever motor velocity was stepped up, indicating
some strange cross-coupling of velocity and motor gap control.

Figure 9-16. Motor velocity and motor gap step response prior to angle offset optimization
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Figure 9-17. Motor velocity and motor gap step response prior to angle offset optimization

It was believed that an error in the measured motor angle might be responsible for the
poor performance of the controller and the strange cross coupling effects. We knew from initial
testing of the motor, that adding an angle offset to the angle derived from the Hall sensor
algorithm had been necessary to achieve commutation, as described in Section 5.7.3.

We

hypothesized that the angle offset we derived in Section 5.7.3 gave an angle measurement that
was sufficiently accurate to commutate the motor, but was still different by some offset, to the
actual motor angle.
To test this hypothesis, we added another angle offset to the Hall sensor processing
algorithm, as shown in the block labeled "Phase Offset" within the Simulink "Sensor
Processing" subsystem in Figure 9-18. Figure 9-18 was presented previously in Section 8.1.
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Figure 9-18. Simulink Model: "Sensor Processing" subsystem showing the addition of a phase
offset in order to optimize the motor controller.

The motor controller was optimized by inputting different values in the "Phase Offset" block and
taking step response data. We found that adding an offset dramatically changed the performance
of the controller. An optimum angle offset of -0.3 radians was found after numerous testing
iterations. The addition of this offset in the Hall sensor algorithm greatly improved steady state
error and eliminated the cross coupling seen in Figures 9-16 and 9-17.
9.7 Summary
In this chapter, we have presented testing results of the magnetic levitation pump.

The

characteristics of the maglev pump system plant were evaluated by taking frequency response
data using a dynamic signal analyzer block in Simulink. The measured plant frequency response
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for

Z(s)
shows a magnitude with an overall slope of -40 dB, which is essentially consistent
F,(s)

with our model of a single mass system. Furthermore, plant frequency responses for the crosscoupled terms,

Z(s)
Q(s)
and
, display at least a 20 dB attenuation of the cross-coupled
T(s)
F,(s)

variables, relative to the direct coupled terms. For our purposes, this decoupling is adequate and
validates our assumption that we can control the system with two decoupled linear controllers.
The measured plant frequency response for

,(s)
however, is not consistent with our

model of a single inertia load. This frequency response shows strange roll-off behavior, which
we were unable to account for within the time frame of this project. The behavior may be due to
electrical feed through to the Hall cells from the stator coils, or a phase shift from the velocity
estimator within the control loop. We recommend further investigation of this response, as it
may provide insight to the results presented in this thesis or the development of future magnetic
levitation pumping systems.
Motor gap step responses were consistent with lead controller simulations in Section
7.3.3. Testing showed that the controllers effectively maintain motor gap under sudden changes
in motor velocity, and that steady state error in motor gap is independent of motor velocity.
Most importantly, data taken while pumping showed that the desired motor gap is maintained
under a variety of pump speeds, pressures, and pressure disturbances. This may be seen as the
single most important result in proving the feasibility of magnetic levitation pumping systems.
Velocity control was also effective, showing no overshoot or steady state error, under a
variety of speeds, pumping conditions, and motor gaps. We were not able to evaluate the true
linear dynamics of the controller, however, due to the noise associated with taking data for
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small-increment step responses.

Due to the saturation blocks within the controller, a large-

increment velocity input is seen as a constant torque command by the motor. Having greater
current-drive amplifier saturation limits may have allowed seeing the dynamics of the controller.
If time had allowed, we could have also tried to take a great number of noisy small-increment
step responses and tried to average them and filter them to arrive at a single clean response. This
may have provided some insight into the linear dynamics of the controller. Determining the true
linear dynamics of the velocity controller is left to further investigation.
Finally, we showed that the performance and evaluation of the maglev pump prototype
was greatly affected by the power limitations of out setup. Due to the current limitations of the
drive amplifiers, the motor did not generate enough torque to reach speeds greater than 1432
RPM. As a result, the GN5600 was not able to operate at power levels or speeds for which it
was designed, driving the efficiency of the pump down. This limited the pump to operating in
flow-regimes near the shut-off pressure (no-flow). We were able to show that shutoff pressure
characteristics of the pump were consistent with a traditional GN5600 stage operating at low
speeds. In retrospect, the GN5600 pump stage was chosen somewhat arbitrarily. A better design
would have used a smaller pump stage, designed to operate efficiently at low power levels. Such
a design would perhaps have provided greater insight into the performance of a closed-loop
maglev pumping system.
Most importantly, thermal analysis of the motor coils shows that increasing the current to
the motor by a factor of 6 is feasible within the thermal limits of the motor. Such a current
increase would generate enough torque to reach our target speed of 3600 RPM and allow
operating at the best efficiency point of the GN5600 stage. This would allow operating at high
flow rates and developing maglev pump performance curves, which we were unable to do. This
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result is very promising for the future development of the maglev pump prototype. Designing a
setup that provides higher power levels (up to 37 A) to the motor would perhaps be the greatest
advancement of this thesis work.
The results in this Chapter show successful implementation of a closed-loop magnetic
levitation pumping system. These results prove the feasibility of the maglev pump concept, and
are very promising for the development of future magnetic levitation pumps. Chapter 10 will
summarize the work presented in this thesis and provide conclusions and recommendations for
future work.
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V. Conclusion
10. Conclusions and Recommendations
This chapter summarizes the findings of this research project. Conclusions are drawn from the
difficulties encountered during development and test data shown in Chapter 9. An evaluation of
the feasibility of magnetic levitation pumping systems for down-hole use is made based on the
performance of the maglev pump prototype. Finally, this chapter proposes areas of future study
and makes recommendations for future maglev pump designs and research initiatives.
10.1 Closed-loop magnetic levitation pump performance
The successful implementation of closed-loop control verifies the accuracy of the commutation
laws derived for our rotational maglev motor.

Our assumption that the commutation laws

effectively linearize and decoupled the system is validated through the successful control of the
motor using two decoupled linear controllers. Step and ramp responses under no-load (air in
gap) and pumping (oil in gap) conditions showed that steady state error in motor gap control is
independent of motor velocity. In addition, stepping-up or stepping-down one control parameter
during operation does not affect the control of the other parameter. These results are consistent
with the measured transfer functions of the decoupled variables, which show sufficient
decoupling. Thus, we took a proper approach to the control of the motor. Testing proved that
the commutation laws, as well as the sensor processing algorithms, work properly.

We

recommend that the commutation laws presented in this thesis be utilized in the design and
implementation of any future closed-loop permanent magnet maglev systems.
Furthermore, step response data shown in Chapter 9 is fairly consistent with the
controller simulations presented in Chapter 8. Proportional velocity control of the motor was
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effective. The performance of the controller, however, was limited by the saturation limits of the
drive amplifiers. As a result, the time needed to reach the desired velocity was greater than
expected. The lead controller for motor gap position control performed as expected, with a small
overshoot and a settling time of 0.5 seconds. The steady state error in motor gap is not critical to
operation, but efforts could be made to eliminate this error by adding a lag compensator, as
designed in Section 7.3.4.
The ability to successfully control motor gap while pumping, and maintain the gap under
sudden pressure increases, proves the feasibility of a magnetic levitation pump for down-hole
use. Motor power calculations in Chapter 4 showed that designing a magnetic levitation motor
that could generate the necessary torque and levitation forces, under the size constraints of a
GN5600 pump, was possible. We were not able to generate enough torque to reach our target
speed of 3600 RPM or operate at the best efficiency point (BEP) of the pump, due to current
limitations of the amplifiers used. The maglev motor, however, is capable of reaching 3600
RPM and operating at best efficiency point of the pump if the current to the motor is increased
by a factor of -r. Analysis of the coil temperature during operation shows that such a current
increase is possible without exceeding the thermal limits of the motor. Thus, the maglev motor
presented in this thesis does meet the design specifications we were shooting for at the start of
this project. The power amplifiers used did not allow us to push the motor to its thermal limits.
However, with higher input current levels, the motor is capable of providing the same amount of
power to this stage of the pump as is provided per stage by current submersible pump induction
motors.
We therefore conclude that designing and building magnetic levitation motors for downhole applications, under the size constraints of current submersible pumps, is feasible.
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Furthermore, maintaining the levitation gap under pumping conditions and sudden pressure
increases is possible through closed-loop control of the motor currents. We have presented the
successful design, development, and testing of a closed-loop magnetic levitation pumping
system. This work serves as a first step to developing magnetic levitation techniques for downhole submersible pumps.
10.2 Suggestions for future work
The insight provided by this thesis work could be greatly advanced by improving upon a number
of design flaws of the maglev pump system. First and foremost, it is clear that the GN5600
pump stage was not designed for the power input levels that were available to us. To evaluate
maglev pump performance, the pump could be redesigned for a much smaller stage that is
designed to operate at or near 0.32 HP. A greater improvement, however, might be to replace
the power setup that is presented in this thesis with a power supply-amplifier configuration that
is capable of providing up to 1.79 HP and 37 A to the motor. Such power levels may require
redesigning the stator for smaller wire, in order to maximize the torque constant of the motor and
minimize the current needed. This is because it is much easier to find high voltage supplies than
it is to find high current amplifiers. Increasing the power to the motor would allow taking data at
a much greater range of pressures and flow rates. Testing the pump at pressures and flow rates
typical of down-hole conditions would show how effective the controllers are under such
conditions and reveal the need to redesign or optimize the controllers for down-hole operation. It
would also provide the ability to generate maglev pump performance curves and compare them
with conventional GN5600 pump performance curves.
Other design improvements include integrating an axial position sensor into the stator
core. Currently, the motor gap position sensor is located outside of the pump housing. Having
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all the sensors integrated into the housing would be a step towards building a self-contained
pump, which would be necessary for down-hole use. Another improvement would be to design
and incorporate a sealed cabling system. As was mentioned in Chapter 6, the motor cable
became a significant leakage path during operation. A solution to this problem might be to have
conductors embedded into one of the housing end caps, and have connections on both sides of
the end cap. Wires could then be connected externally and be isolated from the fluid. This
design would be more similar to the electrical connectors used in down-hole operations.
In addition, the development of the maglev pump prototype revealed a number of areas
that merit future investigation. The first of these areas would be to try to determine the cause for
Q(s)

the strange roll-off behavior shown in the measured plant frequency response for iT(s).
T(s)

We

hypothesized that the nature of the response may be due to electrical feed-through to the Hall
cells from the stator magnetic field, or a phase shift from the angular velocity estimator.
However, given the compressed time schedule of this project, we were unable to come to any
definite conclusions regarding this frequency response behavior.

One experiment that may

reveal parasitic coupling causing this response would be to measure the transfer function with the
rotor locked. In addition, it may be useful to take transfer function measurements with oil in the
gap and compare them with transfer functions with air in the gap. This may provide greater
insight into how accurate our model of the single mass/inertia load is under operating conditions
of the pump. Lastly, it would be good to move the Hall cells to where they are not so directly
affected by the stator fields.
Furthermore, it is clear that in order to successfully build and design a magnetic levitation
pump for down-hole use, we must understand more fully the implications of operating magnetic
levitation motors at high temperatures. We mentioned that the thermal limit of the maglev motor
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was set at 1700 F, due to the fear that the coils would de-bond from the epoxy at temperatures
greater than 1700 F. Although the Samarian Cobalt magnets of the rotor were chosen for their
high maximum operating temperature limits, it is unclear how high temperatures would affect the
stator coils. Designing a maglev motor for down-hole applications may require developing a coil
bonding method that can withstand bottom hole temperatures of 3000 C. In addition, the testing
presented in this thesis did not push the motor to its thermal limits. Harsh down-hole conditions,
such as high temperatures, corrosive fluids, and solid particles are major considerations in the
design of all down-hole equipment. It is unclear how the maglev motor would be affected by
solid particles in the gap or by magnetic materials in the fluid. Determining the feasibility of
operating a maglev motor under such conditions is critical to the future development of a downhole magnetic levitation pump.
In summary, the promising results with our first prototype give confidence that maglev
technology is a possible candidate for down-hole applications. Further study on this topic is
certainly justified.
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Appendix A:
Part and Assembly Drawings of Test Bed Components
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Appendix B
abc-> a#AC current transformation
[Liebman 2001] derives an abc- aB transformation, which converts between a three-phase AC
system with fixed axes abc and a two-phase AC system with fixed axes ai, by equating the
magnetomotive forces in the two reference frames.
Nabc (a

+,e

3T

+ice

3)

= Nap ('a +

(B.1)

jip )

Here Nfg is the number of turns in the a/i frame, and ia and i,6 are equivalent currents in the twophase frame.

Naq/Nabe is

chosen arbitrarily, as it just only changes the current transformation by

a power factor. Substituting Euler's equation, e
N

(+i

= cos 9- j sin 9 , into (B. 1) yields

2r
4r p(ca
*.4sin--)=
cos 2g
--3 + ..
. sin-+icOS-4;
4i;3
N+
3
3

+

)

(B.2)

Under balanced three-phase conditions in the stator, the sum of the three phases, ia, ib, ic is equal
to zero. Separating the real and imaginary parts in (B.2) under balanced current conditions gives

Nap

(B.3)

=

Nabc

2

2

3
Adopting the most commonly used ratio, --, yields the abc- a/i transformation equations
2
(B.5)

ia = ia

1.
is is tf

1.

(B.6)

This is the same result as the Hall voltage reference frame transformation, derived in Section 5.7
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Appendix C
Calibration Results
The Bently Nevada proximity probe was calibrated by measuring the probe output voltage, using
the data acquisition system described in Chapter 5, for various shaft-probe distances. The
distance between the probe and the end of the shaft was measured using plastic shims.
Calibration results are shown in Figure C. 1.

Proximity Probe Calibration Results
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Figure C-1. Proximity probe calibration results.
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Appendix D
User's Guide to Operating Motor Through Simulink
and Control Desk
D.1 Getting Started
Open Matlab by clicking on the Matlab R12 icon located on the desktop. In Matlab, open
maglevcontroller.mdl, which should be located in the work directory. This should open the
maglevcontroller model file in Simulink.

The model should be ready to run without any

changes. If changes need to be made, click on any of the model subsystems and change block
parameters by double-clicking on blocks of interest. Blocks can also be added from the Real
Time Interface/Simulink library by typing rtilib at the Matlab command prompt and selecting
the Simulink library. This allows cutting and pasting blocks into the current model and inserting
them into the control loop.
D.2 Parameter Settings and Build
Open

the

Simulation

Parameters

window

by

clicking

on

Tools/Real

Time

Workshop/Options. The model should have the following settings under the Solver tab:
"

Stop time inf (This prevents the model from ending during experimentation).

" Fixed step size = .0002 seconds (This specifies the time between samples).
" Solve using Euler odel (This specifies the solver).
These parameters should not be changed unless there is a problem that prevents the model from
being executed properly, which would only occur if the maglevcontroller model were altered.
Remember that if the step size is changed, you must also make that change in the Sensor
Processing subsystem, which uses step size to calculate motor velocity. This change can be
made by selecting the gain titled "1/8nT" and substituting the following value, -
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1
8 x 5 x stepsize

Save the Simulink model and select Tools/Real Time Workshop/Build Model to begin running
it on the dSPACE board (This creates a .sdf file of the same name as the model).
D.3 Amplifier and Power Supplies
Turn on the two Tektronic Power Supplies which power the instrumentation amps, hall cells, and
proximity probe. The input to the in-amps should be 5V, while the input to the probe and hall
cells should be 24V and 8V respectively. Turn on the HP power supply that powers the three
423 switching amplifiers, which should be set at 60V.
amplifiers are on.

Verify that the power lights to the

The amplifier /Enables connections should already be pulled to ground.

Verify that the /Enable LED is on.

If the amplifier does not enable, check the /Enable

connections and cycle the enable switch on the side of the testbed.
D.4 ControlDesk
Open ControlDesk by clicking on the dSPACE Control Desk icon located on the desktop. Next
you must open the SDF file by selecting File/Open
maglevcontroller.sdf.

Variable File and selecting

Even if you do not want to take any data or change parameters in real

time, you still need to use ControlDesk to run the motor. This is because the amplifier requires
an initial zero current command to enable. Therefore, there must be a way to change the mode of
operation in real time once the amp has been enabled.
Open the control and data acquisition panel for the mag-lev controller model file by
selecting File/Open and selecting maglevdata.lay.

A prompt pops up that asks if data

connections should be connected. Press Yes. The layout is now open in edit form, which means
that changes can be made to the layout without affecting the real-time model. To add or delete
virtual instruments, simply drag and drop them from the menu on the left. To connect a model
variable to an instrument, click Model Root (this shows all the model parameters), find the
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variable of interest, and drag and drop the variable into the instrument block. To run the layout,
select Instrumentation/Animation Mode.

Now any changes made to the parameters in the

layout are changed in real-time in the Simulink model.
In the DSP block on the bottom left of the layout, change the length of data capture to
whatever is desired. For example, if you want data captured over the course of 60 seconds, you
would enter 60 in the length box. A new data set is then generated every 60 seconds. To begin
running data acquisition, press start. If the plots do not show data being gathered, you must
increase the downsampling factor in the downsampling box, and re-press start, until the plots
show data.
You will notice that velocity and motor gap reference inputs, as well as the initial gap
(1.1 mm) and initial velocity (0 RPM), are profiled.

Change the numerical input labeled

"Operation Mode" from 1 to 2 (this turns the motor on). Operation Mode 3 is to verify that the
motor homes properly. The motor should now be running at or near the desired reference inputs.
You can change the reference inputs to the motor by changing the values inside the Omegareference box or the Z-reference box.
Once you are done taking data, press Stop followed by Take and Save. This should
create a MAT file. Name the MAT file and be sure to save it in the Matlab work directory. In
order to plot the data type the following at the MATLAB command prompt:
>>load <name>.mat
>>plot(<name>.X.Data,<name>.Y(1).Data,<name>.Y(2).Data)
This plots two variables (such as RPM and RPM reference) as a function of time on one figure.
D.5 Running the Dynamic Signal Analyzer
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Once the motor is running, you can run the dynamic signal analyzer by changing the velocity
reference or z-reference input value to 3 in the ControlDesk layout (this runs the DSA swept sine
as the reference input) and type the following at the MATLAB command prompt:

>>my tf = dsatf(10.^[1:.1:3], 10, 'bo')
The arguments inside the parenthesis serve to:
1. Specify the DSA frequency range in Hertz.
2. Specify the amplitude for the sine wave generator.
3. Specify color for plotting the transfer function.
This command should initialize the DSA to being taking data points. MATLAB should display
two figures. The first figure shows channels 1 and 2, which should be sinusoidal signals. Make
sure the waves are not being clipped by saturation or drowned out in noise. If that is the case, hit
the Break button and re-run the DSA with a different value for amplitude. The second figure
should show the system bode plot, as it is constructed by the DSA. Once you are finished, save
the bode plot as a .fig file in the Matlab work directory.
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Vendor List
1. Fred Sommerhalter, 43 Weeks Avenue, Oyster Bay, NY 11771, (516) 922-3692
2. Trust Automation, Inc., 205 Suburban Road, San Luis Obispo, CA 93401, (805) 544-0761
3. Copley Controls Corp., 410 University Ave., Westwood, MA 02090, (781) 329-8200
4. Advanced Motion Controls, 3629 Vista Mercado, Camarillo, CA 93012, (805) 389-1165
5. Hewlett Packard, 3000 Hanover St., Palo Alto, CA 94304, (650) 857-1501
6. Tucker Electronics Co., 1717 Reserve St., Garland, TX 75042, (214) 348-8800
7. Bently Nevada, 7651 Airport Blvd., Houston, TX 77061, (713) 640-1111
8. Tektronix, 14200 SW Karl Braun Drive, P.O. Box 500, Beaverton, OR, (800) 835-9433
9. F.W. Bell, 6120 Hanging Moss Rd., Orlando, FL 32807, (407) 678-6900
10. Analog Devices, One Technology Way, P.O. Box 9106, Norwood, MA 02062, (781) 3294700
11. DSPACE, 22260 Haggerty Road, Suite 120, Northville, MI 48167, (248) 344-0096
12. RPM Service, Inc., 27920 Hwy 288, Iowa Colony, TX 77583, (281) 595-3165
13. Omega, One Omega Drive, Box 4047, Stamford, CT 06907-0047, (203) 359-1660
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