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INTRODUCTION

The Locally Commutated Linear Synchronous Motor (LCLSM) program has demonstrated
the technical feasibility and practicality of the LCLSM concept for Maglev applications. The
work included analysis and simulation of critical components for a full-scale system and a
demonstration motor based on a 1/10th scale system. The LCLSM concept utilizes modular -
distributed power processing for the motor. In this case, individual nonoverlapped coils are
each driven by a dedicated local inverter controlled by a dedicated local processor. For Maglev
applications this has the advantage of increased reliability, performance, efficiency, and
flexibility with a potential reduction in system cost compared with block switched systems.

It is useful to describe the block switched linear synchronous motor typically considered for
Maglev propulsion to see the basis and motivation for the LCLSM system. Block switched
systems for Maglev propulsion power a large section of guideway, typically 500m or more, over
which the vehicle is traveling. The entire section (block) of propulsion coils in which the vehicle
travels is energized. The inverter supplying power to each block must be sized to apply the
drive power needed by the vehicle. The inverter for the block must drive the propulsion current
through the voltage produced by the inductance and resistance of the entire block in addition
to the net back EMF (Electro Motive Force) produced by all of the vehicle field coils. Thus the
inverter must supply all of the propulsion power as well as drive large sections of coils that are
not utilized and represent losses. To reduce the losses and account for the relatively long
duration of the current in the block, the coils must have a sufficiently large conductor cross
section to reduce heating. Vehicle configurations are also somewhat limited since the back
EMF must be in a range matched to the power supply. The LCLSM concept was developed to
overcome these difficulties by applying semiconductor power handling technologies which have
become viable within the past few years.

The LCLSM powers the minimum number of coils required. For propulsion, only the coils
near the vehicle fields are powered. Each coil is individually controlled. The back EMF
experienced is only that produced locally by the vehicle fields. . Thus, any length vehicle
configuration can be accommodated. The back EMF does not add, and the power per local
inverter does not increase as the size and weight of the vehicle changes. The LCLSM system
therefore can offer greater flexibility. The track coil cross section can be reduced since the net
on time is less, thus reducing conductor costs. A critical factor when considering the LCLSM is
that the net power delivered to the vehicle is shared among the local individual cell inverters so
the power handling requirements of the local inverters is considerably less than that required
for the block switched system. This allows lower power, higher performance electronics to be
utilized. Based on preliminary cost estimates, combining the reduced conductor cost with the
lower power, high volume semiconductor cost may make LCLSM cost effective for Maglev
applications.

Other inherent features of LCLSM can provide further improvements in performance and
reduction in system cost. Smooth thrust can be provided, even on a per magnet basis, with a
nonoverlapping track coil configuration. This can provide simpler installation and reduced
component cost relative to overlapping coil configurations. The local controllers can also
accommodate errors in gap and positioning of the coils or failure of nearby coils by modifying
the drive current to accommodate these errors and maintain smooth thrust. The net system
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reliability is high because many distributed inverter modules can fail without halting operation
* of the system. Repair is potentially simplified by the nonoverlapped track coil configuration
with dedicated electronics. Cost and reliability advantages due to the ability of the LCLSM
system to accommodate manufacturing variations may provide substantial savings in net
system cost in a real world environment and long term usage.

The application of LCLSM for Maglev systems spans a wide range of system design and
utilization issues. The LCLSM concept is a new approach to motor design and control made
practical by developments in power electronics and microcontrollers. The regimes of operation
are substantially different from the block switched system in actual implementation. In
particular, the distributed control and communications requirements are critical to the system
design. The objective of this program was investigation and demonstration of the basic LCLSM
concept.

Intro.1 Final Report Format

This report utilizes a format in which there is a brief synopsis in italics at the beginning of
each subsection. More detailed description of the work perforrned in response to the statement
of work follows in that subsection. Because a wide range of issues relating to LCLSM could
have been studied, this format is used to make the motivation and extent of the work
performed clear.

Intro.2 Summary of the LCLSM Program

System design and analysis were performed for a LCLSM for Maglev application. A one-
tenth scale model was analyzed, designed, and constructed to validate the LCLSM concept.
The analysis and model tests demonstrated the technical viability of the LCLSM concept.

The overall design philosophy which guided the development of the LCLSM system was
high efficiency, high reliability, graceful degradation, and low electromagnetic interference.
LCLSM is a single-layer propulsion and power transfer system in which independent
controllers control dedicated coils to supply a desired waveformn with the proper frequency,
phase and amplitude. -In one embodiment, the coils are commutated locally by pulse-width-
modulation (PWM) of semiconductor switches in an H-bridge configuration controlled by
signals transmitted over fiber optic communications lines from a central control, Local
communication allows energized coils to be limited to those required to achieve a specific
purpose (propulsion or power transfer). For example, only those coils in the immediate vicinity
of the superconducting magnets need to be energized for propulsion.

The LCLSM design utilizes the same guideway coils for the propulsion and power transfer
functions. The PWM scheme is modified from that appropriate for propulsion to a higher
frequency, lower current waveform appropriate for power transfer. Power is inductively
coupled to onboard coils for power factor correction. In addition, for true Maglev systems, the
LCLSM coils can also be used to supply a magnetic guidance function (port-to-starboard
forces).

A complete LCLSM system will have a great many identical single units, especially
semiconductor devices. Repeated experience with semiconductor devices has shown that the
cost of a system must account for the dramatic unit price drop as a result of the increase in
volume of units. It is recommended that LCLSM be evaluated for economic viability as a
propulsion technology for Maglev and related applications.
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1. SYSTEM DESIGN AND ANALYSIS

1.1 Analytical and Simulation Model
1.1.1 LCLSM Propulsion Model (Coil Design)

The LCLSM propulsion models consist of mutual inductance models between the track
propulsion coils, the field winding, and equivalent windings representing eddy current paths in
the magnet shields. These models have been constructed in Mathcad. The models are used to
optimize coil geometries producing smooth thrust and to estimate the losses in the shields due to
switching harmonics and the passing of the vertical portions of the track coils. This latter loss
appears to dominate for the cases studied to date. These tools are used to characterize both the
constant thrust and transient acceleration cases following a change in commanded thrust or bus

voltage.

The technical requirements from the statement of work can be summarized as follows:

150 passengers.

100 Mg.

40m long vehicle.

100 to 150 kN thrust.

135 m/sec cruise.

30 to 60 kN thrust at cruise.

Acceleration 0.15 to 0.25g.

Full performance for 3.5 percent gradients.
Reduced performance for 10 percent gradients.

For propulsion motor design, these requirements can be summarized as power and current
limits as shown in Figure 1-1. There are two types of limits presented in this figure. The

! ! I [ | T

current limit at 0.25 g

(N) 210° -

current limit at 0.15 g

5 | cumentimit at 100 kN \
1:10 = wer limit at 8.1 MW |

power limit at 4.05 MW
| | | |
0 20 40 60 80 100 120 140
Velocity (m/sec)

Figure 1-1. Statement of work operating conditions
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thrust (or acceleration) requirement translates into a current requirement for the track coils.
The power limit corresponds to a peak bus current (for a given bus voltage).

The baseline design selected to address these requirements is summarized in Table 1-1 and
is discussed in detail in the following sections. The design consists of racetrack shaped field
windings (Figure 1-2) on the vehicle and rectangular shaped track coils (nonoverlapped). The
baseline consist includes two vehicles and three “bogies” containing eight magnets each (four
per side) for a total of 24 superconducting magnets.

Figure 1-2 schematically depicts a set of four SCM (Super Conducting Magnet) field
magnets passing a series of track propulsion coils (track coils are labeled A-M). The moving
field magnets produce an EMF wave in the track coils. This induced voltage is termed the back
EMF since the applied voltage must be higher than the back EMF to provide a forward
propulsive force. Shorting the coils would produce a braking force due to the induced back
EMF voltage. The back EMF wave moves down the track at the velocity of the vehicle. The
coils are powered to produce a current wave (track current) which is controlled to move in
synchronism with the EMF.

- In the full-scale baseline design each coil is powered from a DC bus through a dedicated
inverter. The dedicated or “local” inverter produces a sinusoidal current in the track coil which
is in synchronism with the field coils as they pass. The principal difference between the
LCLSM and the block switched linear synchronous motor is the ability of the local inverter to
tailor the current profile. The resulting benefit is a reduction in track coil loss (operating cost
savings) or a reduction in copper content for constant losses (capital cost savings). If the pitch
of the track coils is selected to be two-thirds of the pitch of the superconducting coils, the
current distribution in the track is indistinguishable from a very short three-phase block
switched system for the sinusoidal excitation utilized. The local commutation permits track
pitches which are not simple fractions of the superconducting coil pitch. This provides an

Table 1-1. Baseline full-scale motor summary

Field winding
Pitch (spacing of coil centers) 1.3m
Racetrack: :
Diameter of the mid wire in the end turns 05m
Straight length of mid wire 05m
Coil section: '
Radial thickness 8cm
Width 16 cm
Ampere-turns 1.8x 106
Track coil
Pitch (center to center) 0. 668m
Coil height (center to center) 0.7m
Coil length 0.6m
Resistance 0.015Q
~ Inductance 0.275 mHenry
Gap (track coil mid-plane to SCM mid-plane) 0.3m
Mutual inductance 2.2 x 10-7 Henry/(turn)2
Full speed 135 m/sec
Full speed fundamental frequency 51.9 Hz
Thrust (2 SCM pole pair) 3.75 Newton/A-turn (track coil-peak)

1-2



* ¥ X ¥ %

o5 | 135 misec \ \
TRACK = \
CURRENT © £

=L N/ / EEy
TS e s G5 e € G e
@)
7

I
o~

wsmd - () D)

= 2T 7N
.05 —-)\// \\ y \ /

135 m/sec

2 A 0 1 2 3 4 s 6 7
) CONDITIONS AT TIME T4
135 misec - /
TRACK y /
CURRENT \ \N

BBOEC
= 1P

yor

1

D
7\

A%

1 2 3 4 s 6 7

=/

)

)
o

66)
) | |

BACK
EMF

N
e

é;

8-

K

135 misoc —)\
2 K] 0
CONDITIONS AT TIME T1 + 17135 TH SECOND

Figure 1-2, Coil configuration

additional degree of freedom for the machine designer which can be used to minimize thrust
variations on individual coils. This strategy led to the selection of the above design.

Figure 1-3 presents the baseline inverter and bus configuration.

The baseline bus and filter design (Table 1-2) was modeled for a range of PWM frequencies
to determine the magnitude of the AC current and frequency at the PWM frequency as a
function of the distance along the bus from the active area (vehicle location). The results are
sumimarized in Figure 1-4 for pulse width modulation frequencies from 10 to 40 kHz. Note
that the bus filtering improves as PWM frequency increases.

The resulting losses in the bus and filters are summarized in Figure 1-5. The bus losses at
full power represent approximately 3 percent of the full power rating of the system. If a 40 kHz
system is selected, Figure 1-4 indicates that reduced resistance in series with the local
capacitance in the local filter could be considered to further reduce this loss.

1.1.2 Control Block Diagrams

e Microprocessor PWM voltage control.
* Adaptive (hysteretic) PWM.
* Vector control of synchronous motors.
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Figure 1-3. Bus filtering

Table 1-2. Baseline full-scale bus characteristics

Copper area 25.8 cm?2
Spacing 0.152m (6 in.)
Bus inductance 6.5E-4 Henry/km
Bus capacitance 1.7E-8 Farad/km
Local capacitance across each bridge 40 pFarad
Resistance in series with the local capacitance 0.1 ohm

Typical bus supply voltage 2kV

The control block diagrams are developed to present the variables to be controlled and the
control strategy to produce the desired response in all operating modes. The diagrams include
the quantities to be measured and sources of noise in these measurements. The control methods
have been selected as appropriate for synchronous machines with high power factor and high
efficiency. Control issues include transient response given the conductive magnet shields which
act as damper windings (time constant on the order of 1/6 sec). In addition, it is anticipated that
filtering will cause the bus voltage to sag following a request for an increase in thrust. If
necessary vector control can be used to improve the transient response. Additional control issues
include noise on the control signals including air gap flux, back EMF, and propulsion coil current.

Early in the program the control of the current in each local bridge was reviewed. The work
reviewed in this section addresses PID control of these currents. In subsequent sections
alternate control strategies are considered. Figure 1-6 shows the local control of the track coil
current based on the commanded current amplitude and the measured train velocity and
position. The local controller and bridge provide the appropriate voltage waveform which
results in a suitable current waveform. In this system the back EMF due to the SCM is
represented as a disturbance which is not directly measured. Modeling of the back EMF is
described in more detail in the simulation description.

The local processor generates a reference current waveform based on the received
information from the bus (Figure 1-7). This reference waveform will be used as the input
command to a control loop with current feedback shown in Figure 1-8.

The control loop shown in Figure 1-8 is used to investigate appropriate control functions
(G) which will provide good tracking of the reference current waveform for the expected EMF.

"Information on this page identified by
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Figure 1-4. AC voltage and current from one inverter

This system was investigated assuming PI control with the objective of using only current
as feedback (no EMF feedback) as follows.

The system transfer function is:

leotl _ G-Ka
lief L-s+R+G-Kpy

For PI control gain is given by:

G=K-[S+a]
s

By inspection this is a second order system where the damping ratio, §, and undamped
natural frequency, ®,, are given by:

lcoll=
Lref s2+[%+K'E{A]s+a-K'KA
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By appropriate selection of these parameters the control can be made fast and stable (1).
€ is generally selected at a value of 0.707 (critically damped) and wy is selected well away from
the frequency of disturbances (i.e., well away from the fundamental of 50 Hz, the PWM
frequency of 40 kHz, and well below the corner frequency of the selected low pass filter

Block representation of local control

~6,000 Hz). A frequency of 1,900 Hz was found to yield good response.

Stable and fast response is achieved with critical damping if:

£ =0.707 (2)

o, selected away from disturbances

IE  ,=1900-2.5.72d
sec
Then
ko280, L-R
Ka
(2 L
a_(mn) K-Kp

For the full-scale coil

R =0.01792:-ohm
L = 0.000264 - Henry
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s+8.47684-10% .- L )

G = 0.00222- L. Sec
A s

Since control was implemented using a digital microcontroller, a discrete transformation was
applied to the above continuum analysis. This was accomplished as follows:

2 -1
s=x (—Z — 1) bilinear transformation (3)
G= (Z_“.w.(o, 00324~i)
(z-1) A

This control function was simulated using Simulink to verify stability and response
(Figure 1-9). Simulink is software for numerical analysis of control system response. Simulink
is manufactured by Mathworks, Inc., Natick, MA. This model was used to investigate the
response for a broad range of EMF disturbances. The results are presented in Figure 1-10
based on a 40 pusec computer cycle time (T = 40 psec).

The output was investigated for harmonic content of the ripple current produced by the
system. The results are presented in Figure 1-11. As can be seen, there are harmonics at
40 kHz and multiples of 40 kHz. The amplitude of the switching harmonic at 40 kHz is
approximately 14A. Appendix A presents a method for estimating the magnitude of the
switching harmonic (ripple current).

It has been recommended that alternate control strategies be considered including
observers which could be used in place of the low pass filter and would potentially provide
significantly more information. For example, it is possible that the observer could provide coil’
position information permitting "on the fly" correction for coil position. These strategies were
not implemented because they were not necessary.

1.1.3 Inverter Models

* Switching harmonics as a_function of bus characteristics (filtering, line inductance and
capacitance, voltage level, and substation spacing).

e Harmonics for each control option.
s Acceleration, coasting, regenerative braking.

The control models described in subsection 1.1.2 were used to study approaches to
controlling the standard configuration H-bridge inverter. The harmonics for the baseline
control alternative were presented in subsection 1.1.2 and the bus losses were presented in
subsection 1.1.1.

Figure 1-12 shows the inverter switch states for the baseline PWM inverter option (positive
current states). The on-state (positive case) represents the application of the bus voltage to the
coil. Off-state A and off-state B present cases where the coils are shorted and are acted upon
only by the back EMF, the resistive drop of the coil and the power semiconductor drops. The
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Figure 1-9. Simulink model of PI control system

last state, on-state (negative) is the case of the bus voltage being applied in opposition to the
current flow. The latter case occurs only near a current zero crossing or during regenerative
braking. For most of the normal drive cycle, switching occurs between the on-state positive
and the off-state a or b conditions. Using both off state a and off-state b alternately reduces
the duty on switches permitting a 40 kHz modulation using staggered switching elements
individually operating at 20 kHz. For regenerative braking, switching occurs between the on-
state and the “negative on state” in an alternating manner similar to the drive cycle except that
instead of using the bus voltage to ramp the coil current against the back EMF, the back EMF
is allowed to drive the coil current which is then switched into the bus to inject current against
the bus voltage. The ability to utilize a 40 kHz switching frequency by alternating switching on
20 kHz switches reduces harmonic content at the expense of a very slight increase in control
complexity.

5
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Figure 1-10. PI control system simulation
1.1.4 Ride Quality Requirements Review

The design study of coil geometry and control strategy requires a review of the ride quality
requirements. The allowable thrust variation as a function of frequency will permit coil design
and control alternatives to be compared. This study consists primarily of a review of prior work
in this area.

Acceleration harmonic magnitudes of 0.06 g's appear to be acceptable at even the most
sensitive frequencies. Figure 1-13 presents the rms acceleration levels from (2) which are
permissible. In subsequent sections the thrust harmonics for the selected coil design will be
calculated.

1.2  Tradeoff Analysis on Inverter “Topology, Configuration, Switching Device
Selection, and DC Bus Voltage Level

1.2.1 = Single and Multilevel Bus Configuration Analysis

The multilevel bus configuration offers advantages in harmonics at the expense of additional
switching elements, and additional bus and control complexity.
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A computer simulation study of the trackside inverter modules was performed. This study
included the consideration of two specific bridge configurations, a single level inverter and a

multilevel inverter (specifically a three level inverter). These are presented in Figures 1-14 and
1-15.

These configurations were analyzed in detail. The analysis included Pspice modeling of the
elements in the inverter and determined.device and bridge efficiency as well as the level of
switching ripple. These factors are summarized in Table 1-3.

By alternating which device is switched the bridge can be operated at twice the frequency of
the device. In the Pspice simulation, the ripple current harmonics were determined for each
case. Pspice is an electrical circuit modeling computer program.

Vbus
LOCAL
CAPACITANCE j TRACK COIL BUS
ACROBS o IMPEDANCE
EACH
BRIDGE

EACH SWITCH INCLUDES AN ANTI-PARALLEL DIODE

Figure 1-14. Single level H-bridge inverter topology
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Table 1-3. Summary of inverter topology study
Switching
Inventer Device Frequency Bridge Frequency Inventer Efficiency Harmonic
Topology _ ~ (kHz) (kHz) (percent) (tpercent)
Single level GTO ' 2.5 5 63 25
Single level IGBT 20 40 97 4.5
Single level MCT 10 20 90 5
Multilevel IGBT 10 : 20 - 98 . 7

The GTO (Gate-Turn-Off Thyristor) frequency was increased to reduce switching harmonics.
It was set at a level that yielded the lowest harmonic which potentially could be accepted. At
the selected frequency (2.5 kHz) the efficiency of the inverter is only 63 percent. A significant
conclusion of the report is that the GTO cannot support the high switching speeds needed for
this application. ‘

The MCT (MOS-Controlled Thyristor) does poorly in applications where hard switching is
required. This is reflected in the low efficiencies.

The IGBT (Insulated Gate Bipolar Thyristor) cases studied by GA clearly show the lowest
switching harmonics and the highest efficiencies. The multilevel inverter system requires
devices with half the voltage capability of the single level system but requires twice as many
legs. The multilevel IGBT was operated at a bridge frequency of 20 kHz which was expected to
yield the inverter harmonics for the 40 kHz single level inverter. The simulation yielded
harmonic content considerably higher than anticipated. The disadvantage of the multilevel bus
is that it requires three buses rather than the two required for a single level inverter. This
represents a 50 percent increase in copper for a given bus voltage.
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1.2.2 Device Selection Trade Study

GTOs, MCTs and IGBTs were compared for this application. There relative advantages are
summarized. The major issues include switching frequency and projected availability.

Subsection 1.2.1 includes summaries of both device and configuration selection. We have
attached the specification sheet for Fuji 1MBI 400L-200 {(Appendix B) which has a continuous
current rating of 400A and a voltage rating of 2,000V. If the bus was reduced from 2,000 to
1,600V by decreasing the number of turns or by decreasing the coil area, the peak coil current
for 0.25¢g thrust would be 1,136A necessitating three devices in parallel for each leg of the
bridge per coil. A peak thrust requirement of 0.17 g's could be supported by two devices (800A)
per leg per coil. Power limits set in the system design specifications limit acceleration to below
0.17 g's for speeds over 50 m/sec. It is therefore apparent that IGBTs available today can be
used to meet the system requirements. Near term improvements will permit the use of a
2,000V bus.

1.2,3 Trade Study Summary

In summary it appears that the GTO has inadequate switching speed for this application.
IGBTs are closer than MCTs to achieving the desired currents and voltages. The switching
harmonic generated with IGBTs appears to be acceptable. Based on our analysis and the
results of the GA study, the IGBT is our selection for inverter switching components in the full-
scale system design. Further detail on the component selection process follows,

Table 1-4 presents a general comparison of the components under consideration for this
application (expanded to include the MOSFET for the scale model). The GTO has the required
voltage and current ratings required for this application but the switching losses were high.
This high switching loss limits the allowable switching frequency. The higher switching
frequency of the IGBT reduces the switching harmonic currents (ripple current) for a given bus
voltage. The resulting switching harmonics for each device have been included in Table 1-4
and, as can be seen, the GTO would yield very high switching harmonics as a fraction of the
fundamental current.

The impact of bus voltage and switching frequency on the harmonic content is summarized
in Figure 1-16. It can be seen that there is a strong dependence on switching frequency over
the range of interest. This analysis led to the selection of the higher frequency IGBT over the
higher voltage GTO for this application.

The conclusions for each switching device can be summarized as follows:
IGBTs

IGBTs are the preferred switching device, at this time, for this application. Fuji has
recently announced a 2,000V, 400A IGBT (1 MB1400L-200 IGBT 20 kHz, Vg = 2.7V, Ripy =
0.08 C/W). IGBT components are approaching the requirements for full-scale implementation
of LCLSM. Switching this device at 20 kHz would result in harmonics which are approximately
5 percent of the full thrust fundamental current for the case considered. Switching alternate
devices at 20 kHz is equivalent to switching the inverter at 40 kHz. In this case the harmonics
are approximately 2.5 percent of the fundamental current. The safe operating area (SOA) of
this device is nearly square making these devices ideal for hard switching applications.
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Table 1-4. Comparison of switching devices (3-5)

Characteristic Parameter IGBT MCT GTO MOSFET
Safe operating Forward current
area and blocking
voltage

V2822

202-1
Thermal Conduction drop 1.7 to 3.2V 1.1V (Resistive)
management
Switching loss 10 md/pulse 20 mJ/pulse 350 mJ/pulse  Very low
Junction 150 150 125 150
temperature
Circuit Gating method Voltage Voltage Current Voltage
complexity
Snubber Optional Required Required Optional
Series/ paralleling Proven Difficult Difficult Proven
requirements
Harmonic Device switching 20to40kHz 10 o 20 kHz 1to2kHz 50 to 100 kHz
current frequency :
‘generation
Bus voltage 2,000V 1,000V 4,000V 1,000V
Harmonic current 1.25 to 2.5 25t5 25 to 50 05to1
percent percent percent- - percent
MCTs

MCTs of only small power (1,000V, 75A) are available today but MCTs are rapidly
undergoing development. The schedule for availability of high power devices with the required
characteristics is being reviewed. MCTs are not favored in hard switching applications due to
the degraded SOA of the device. This application does not utilize the low conduction losses,
high surge current capacity and high dI/dt capability so often cited as the MCT raison d’etre.
The MCTs anticipated to be available in the near termn are unsuitable for the configurations
studied to date.

GTOs

GTOs have a large forward current and blocking voltage capability (3kA, 6 kV).
Unfortunately they have a high energy loss per pulse and a complex gate drive. In addition to
a large energy loss per pulse, the relatively slow turn-off process restricts GTOs to lower
frequency switching applications. The air-core LCLSM motor has a relatively low inductance
requiring fast switching for low harmonic currents. At a bridge frequency of 4 kHz the
magnitude of the harmonic current relative to the fundamental current is 25 percent requiring
a device frequency of 2 kHz. The GTO allows the bus voltage to be raised (desirable to reduce
resistive power losses). To the extent that high harmonic currents are undesirable, based upon
degraded ride quality, bogie fatigue and vibration and eddy current losses, GTOs do not seem
well suited to this application.
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Figure 1-16. Switching harmonic versus switching speed
MOSFETs

MOSFETS, as for MCTs, are available only in small power devices. In this case it is
because the resistive characteristic of the device increases exponentially with increasing
blocking voltage. Therefore, high voltage devices are usable only for low power. MOSFETs
have been included in our comparisons for completeness and do not represent a realistic
option for delivering the required propulsion power to the Maglev vehicle.

Conclusion

The IGBT is the preferred switching device due to its square SOA; low loss, high frequency
capability; reasonable conduction loss; and convenient voltage gate control. Devices are
available today with a rating of 2,000V, 400A and are expected in the near term to approach
2,300V, 600A levels. A bus voltage of between 1,700 to 2,000V results if the devices are used at
85 percent of their static blocking capability (common usage is >80 percent). If bus voltage
fluctuations are severe the devices will need to be reduced in rating compared to their static
blocking capability.

DC Bus Voliage Level
The DC bus voltage level has been determined based upon an analysis of the inverter
performance (including power electronic switching device, bus voltage, and harmonic current

levels). The result is a 2,000 VDC bus is preferred with IGBT switching devices operating
alternately at 20 kHz providing ~2.5 percent harmonic currents.
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1.3 Propulsion Analysis (Thrust Acceleration and Speed for 150 Passenger, 100 Mg,
40m long, 100 to 150 kN Thrust, 0.15 to 0.25g, Grades to 10 percent)

1.3.1 Utilize Task 1.1 Analysis to Characterize Conditions

e Thrust harmonics.
e IPR

* Eddy currents.

e Other losses.

The inverter and thrust models were used to characterize the parameters of the selected
design point.

The thrust Harmonics, resistive losses, and eddy currents were characterized for the full-
scale design. The design of the propulsion system was based on the following areas which are
covered in this subsection:

¢ Uniformity of thrust and field as seen by one SCM - as required to minimize the loads
on the magnet support structure and to minimize the eddy currents seen by the low
temperature members.

e Uniformity of thrust for the complete bogie - as required from ride quality
considerations. '

¢ Minimize losses including;:
- PR
- Eddy Current (vertical bar passing).
- Eddy Current (switching harmonics).

Thrust Harmonics

Figure 1-17 presents the current and back EMF seen by a track coil as a function of the
position for a set of four superconducting coils. The frequency of the current wave in the track
is matched to be in synchronism with the passing superconducting coils. Figure 1-18 presents
the back EMF from one SCM passing a track coil. The back EMF for this latter case has a
much shorter apparent length than that for the full set of magnets. Smooth thrust is in

! Current, , '
EMF 05 ! \

(normalized)

.
[
'
[
[}
. '
. '
-0.5 )
s
[
.
. , .
2z

-3 -2 -1 [}

3 4
h 4
1 2 ]

Position {m)
Figure 1-17. Track coil current and EMF versus position (four SC coils)
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Figure 1-18. Track coil current and EMF versus position (one SC coil)

general achieved by spacing the track coils at 120 deg increments with respect to the back -
EMF wave. It is clear from Figure 1-18 that the requirement to provide smooth thrust for the
individual coil requires a shorter pitch than could be used to provide smooth thrust for a larger

set of magnets.

The baseline full-scale design was selected from these considerations based on a mean
effective gap of 0.3m (coil center-line to coil center-line). The gap is not fixed and will vary with
wind, cornering, and track tolerances. The thrust variation as a function of gap size for the
selected design is presented in Figure 1-19. These thrust variations are well below those
required from ride quality considerations.

12 4

08 +

PEAK VARIATION IN

THRUST (%)
06 +

04 +

02 +

MEAN EFFECTIVE GAP

0.2

"Information on this page identified by
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Figure 1-19. Variation in propulsion thrust versus gap
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Table 1-5 presents the resistive coil losses for the cases of interest for the baseline full-scale
design. The efficiency of the track coil exceeds 94 percent even at the peak thrust condition
which is an infrequent event. Analysis of a particular route will determine if larger cross
section coils are warranted in areas where peak thrust is frequently encountered.

Other electrical losses include eddy currents in the shield of the superconducting magnet.
An ideal machine would have no losses in the shield because the flux wave produced by the
track coils would be in synchronism with the SCM. In practice losses in the shield result from
harmonics in the track coil currents (asynchronous currents) and from nonidealities in the
track coil construction. When the vertical bar portions of the track coils pass the magnet
shield, image currents are produced in the shield. These image or eddy currents result in
losses.

Figure 1-20 presents the variation in fields seen by a point on the SCM as a function of the
position of the SCM.

The following analysis is based on reference (6). The currents penetrate the shield based on
the conductivity of the shield and the incident frequency. The bars pass at a frequency
approaching 200 Hz and the shield is constructed from aluminum alloy with a thickness of
approximately 1.5 cm. For the frequency of interest, the currents in the shield are inductively
limited to a low value. For all 24 SCM shields, the losses are estimated to be less than 4 kW.

Table 1-5. Track coil resistive losses

Accel Thrust Caoil Current (A) Speed at 8.1 MW 12R Coil 12R/Power
(<) (kN) (peak) (m/sec) (kW) (percent)
0.25 245 909.00 33.06 431 5.32
0.15 147 545.40 55.10 . 155 1.92

60 327.24 135.00 56 0.69
0.01 T ' T T

Average Field 0.005 |

Linking Shield
“Coil" ) o
(instantaneous)
. -0.005
Tesla
| | |
-0.01
0 0.5 1 1.5 2
X
P Io.as m|
x = track coil position
approximate current 06m

distribution in shield

Figure 1-20. Shield eddy currents due to bar passing
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o= f——n—
p-—- os 0=0.55826-cm skin depth
res
T= p-rad-o ©=0.01911-sec shield time constant
4-res
B 'n = 1
e [1 +(2-m-v- 1)210'5 Bratio = 0.04  outer shield effectiveness
P__1t-thlck-rad2-(2-1t-v-rad-Bp)2 _
o 8.res- [1 +(2-7-v- 1)2] P=52.46-W eddy current loss per current loop in shield
’ 3.8kw in 24 magnet shields

The PWM harmonics in the track coil currents will also produce AC fields with respect to
the SCM shield. The above equations can also be used to calculate the losses due to switching
harmonics. This has been summarized in Figure 1-21 for a 40 kHz PWM frequency. If the
harmonic current is maintained below 10 percent of the full thrust current, the harmonic
losses will be negligible compared to other losses.

1.3.2 Determine Features and Parameters to be Verified in Testing

A sensitivity analysis will be used to determine the parameters which must be verified in
testing. Transient conditions around the design point will also be investigated.

~ The analysis conducted to date indicates the following are the key parameters for modeling:

Microcontroller timing cycle (control).

Inverter switching speed/coil inductance (switching harmonics).
Bus characteristics (bus voltage variation and efficiency).
Thrust variation (ride quality).

Geometric variations (coil placement and impact on thrust).

108 T

. | L i
Harmonic Fracti/on of Full Thrust Current
o
Estimated 04 |- Y - , |
10%
Eddy Loss
In 24 Magnet / 5%
Shields 1000 L e T T T m s s s s s s - .
(watts) ‘
100 = 1% ‘ 7
e e e e — e — . _
/s
10 — L 1 4 4 5
1 10 100 1000 1*10 1*10

Figure 1-21. Harmonic losses in the shield
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The timing cycle is determined by the speed of the microcontroller selected for the full-scale
system and for the experiment. Based on the simulations, this parameter has a strong impact
on the performance of the control circuit. The switching harmonics impact bus losses and
eddy currents in the shield. The bus characteristics, including filtering, impact efficiency.
Thrust uniformity will be impacted by the overall performance of the current control and by
track tolerances.

1.4 Power Transfer
1.4.1 Expand Power Transfer Model

A simple model of the power transfer system will be developed for parametric studies. This
model will utilize either MATLAB or MCAP.

The power transfer model consists of a coupling model between the track coils and a pickup
coil on the vehicle. The length of the pickup coil is being selected to lap several track coils.
The length is selected to minimize the change in total coupling to the excited track coils with
time. Figure 1-22 presents the baseline configuration for the power transfer coil on the vehicle.
The track coils are powered in parallel {in phase) by the local inverters to produce a 1 kHz AC
field coupled to the power transfer coil. As the vehicle moves down the track new coils are
excited as passed coils are turmed off.

The power transfer coil on the vehicle is connected to a rectifier on the vehicle as shown in
Figure 1-23. Rectified current is supplied to the load. Multi-phase alternatives are also
feasible but a single phase system will be sufficient to determine the requirements placed on -
the track coil inverter.

The characteristics of the baseline power transfer circuit are summarized in Table 1-6. The
transferred power level was selected to be within the range specified in the statement of work.

1.4.2 Parametric Studies

The model was used to perform a study of the performance as a _function of frequency and
geometry.

There are only six track coils powered at any one time. As coils are turned off, new coils
are added at the beginning. The mutual inductance between the powered track coils and the

power transfer coil varies as a function of position. This variation has been minimized as
shown in Figure 1-24, shown in exaggerated scale.

POWERED TRACK COIL ON VEHICLE |

I

4.467
UNPOWERED TRACK COIL

0.700

Figure 1-22. Power transfer configuration
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Figure 1-23. Power transfer circuit

The mutual inductance also varies-as a
function of the gap size. This is shown in
Figure 1-25.

The change in mutual inductance changes
the frequency for resonance in the power
transfer circuit. Figure 1-26 presents the
variation in parameters with the variation in
mutual inductance. The voltage which is
provided by the PWM function at the track is
shown to increase with the mutual coupling.
The required coil current to provide the
nominal power transfer is shown to decrease
with the mutual inductance. Both voltage and
current are within an acceptable range for
estimated variations in the mutual inductance.

1.4.3 Summarize

Foster-Miller will summarize the results of
this study. '

It can be concluded that the selected
propulsion coils can be coupled effectively to
provide resonant power transfer. In addition it
appears that with proper design expected
variations in mutual inductances with gap and
coil position are acceptably small.

1.5 Scaling Laws (1/10 to 1/25th Scale)

1.5.1 Document Scaling Laws

The scaling laws for designing a 1/10 scale

model based on a full-scale circuit design will
be documented.

"Information on this page identified by
asterisk (*) in-the margin is proprietary to
Foster-Miller, Inc."

Table 1-6. Power transfer for
baseline system

parameters

Number of track coils coupled 6

Secondary coil

Length

Height

Number of turns
Section

Inductance

Resistance

Avg. mutual inductance

Load characteristic
Load resistance
Load voltage

Resonant capacitor

Peak voltage
Resonant frequency

Track coil voltage
Track coil current

Power transfer
Efficiency

7 x track pitch
0.7m

22

4cmx4.cm
0.00427 Henry
0.055 Ohm

7.74 104 Henry

- 26.7 ohm

2.67 ohm
700.6V rms

6 x 10°6 Farad
9.9 kV peak
996.28 Hz

1,800V peak
147.7A rmsec

184.1 kW avg.
0.979
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The full and scale systems have been studied by directly calculating the key parameters
including thrust and switching harmonics. Table 1-7 summarizes the scaling. The scaling can
be estimated (with a fair degree of accuracy) by using the equation below from Nasar and
Boldea (7) developed for three-phase block switched LSM. The LCLSM design has separate
inverters powering each coil. These inverters are used to synthesize a synchronous flux wave
in the track which is similar to that for a three phase block switched system. The scaling of
the mutual inductances can be done by inspecting the Newman equation (8).

3 -
P~5-M-lsc-mf-lpc-nt

M is the peak mutual (one turn)
Isc is the ampere-turns of the SCM

oy is the fundamental frequency : Y
Ipc is the peak track current (one turn) . }\
nt is the number of turns in the track coil 18 —
P is the average power per SCM pole pair \»n curgnt
‘ . 14 P
M=K J j la .da - \\
ar r pc -~ scm  Normalized 4o

! Value . \

_ resgnant freﬁ.
M is the mutual between the field and track ; ! — - =
coils efficigncy _ -
r is the spacing between elements : 08 P
dI, is a incremental length of propulsion , A1 wac{vottage
coil o6l
dIscm is an incremental length of scm ‘

04 - -
These equations were used to provide 08 06 07 08 Tos 1
general scaling guidance in selecting a 1/10 traction of calculated mutual induct
scale design. The resulting 1/10 scale design
was then analyzed using the same tools used to
develop the full-scale system. The resulting
scale system parameters appear to be within
measurable ranges.

Figure 1-26. Power transfer
parameter variation
with mutual inductance
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Table 1-7. Scaling summary

Approx. Actual
Variable Scale Scale Full-Scale Value Scale Value
s 110 1/10 Geometry scaling 1 1/10
of 1 1 Fundamental frequency 51.9-Hz 51.9-Hz
Vel= 2:Psc - Of s=0.1 0.1 Peak velocity 135 - m/sec 135 - m/sec
27
Ppc s=0.1 ©0.112 Propulsion coil pitch (modified by 0.6675m 0.0745 - m
characteristics of pm versus scm)
Psc s=0.1 0.1 scm/pm pitch 13'm 0.13'm
MOI 1 s=0.1 0.18 Mutual inductance (fourscmcoilson 22 -10-7 - Henry/turn2 2.3 - 10-8 - Henry/turn2
M=-— ~dlys di one track coil)
4n ;- Pc ¥ iscm
Ipc s=01 0.1 Propulsion coil length 06-m 0.06-m
hpc s=0.1 0.1 Propulsion coil height 0.7-m 0.07-m
Apc s2=0.01 . 0.25 Propulsion coil area, increasedover 4.¢cm2-09=368-cm2 1-cm2-09=36-cm2

VEMF=M - wgb " Isc

nt

VEMF

0.0012

1 0.22

s2/nt = 0.001 0.006

scaling to permit increased duty

cycle in the scale system

Approximate EMF (where M is the
peak amplitude of the mutual

inductance)

Number of turns

Peak EMF

Current density in propulsion coil
reduced to permit high test duty

cycle

Propulsion coil current (peak)

133.79 - V/turn

12 - turns
1605103V
3.03- 104 - A/cm2

908-A

0.161 - VAurn

120 - turn»
19.29V

666.67 - A/lcm2

5-A
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Table 1-7. Scaling summary (continued)

Approx. Actual
Variable Scale Scale Full-Scale Value Scale Value
Lpc s=0.1 0.052 Inductance is roughly proportional to 1,91 - 10-6 - Henry/turn2 1.03 - 10-7 - Henry/turn2
—5 the scale. In practice the coil cross
nt section has a significant impact on
the inductance
Lpc Propulsion coil inductance 2.75 - 10-4 - Henry 0.00148 - Henry
Rpc 1/s =10 0.388 Propulsion coil resistance 1.04 - 10-4 - ohm/turn2  1.03 - 10-4 - ohm/turn2
nt2
Rpc 0.015 ohm 1.48 ohm
L s2 = 0.01 0.056 Propulsion coil time constant. Coil  g.018 - gec 0.001 - sec
= R area was increased over simple

P
F T
=3 M-lgp - —
Ipe Nt ¢ psc
F

$2-001  0.0096

§3=1-108 9.11-104

s2 = 0.01 0.0091

se/nt = 0.001 0.002

geometric scaling to increase caoil
time constant

Determined by properties of
selected permanent magnet (1/10
physical scale)

Power per bogie side (2 scm pole
pair) approximate expression (+10
percent)

Power limit on bus

Force per bogie (2 scm pole pair)
(derived as power/velocity)

Thrust limit per two pole pair

Switching harmonic estimate (peak
based on zero bus voltage margin,
40 kHz example)

1.8 -10-6 - Afturns

505.54 - W/A - turn

8.1-106-w

3.745 - Newton/A - turn

4.1 kN

18A

17,300 - Aturns

0.461 - W/A - turn

27623 - W

0.0341 - Newton/A -
turn

20.46 - Newton

0.037 - A




The general approach was to geometrically scale all dimensions. The superconducting field
winding in the scaled system was replaced with a scaled block of permanent magnet material
(with squared ends). The pitch of the track coils in the scaled system was adjusted to provide
smooth thrust when operated with the permanent magnets. The number of turns in the scaled
system was increased by a factor of 10 from the full-scale system to increase the back EMF to a
level consistent with a 24V bus. Taps are included in the track coil to permit operation with a
reduced number of turms.

1.5.2 Model 1/10 Scale Permanent Magnet Representation of the Field Winding

The permanent magnets were used to represent the field winding in the 1/ 10 scale model
(both analytically using Amperes and physically by iteratively modifying magnets) to determine
the pole shaping required to produce a back EMF wave similar to a scaled coil.

A 1/10 scale system was modeled assuming the SCM is replaced with a permanent magnet
scaled to 1/10 the physical size of the superconducting coil (with squared ends). Figure 1-27
shows the single turn flux linkage to a 1/10 scale track coil. This was calculated using the
Amperes code. '

This flux linkage distribution was used to calculate the thrust as a function of position per
ampere-turn in the propulsion coil. Multiple track coils were added to determine the total
thrust and power as a function of track current. The pitch of the track coils was varied until
the thrust and power were smooth. A pitch of 7.44 cm was found to yield smooth thrust and
power. Figure 1-28 presents the power as one bogie with four permanent magnets moves one

5-10%
FLUX ONE TRACK COIL
LINKAGE - .
, O FOUR PERMANENT .
gauss-cm
| ' / MAGNET FIELD MAGNETS
—10%

0 0.2 04 06 08 1
COIL POSITION

Figure 1-27. Scale system flux linkage

51.2 : )
POWER - \ [/\ [\
PER 51.1 7 13.5 m/sec
AMPERE-TURN \_/
IN PROP COILS
(WATTS) 51
0 0.5 1

POSITION/TRACK PITCH

Figure 1-28. Scale system power
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track pitch. Note that the calculated variation in power is less than 0.2 percent with the
configuration selected.

1.5.3 Summarize Scaling Laws (Combine 1.5.1 and 1.5.2)

The results of the scaling law analysis and the bermanent magnet models were combined to
optimize the scaling approach.

The scaling was summarized in Table 1-7 and includes the analysis of the permanent
magnets representing the superconducting magnets.
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2. COMPONENT DESIGN AND ANALYSIS

2.1 Preliminary Full-scale Circuit Analysis and Preliminary Design

In the following subtasks, the full-scale desi'gn parameters were selected. This was the
baseline which the 1/ 10 scale model simulated.

A simulation of the full-scale system including both local and central control was completed
as a baseline for comparison to the scale system. Figure 2-1 presents the division of controls.
A command for a specific velocity is received at the base processor which communicates to the
local processors over a fiber optic link. The local processors control the current in the track
coils to provide propulsion and power transfer.

Figure 2-2 presents the control blocks for the base station. The commanded velocity is
compared to the estimated velocity to generate an error signal. A simple gain is used to

' " FIBER D/A
COMMAND BASE opTic | LOCAL PHYSICAL
»| PROCESSOR [ processors [€ | SYSTEM
' ' AD

Figure 2-1. System summary block diagram

COMMAND LEVEL BASE STATION SOFTWARE MODULES BUS
COMMANDED ACCELERATION
umir L - L
+ . Vorr I ACCEL 2 POWER
: v, » | COMMANDED CURRENT
* commanDED veLocTy Ve "‘_"SF-—' GAN e L © (AMPLITUDE)
- » Ve ESTIMATED VELOCITY
ESTIMATED VELOCITY ¥, KALMAN
. X < FILTER X3 ~
ESTIMATED m I r » Xn ESTIMATED POSITION
POSITION
POSITION
DECODER I POSITION RELATED DATA

Figure 2-2. Base station cont}ol blocks
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develop a current amplitude command. This amplitude is compared to current amplitude
limits for acceleration and power (bus current) limits. If required, the commanded current
amplitude is reduced to be consistent with these limits. This amplitude and the estimated
position and velocity are communicated to the local controller. The estimated position and
velocity are generated by a Kalman filter which has measured position as an input. This
position measurement is generated at the track coils and communicated over the fiber optic
bus to the central controller.

Figure 2-3 presents the general approach recommended for position detection. A shorted
coil on the vehicle with the same dimensions as the track coil is shown moving past a track coil
in this figure. The effective impedance of the coil pair is a function of the mutual inductance
between the coils and therefore a function of position.

The impedance looking into the track coil as a function of the position relative to the track

coil was investigated to determine the sensitivity of this approach to position sensing.
Figure 2-4 presents the results of this analysis for a 1 kHz source. If a 20 kHz , 1,800V square

Shorted Coil (c)

Track Coil (¢) on Vehicle
\ d d
Vmlc-—I| . + M-—I
( r dt ¢ dt S
d
om=Ls-Z-| . + M-
c dts
2
—\ ve|Lo- M (9
Ls (dt
X
Figure 2-3. Position detection
1 —
i . Sy A WY A P
b - - & - - - L A T A N I--_
m----:---l---l- ' A e
u---.l_--l_--r --l- -l---T---l--_
RELATIVE 0g4fF = = =4 = = == = = r - - L B
IMPEDENCE Bs[ = = = = = =l= = = b —j= d = fo —de = o d = o ol o e
D B D
Lo I B e 1---;_--7---1--'
amfF = = 7 v - == - = r - il b e
e = = =t - - =)= = = F - - =y = =t = = == = -
omf = = 4 - = =)o - - L - --l_--a--_ll---
B i |
Lot S TR A U P e S
LB = = 7 - - - - T " “T Ty T - T CT T ST ==
e 1 o ! 2
_POSITION
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Figure 2-4. Relative impedance as a_function of coil position
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wave is input to the coil, a current of approximately 50A would result. When aligned with the
shorted coil on the vehicle, the resulting current would be increased by 20 percent.

The local controller functions are summarized in Figure 2-5. The commanded current
amplitude combined with the estimated velocity and position are the inputs to the local
controller. The position is used to determine the relative position to the center of the first
magnet in the first bogie. If the relative distance is small enough, a reference sine wave is_
generated based on the position and commanded amplitude. The error between the command
and measured current is used as an input to the control block. In previous sections, a PI
control was described. In following sections alternate control strategies will be discussed, but,
for the purpose of comparing the performance of the full and scale systems, a PI control was
assumed. The amplitude of the output of the controller is used as the duty cycle input to the
PWM chip. The sign is used as a “direction” command.

In Figure 2-5 the relative distance to shorted position coils on the vehicle is used to
determine whether a 20 kHz square wave should be generated to permit position sensing. The
harmonic current in the coil is measured and this measurement is sent over the bus to the
basestation processor where position is calculated.

Figure 2-6 presents a portion of the Simulink model used to compare performance of the
full-scale and 1/10 scale systems. The position sensor was not modeled in detail and instead
was represented as a position signal with superimposed noise. The block labeled as “motor”
was modeled as 12 track coils which were used repeatedly to simulate a long section of track
with many track coils. When the vehicle moves far enough past a track coil that the coil does
not need to be excited anymore, the coil is numerically moved to the next available position in
front of the vehicle.
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Figure 2-5. Local controller software blocks
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Figure 2-6. Base station Simulink model

Figure 2-7 compares the predicted performance of the full and 1/10 scale systems. All of
the data presented in the figure has been normalized by the factors indicated underneath each
variable. The case investigated consisted of acceleration from a standing start to full speed.
The bus power limit requires a reduction in coil current as the speed is increased in the full-
scale system. The scale system has sufficient bus and power supply capacity to not necessarily
require this reduction in coil current with speed.” The weight of the scaled system was selected
to be low to permit rapid acceleration. These factors combine to result in a time to full speed in
the scaled system which is a factor of 10 quicker than the full-scale system. This rapid time to
full speed will be useful in demonstrating the stability of the control system. Since the
operating range of the scale system encompasses the range of operation of the full-scale
system, we can artificially impose bus current limits in software to simulate the requirements
of the full-scale system bus.

2.2 Detailed Scale Circuit Analysis and Preliminary Design’

‘The scaling laws and analytical tools will be used to determine the scale system circuit
characteristics: inductances, resistances, mutual inductances and frequencies.

The analysis of the scale system included electromagnetic and controls modeling. We have
used Simulink to investigate alternate control strategies for the current in the track coils. In
the previous section the full and scale system overall performance were compared. In this
section the basic configuration of the scale system model used to analyze the performance
capabilities of alternate control strategies are described and the performances of the alternate
control strategies are compared.

-

"Information on this page identified by
asterisk (*) in the margin is proprietary to
Foster-Miller, Inc." 2-4




L A L I S I I S K B I R L RN I S IR K NEE BT R N N K IR TR R R R SR T TN RN S S S S S S S - PV PR OO '3

THRUST

oo | Vs VELOCTY 208N
' 13.5m/sec
05 | . o8 CURRENT ]
’ V4 é SAm
07 VELOCITY / 0.6
.6 135m/sec
° /ﬂ DISTANCE
05 ’ / DISTANCE 04 216 m

20.061 km
04 |

CURRENT THRUST 02

03 S — ———
900 Amp 240 Kn
02
]
ACCELERATION

0.4 ACCELERATION
oy 017¢
0 S S S S S S . 02 e ——  m— T
0O 20 40 60 80 100 120 140 160 180 200 0 2 4 6 8 10 12 14 16 18 20
TIME (SEC) TIME (SEC)
FULL SCALE SYSTEM 110 SCALE SYSTEM

Figure 2-7, Full and scale system comparison

2.2.1 Description of Scale System Configuration Used for Controller Design

Figure 2-8 is a block diagram for the simulated control logic. The base processor
coordinates the control of the local processors. It receives input through a serial port from a
PC and can return test data over the same link. The PC is used in the system as a test
interface only. The base processor also receives input from the system instrumentation
including an encoder (position) and a load cell on the vehicle measuring acceleration. The base
station sends commands to the local processors (only one shown) over the fiber optic links.

Figure 2-9 presents the software blocks for the base station in the 1/10 scale system. In
this figure a PC is used to input commanded velocity goals and peak allowed acceleration in
achieving the commanded velocity. The base station uses a Kalman filter to estimate position’
and velocity based on position inputs from the position encoder on the test motor. The
estimated velocity is used to create a velocity error signal which is used to generate a
commanded current subject to acceleration and power limits. A shaft encoder on the rotor will
be used for most position measurements. A load cell on the rotor will measure thrust on the
rotor and the data will be sent through the base station to the PC for display.

SERIAL BASE FIBER LOCAL " D/A PHYSICAL LOCAL
PC - OPTIC < < SCOPE
PROCESSOR | PROCESSORS { SYSTEM
h
AD
ENCODER
LOAD CELL

Figure 2-8, Summary scaled system block diagram
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Figure 2-9. Base station blocks - 1/10 scale system

Figure 2-10 presents the local controller software blocks. The commanded current,
estimated velocity and estimated position are used as inputs. The vehicle relative position
(relative to the local coil) is used to determine when the coil should be powered. If the relative
position is within the desired limits, a reference sine wave is generated based on the
commanded amplitude and the relative position. The measured coil current is compared to the
reference current wave and an error signal is generated for use in the controller. A duty cycle
and direction signal are then generated for the inverter controller.

These models of the scale system were used to consider strategies for controlling the
current in the track coils. The design problem is to develop a current controller which is
responsive to the current command and is insensitive to disturbances including the back EMF
(Figure 2-11). '

2.2.2 Results of Controller Investigation

Three controllers were investigated. The first was the PI discussed in previous subsections
(PI 1). A variation on this controller was investigated with increased damping (PI 2). An LQG
controller was also investigated. This was designed using the controls package with MATLAB.
The poles and zeros for these systems are presented in Figure 2-12.

Figure 2-13 presents the bode plots for the current and EMF response for the three
controllers investigated. It is clear that the PI 1 has the fastest current response and best
rejection of the back EMF. PI 2 with increased damping has slightly reduced response. ‘The
LQG was formulated without adding any integrators to the overall system. The result is a
system which is type O and has finite error for a steady input. The LQG controller is not as
responsive as either the PI 1 or PI 2 controllers. Not shown in these plots is the sensitivity to
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Figure 2-12. Current controller pole zero maps

perturbations not included in the model. In running Simulink models using all three
controllers it was clear that the LQG is the most stable of the three controllers investigated.
Large perturbations in the commanded current resulted in a smooth approach to the correct
answer without oscillation.

Figure 2-14 presents the calculated overall thrust for the 1/10 scale vehicle as a function of
the current control. The harmonic content appears acceptably low for all of the cases
considered. The LQG has lower thrust harmonic than the PI 2. The phase lag for the LQG
results in a 10 percent loss in output power (reduced power factor).

2.3 Design 1/10 Scale Experiment

The 1/ 10 scale system will be designed. This will include the mechanical design of the wheel
and vehicle, coil design, and control system design. Verification of the inverter performance is a
key experimental requirement which will be accounted for in the experiment design.

The design parameters of the 1/10 scale system are summarized in Table 2-1. Figure 2-15
is a photograph of the scale system. The track coils are mounted on blocks forming a 1.5m
diam circular track. The vehicle includes four permanent magnets which simulate the
superconducting field magnets in the full-scale system. The vehicle is mounted on a composite
rotor which is mounted on its hub to a vertical shaft. The vertical shaft is the drive shaft of a
permanent magnet motor which can be used as a load for the experiment. The inductances
have been verified in component testing.

The rotor detailed design is summarized in Figure 2-16. The rotor structure is fabricated
from high strength carbon fiber reinforced composite tubing. This structure was selected for
light weight and high resonant frequencies. The vehicle is shown on the left in this figure. It
consists of a housing clamping four magnets. It is supported from four pivot arms which are
constrained by the load cell. Adjustable counterweights are shown on the right in this figure.
The shorted coils used for position sensing are shown between the counterweights.
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The permanent magnets were modeled with
Amperes to determine the field distribution and
back EMF. The Amperes model yields the
current distribution on the surface of the
magnet which yields a field distribution which
is equivalent to the magnet. For the assumed
permanent magnet properties this corresponds
to a surface current of 10,820 A/cm of magnet
thickness. This results in a surface current of
17,300A for the 1.6 cm thickness used in the
model. This magnet model was used to develop
the scaling of the system model. To verify the
performance of the actual magnet system we
have tested the back EMF produced by one of
the permanent magnets when swung from a
pendulum (Figure 2-17) with an effective radius
of 0.73m (similar to the experimental gap
diameter). During this test the magnet
achieved a velocity of 3.78 m/sec based on
height of the drop.

Table 2-1.

Scale model features

Permanent magnets Quantity

Track coils

Overall

Pitch
Height
Length
Thickness
Quantity
Turns
Width
Height
Pitch

Gap -
Gap diameter

4
13cm
5cm
1cm
1.8.cm
64

120

6 cm
7¢cm
7.45cm

3cm
15m

The permanent magnet was also modeled as a rectangular coil on the perimeter of the
magnet using the Newman equation model used to design the full-scale system. The analytical
and experimental results are compared in Figure 2-18. The agreement is good.

Figure 2-15. Scale system design
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Figure 2-16. Rotor detailed design

The results for one magnet were summed to
predict the performance for a set of four field
magnets. This was done for the experimental
results, the analytical results based on the
Newman equation, and the numerical results
based on the Amperes code. The results are
presented in Figure 2-19 for the test speed of
3.78 m/sec. The results are in good agreement
giving confidence to analytical and numerical
calculations for the scale and full-scale systems.

The controller hardware block diagram is
shown in Figure 2-20. This chart is consistent
with the software module block diagram shown
previously with the addition of analog inputs to
the base station.

Figure 2-21 presents the controller board
design. This board is used for the individual
coils and in slightly modified form for the base
station. It includes four amplifier circuits on the
left which are used for current and voltage
measurements. The controller is in the center of Figure 2-17. Back EMF testing
the board and the fiber optic interface is shown
on the lower right of the board.
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3. FABRICATE SCALE EXPERIMENT

3.1 Componert Fabrication

The fabrication of the scale experiment was begun with component fabrication including the
scale model system mechanical components, coils and control components. Where possible, the
performance of the subsystems was verified before assembly of the full experiment. The.
software _for control was developed during this subtask.

3.1.1 Scale Model System Mechanical Fabrication

A rotor system with stationary coils was determined to be a more suitable approach for this
demonstration model. The complete experiment assembly used is shown in Figure 3-1. The
hardware was mounted on a Formica covered table with a 6 in. thick top. This table formed a
rigid mount designed to be free of vibration and distortion.

The rotor was mounted on a shaft in the center of the table. The shaft was part of a DC
motor located below the table which served as a load for the experiment. The motor was
mounted to an aluminum plate bolted to the table top. The rotor was a composite material

Figure 3-1. LCLSM table

3-1



(carbon/fiberglass/epoxy) structure which supported and guided the magnets on one side and
the counterweight and position detection system on the other.

The coils were mounted on coil support blocks bolted to the table. There were 64 coils and
support blocks. The table top was shimmed to be flat with respect to the rotor shaft to within
0.015 in. The coil supports were then positioned at a constant radius with respect to the shaft
(to within 0.005 in.). The coils were then mounted to the blocks and positioned
circumferentially by using shims between the edges of the coils. With this method the coils
were uniformly positioned around the periphery to better than 0.010 in.

The magnet assembly (referred to as the vehicle) mounted on the rotor is shown in
Figure 3-2. It consisted of composite side plates covering four of the vehicle permanent
magnets (5 x 10 x 1.6 cm). Plastic nose and tail pieces have been included to reduce windage
effects on the measured propulsion forces. The magnets were spaced on a 13 cm pitch. The
centers of the magnets were located at a radius of 72.85 cm. The pitch of the permanent
magnets at this radius was 13 cm.

The vehicle was mounted to the rotor on two arms. The arms were mounted to the vehicle
and the rotor in bearings to form a four bar linkage. The arms and vehicle were restrained
from swinging by a load cell on the rotor (attached to the top arm in Figure 3-2). The load cell
measured the thrust on the magnets which was transmitted to the rotor. The load cell signal
was amplified on the rotor in the amplifier shown in Figure 3-1 (the box near the center of the
rotor assembly). Data from the load cell was transmitted through a slipring located at the top
of the rotor hub.

The side of the rotor opposite of the magnets is shown in Figure 3-3. The metal disks
mounted on the composite plates on the rotor were counterweights used to balance the rotor.

Figure 3-2, LCLSM 'vehicle”



Figure 3-3. Counterweight and position detection coils

Positioning coils were mounted on the outer face of the outer light colored plates on the rotor.
These two coils were shorted and tended to reduce the transient impedance of a coil positioned
across the relative motion gap. Figure 3-3 also provides a good view of the coil current control
boards mounted to the table. )

Figure 3-4 is a view under the table showing the permanent magnet motor which was used
as a controllable load. By varying the resistance across the armature, the load on the LCLSM
motor was varied. For emergency stopping a direct short can be applied across the load motor.
Vertical support braces (4) surrounding the load motor are also shown in Figure 3-4. These
were included to stiffen the table top against vertical modes of vibration.

3.1.2 Inverter/Control Component Fabrication
Control Board/Inverter

The microcontroller, memory and inverter were mounted on a common board with the fiber
optic transceivers. One of the 64 boards is shown in Figure 3-5 displayed on the corner of the
LCLSM table. A fiber optic cable was connected in this figure to display the communications
hardware.
Base Station

The base station control box is shown in Figure 3-6. This included manual input controls

(knobs) for position, speed, and velocity limits. An emergency stop was included (switch on the
upper right) which shut off power to the inverter bus and applied breaking torque to the rotor.
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Figure 3-6. Base station control box

3.1.3 Component Tests

The back EMF wave for one of the test permanent magnets (5 by 10 by 1.6 cm) was tested
on a prototype track coil. The fiber optic communications components linking the individual
processors was also tested. The electrical characteristics of the coils were measured (1.43 mH
and 1.23 ohms with better than 4 percent accuracy). The effect of small variations in the
inductance and resistance between coils can be accommodated by the local current control. A
potentially more important parameter was variation in the mutual inductance between the
rotor magnets and the stator coils. The variation in mutual inductance was tested as part of
the rotor tests and was found to be accommodated by local current control.

Each inverter/controller board was individually inspected and tested for proper assembly
and functionality.

3.2 Assembly

Assembly of the experiment was begun with the mechanical assembly of the wheel
components. After complete assembly the system was balanced. Electrical subassemblies and
the final assembly were tested as each was completed.

3.2.1 Mechanical Assembly

The assembly of the table and coils was described in subsection 3.1. In summary the coils
are positioned to within 0.015 in. (0.38 mm) vertically, less than 0.005 in. radially (0.13 mm)
and less than 0.010 in. (0.25 mm) in the circumferential direction. These tolerances were
based on the calculated variation in thrust for a given position error as presented in Figure 3-7.
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Figure 3-7. Calculated impact of assembly tolerances

This calculation was made using the Neuman equation computer routines verified in pendulum
testing of a permanent magnet with one coil.

3.2.2 Balancing

The assembly was statically balanced by hanging the rotor from its center and adding
weights shown in Figure 3-3.

3.3 Debugging

After assembly of the full experiment, the complete system was debugged to ensure the
communications and control functions were operating.

The individual coil current control boards were used to produce up to 100 Hz sine waves in
the track coils. The overall function of the system was demonstrated with some remaining
anomalous behavior which developed over time in a few of the boards. These boards were
replaced with spares.

Delays were experienced in communications between the base station and the local current
control boards. Communication at reduced rates was used to reduce the cycle time on the
local processor. The ability of the local controller to control smooth current sine waves in the
track coils (a function previously demonstrated for a local control board not communicating to
the base station) required a significantly faster cycle time than previously achieved. The
present cycle time for the LCLSM processors was reduced by an order of magnitude from that
used for control and performance design and analysis. This order of magnitude reduction had
substantial adverse impact on performance of the system under certain operating conditions.




4. TEST AND EVALUATION

Section 4 describes the tests and evaluations performed with the experimental apparatus.
First, basic electrical tests which verified design parameters, scaling laws, and calculated
electrical characteristics of the apparatus are described. Then, static and dynamic tests of the
motor system are described, followed by conclusions and recommendations relating to the
system tests.

4.1 Basic Electrical Tests
4.1.1 Static Tests Measuring Variation in Electrical Parameters

The electrical characteristics of the track coils were measured. The coil inductances were
1.43 mH and the resistances averaged 1.15 ohm at 23°C. The resistance measurement was
used to compare coil characteristics as shown in Figure 4-1. The coils were specified as having
120 turns. With the possible exception of coil 565, the resistances of the coils indicated
consistency in the number of tumms.

The coils were positioned with respect to the center of rotation and the table was shimmed
to be generally flat. Table 4-1 presents the location of the 64 track coils and the four magnet
set on the vehicle. The vertical locations were accurate to approximately 0.5 mm and the radial
locations were accurate to approximately 0.2 mm. During testing the coils were located with
respect to the 13 bit (8192 count) encoder used to measure the vehicle location.

Table 4-2 presents the electrical characteristics of the load motor used with the experiment.
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Figure 4-1. Variation in coil resistance



Table 4-1. Encoder calibration

Rad Centers Pitch Count per Four
{cm) (cm) Count/Rev Count/Pitch Magnets
Coils 75.85 7.45 8,192 128.00
Perm. magnets 72.85 13.00 8,192 232.65 930.61
Figure 4-2 presents the measurements Table 4-2. Load motor characteristics
made on the bridge. Voltage measurements
were made relative to point 5 at points 1-4. Armature +
The current reading was made by measuring Load
the voltage drop across a 0.05 ohm resistor Armature __ Resistor
between the bottom of the bridge and the low Load (ohm) 0.1 0.474
side of the power bus. This reading was .
filtered (1.6 kHz second order low pass filter) EMF/Hz (approximate 2.8

single phase RMS

and amplified by a factor of 10 before going to value)

the data acquisition system. This resulted in
a 0.5 V/A output for the bridge current.
Because the current into the bottom of the bridge is always positive (except during regenerative
braking) this measurement reads the rectified current which goes through the track coil.

Permanent magnets were used in this experiment as a simpler alternative to excited
magnets on the rotor. These magnets were a model of the superconducting coils in the full-
scale system. The neodymium-iron-boron magnets used in the experiment were particularly
strong and provided a large number of equivalent ampere turns of excitation. The four
permanent magnets were characterized as equivalent coils with an effective number of ampere-
turns which were inductively coupled to each of the track coils with the coupling being a
function of position. These electrical characteristics of the permanent magnets are
summarized in Table 4-3. Figure 4-3 shows the measured and calculated back EMF in one of
the track coils (number 32, unexcited) with two sets of timing pulses from the encoder. One of
the pulses occurred twice per rotor rotation and the other occurred 128 times per rotation.
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Table 4-3. Permanent magnet model

: Pitch at Mid- Effective.
Length (cm) Height (cm) Thickness (cm) Plane (cm) Ampere-Turns
Permanent
magnet 10 5 1.6 13 16,800

The rotor frequency can be calculated as the frequency of the rapid timing pulse divided by
128. For the case shown in Figure 4-3 the rotor frequency is 2.62 Hz. The peak back EMF on
the coil was 16.8V for this velocity. On the basis of the magnet speed at the outer radius of the
rotor the back EMF characteristic of the linear motor is 14.01 V/(m/sec).

4.2 Dynamic Tests

The important features of the LCLSM concept were demonstrated by the model system.
Measurements match predicted results and the distributed control and power processing were
demonstrated in theory and practice. Although the demonstration was successful and the
LCLSM concept was proven feasible, there were some perforrnance limitations in this particular
experimental implementation that prevented the most useful results from being obtained in all
test scenarios. The primary limitation was that caused by the effective update time for the
inverter controllers. The duty cycle for the PWM was updated on the ordér of every 1 msec. As
was discussed in earlier sections of the report, all modeling and simulation were performed
based on an update rate of 100 psec, on the order of ten times faster than the update rate
actually achieved. This had several adverse effects on the system performance. The primary
adverse effects were: the PWM duty cycle setting update rate was inadequate to produce as
smooth a waveform as desired, and the control system suffered some instability due to the
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Figure 4-3. Field characteristics/back EMF
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delay both in the PWM update time and feedback delay due to communications protocol
implementation which increased the loop time. A (manually adjustable) phase shifting system
between the encoder position reading and the control system was implemented to partially
account for the delays, but this was not an ideal solution since it resulted in inaccuracies in
the current phasing and produced thrust oscillations and potential resonances in the system.
Under high power factor operation the rotor essentially operated at the top of the magnetic
wavefront peaks. The control system corrected the phase and current to keep the peaks lined
up. The increased PWM update time meant that the oscillation around the peak, termed
cogging, was larger that the design configuration. Because of the effects of the increased PWM
update delay times of the present implementation and the higher loop time of the control
software, current waveforms and thrust did not achieve the extreme smoothness possible with
the LCLSM configuration.

These limitations of the experiment implementation can be overcome with further '
refinement of the system. Modification of the coding for the processors is a significant means
of improvement. Most of the coding is in the C language. Code implementation in assembly
language along with streamlining of the control procedures would result in a substantial
improvement in loop speed. Then, tuning of the control system parameters to match the loop
speed achieved with the new coding would improve performance and system stability. Tuning
the bus filter parameters around the characteristics of the control system with the new loop
time further aids in the ability to provide smooth thrust. Thus there are both implementation-
specific and general approaches to improving system performance.

Any of the limitations that were observed in this experiment were not limitations inherent
to the LCLSM concept but were simply limitations relating to the specific experimental
implementation and practical issues of funding and scope of the program.

The test configuration presented in Figure 4-2 was used with a data acquisition system to
obtain the operating characteristics of the system as a function of operating point. A typical
run is presented in Figure 4-4. The current measurement was rectified as a result of the
location of the current measurement resistor at the bottom of the bridge (Figure 4-2). The bus
voltage was seen to have substantial harmonic content when the local bridge was excited. The
bus harmonic content quickly died down as the excited region moved away from the
measurement point.

The force measurement presented in Figure 4-4 is based on a load cell on the four bar
linkage supporting the vehicle. The force measurement system may not be operating optimally
due to adjustments of the linkage and possible stick-slip phenomenon. Calibration testing
showed that at very low rotational speeds the thrust can be calculated as the following function
of the sensor reading (1):

Thrust:(r—3.4-v)-77-%

It was found that the offset shifts significantly at higher speeds; additional adjustinent and
calibration of the force measuring system could improve the accuracy of the thrust
measurements.

The voltage from ground to each terminal (side) of the coil is also plotted in Figure 4-4.
Since the coil was driven by Pulse Width Modulation (PWM), the voltage measurement was
essentially rail to rail pulses when the measured terminal was driven by the positive bus. The
sampling rate of 20 kHz was well below the Nyquist frequency (80 kHz) for the 40 kHz PWM
frequency, so the data were aliased (peaks may not be sampled, etc.), but this was not a critical
measurement in terms of the details of the PWM pulses. The current and thrust waveforms
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Figure 44. Typical test run

were adequately sampled because they were band limited to much less than 5 kHz. The pulses
stopped at the zero crossing point in the current waveform (the rectified sine wave near the top
of the figure). This was because the back EMF and the desired current were near zero at this
point so the duty cycle was very low. This figure shows the voltages measured at both
terminals of the coil. Each pulse block was the voltage measured (relative to ground) at the
opposite terminal of the coil from the adjacent pulse block. Because both voltages are shown
on the same graph, the voltage on the low (ground) side of the coil was obscured by the
powered side voltage, so only the positive side of the coil is visible. As expected the inverter
output was symmetric as shown by the fact that adjacent pulse packets are similar.

One coil voltage measurement was deleted from Figure 4-5 so that the voltage on the other
side of the coil could be observed. For a normal bridge configuration, the voltage would be zero
when the other terminal of the coil is driven, but, in this configuration, the current sense
resistor between the bridge and ground produced a voltage in proportion to the current. This
was the basis of the current waveform measurement and was the same for this part of the cycle
except for the conversion factors, gains, and filters on the current sense measurement
instrumentation. :

A portion of Figure 4-4 has been expanded in Figure 4-6 (the exact part can be determined
from the time scale). The bus harmonic (peak to peak) was approximately 15 percent of the
bus voltage for the case studied. The current harmonic through the coil was approximately
0.2A peak to peak which was consistent with the calculations based on the coil inductance and
PWM frequency.
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4.2.1 No Load Cases
No Load, No Acceleration Cases

A series of tests were conducted with the load (drag) motor operated open circuit. In this
mode of operation the primary sources of drag were aerodynamic and bearing losses. These
cases are referred to as “no-load.” The data are presented in Figures 4-7 through 4-10. As can
be seen, there were significant thrust variations in these cases. In general the no-load cases
had significant thrust variations due to update rate limitations. These limitations were specific
to this experimental setup. For example, in Figure 4-7 the thrust oscillations shown were a
significant fraction of the rated thrust. The current waveforms were poorly formmed. This was
in part due to duty cycle update rate limitations previously described. Another factor was the
low current draw which increased the magnitude of current waveform errors due to cycle time
constraints relative to the actual delivered current. The large ratio of current error to desired
current increased the instability of the control system and resulted in reduced accuracy of the
current wave form,

No Load, Acceleration Cases

In Figures 4-11 and 4-12, cases are presented where the load motor was operated open
circuit and the rotor was accelerated. The current waveforms were significantly better than for
the no-load, no acceleration cases. This was due in part to the lower rotor speed and hence
current waveform frequency for the acceleration cases studied (which reduced relative cycle
time delay) and in part to the fact that acceleration called for a high current to produce high
thrust. The high current reduced the relative magnitude of the current error and resulted in
more stable operation of the control system. The current waveform produced in the
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Figure 4-7. No-load, no-acceleration, case 16 (1.28 Hz, 5.87 m/sec)
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Figure 4-12. No-Load, acceleration, case 29 (0.82-Hz, 3.75 m/sec, 0.39 Hz/sec,
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acceleration tests was more typical of what would have been produced at lower current levels if
the loop time was reduced.

No Load, Deceleration Cases

Figures 4-13 through 4-15 present deceleration cases with the velocities and rates of
change of velocities listed with each figure. In these tests, deceleration was achieved by the
standard motor control algorithm acting on the command to reduce current (thrust) so that the
velocity matched the set point velocity. For no load conditions and a high deceleration rate this
means that the commanded current was negative relative to what would have been
commanded for steady operation or acceleration. This was not a regenerative deceleration.
Under these conditions the back EMF was aiding the bus voltage because the current was
being driven in the same direction as the back EMF under deceleration rather than bucking it
as in normal operation. '

Figure 4-13 presents a deceleration from a slow speed to a stopped condition as can be
seen by the increasing period of encoder pulse and the current waveform which tracked the
magnet position. Because the waveform frequency was low, the effect of the loop PWM update
time delay was reduced. Figures 4-14 and 4-15 show a deceleration of sufficient rate to result
in an oscillation in the control circuit for the coil current. This can be seen in the middle of the
current waveforms in the figures. This instability occurred near the peak of the current
waveform. This instability was not observed in the acceleration data shown in the previous
subsection.

Acceleration and deceleration differed in that the back EMF was aiding the current flow in
the deceleration control mode used in the tests. This effectively increased the “gain” of the

4-10




45
/\ ~
\ CURRENT
30—\ DEC PLOTR2
BU$/10
Y “ [
<
= 15
g -
0
I\vl\ AAAAAA AL ansal FORGE (-15 OFFS|
N - AV S
i o i o 8 i e s e i e i ) i et AL
A5 , _
o 0.2 04 06 08 1.0

TIME (S) ‘

Figure 4-13. No-load, deceleration, case 32 (0.12 Hz, 0.536 m/sec, 0.39 Hz/sec,
1.79 m/sec?)

SO NLDECPLOTH l

35

i ;—
g
e
S

""""" GOILM0

VOLTAGE

0.5

Uuuadguuuuo

'h A'l\ VA' ‘AVA vAvlvAvAv lv‘v‘vvv ’vAVAV" V-VAVA VAVAVAVA JV\,\A ;
-1.0 ) ] ORCE (-2 OFFSET).........]
25
] 0.2 0.4 06 0.8 1.0
TIME (S)

Figure 4-14. No-load, deceleration, case 34 (0.23 Hz, 1.07 m/sec, 0.52 Hz/sec,
2.38 m/sec?)

4-11



45

11 .. 1
[NLDEC PLOT.37 H [ eqRRE""'
30
i BUS|VOLTAGEH0
’ Wmmw '
<
3 18 couyio
>
0
(AAAANAAN AR VAVA' ANANAAA, I\VIJA‘A
FORCE {2 OFFS
1.5
0 02 04 06 08 10
TIME ()

Figure 4-15. No-lo:zd, deceleration, case 37 (0.22 Hz, 0.98 m/sec, 0.48 Hz/sec, 2.2
m/sec”)

current supply which can result in instability. This instability was not apparent at low speed
because the back EMF was proportional to speed. At low speeds, shown in Figure 4-13, the
back EMF was very low and the loop delay time was a smaller fraction of the wave period. Both
these factors contributed to stability at low speed and instability at high speed for this type of
deceleration control (current driven with bus voltage and EMF adding). Regenerative
deceleration utilizes an entirely different mode of operation in which the back EMF and coil
inductance are utilized to produce a boost supply that drives current against the bus voitage
and puts power back into the bus. Regenerative braking is within the capability of the system
but has not been implemented in the control software. ‘

4.2.2 Partial Load Cases

The partially loaded case, with the load (drag) motor as described in Table 4-2, utilized the
drag motor armature connected in series with a load resistor to provide a drag load
proportional to velocity. This was called the partial load case because a still greater load was
achieved by shorting the drag motor at the motor terminals to achieve minimum resistance and
thus maximum drag torque in the load motor. The high load cases are presented in the
subsection that follows this one. Data presented in this subsection were taken under
conditions of constant velocity, acceleration, and deceleration with 0.375 ohm resistors (wires)
connected across the drag motor terminals to produce a drag force proportional to the rotor
velocity in addition to the aerodynamic and bearing loads already present in the system.
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Partial Load, No-Acceleration Cases

Figure 4-16 shows a low speed condition. The current waveform, force, and PWM output
fluctuated in a manner that indicated a low frequency speed oscillation in the system. At very
low speeds this velocity variation was observed visually. This low speed oscillation is typical of
velocity controlled motors. At low speed, a position control scheme is more appropriate than
the velocity control used for the outer loop vehicle thrust control (which is controlled at the
“base station”).

Figures 4-17 and 4-18 show data taken at higher speed. The waveforms were relatively
steady since the load torque required significant current and the velocity control mode worked
well at these speeds. The force measurement in these figures is interesting since it shows a
high frequency component of oscillation on the order of 100 Hz.

Partial Load, Acceleration Cases

The partial load acceleration cases are shown in Figures 4-19 through 4-21. As was typical
for acceleration where the speed was moderate and the current demand was high, the
waveforms and stability were good.

Partial Load, Deceleration Cases

Figures 4-22 through 4-25 show deceleration data for the moderate load. Figures 4-22
through 4-24 and are particularly notable. Not only do they show the control instability that
occurred, but the bridge control errors that occurred during this instability produced some
spikes above the baseline current reading. These positive spikes represented regenerative
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Figure 4-16. Partial-load, no acceleration, case 21 (0.21 Hz, 0.95 m/sec)
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current flow and showed that regenerative operation of the system was physically feasible with
the experimental apparatus. Figure 4-24 is a more detailed view of Figure 4-23 in which the
bridge bus current and a single terminal coil voltage are shown. The current in the beginning
was in the same direction as the back EMF and acted as a brake. The power was dissipated in
the colil resistance and the thermal protection resistors that protect the FETs. The spiking
region just before the 0.5 sec point was a region where the control was switching the bridge to
buck the back EMF as seen in the PWM voltage on the coil. The bridge coast configuration in
this mode resulted in a situation in which the coil current caused regeneration through the
bridge diodes. '

4.2.3 Full Load Cases

This subsection presents the measured test data for cases in which the motor was loaded
by shorting the drag motor at its terminals. This provided the maximum resistance to rotation
which was proportional to the rotational velocity. For this load, cases were run at constant
speed and acceleration. The high drag precluded significant deceleration testing.

Full Load, No Acceleration Cases
Figures 4-26 through 4-28 show full load no-acceleration data. For full load operation, the

required current was high and the speed was relatively low. For the reasons described
previously, relatively good performance results under these conditions.
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Figure 4-28. Full-load acceleration, case 31 (0.16 Hz, 0.72 m/sec, 0.13 Hz/sec,
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Full Load, Acceleration Cases

Figure 4-29 shows full load acceleration which produced good performance since the
current demand was high and the speed was low.

Coil Spatial Placement

A change in coil spatial placement was simulated by changing the software so that the coil
was assumed to be and controlled as if was out of position by 20 percent of the pitch. This was
an extreme case and represented a much greater error in position than is physically possible
since the coils would interfere mechanically at this large a displacement. The reason for
investigating this case was to explore the limits of coil misplacement compensation. Results of
the measured perturbation in thrust are shown in Figure 4-30.

4.3 Expeﬂmental Conclusions/Recommendations

The experimental apparatus demonstrated the feasibility of the LCLSM concept. Measured
electrical parameters agreed with the modeling and simulation performed in the program. The
experiment demonstrated distributed communications, control, and power processing for the
LCLSM. The loop delay in the PWM control of approximately an order of magnitude greater
than that used in development of the control system prevented optimal operation under all
conditions. This problem was not one inherent to LCLSM. Given more time and resources, the
loop delay could have been reduced substantially using the existing experimental apparatus
and more refined programming (assembly code).
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The experimental tests demonstrated that even under a range of operating conditions,
optimal and nonoptimal, the LCLSM performed adequately. Indeed, the PWM update delay
problem provided significant insight into the variety of phenomena that can be exhibited and
the inherent ability of the LCLSM configuration to accommodate these problems and still
operate. Practicality of communications between processors and transitions from coil to coil as
the vehicle passes were demonstrated. Distributed control and local processing even under
degraded operating capabilities was demonstrated. Local power conditioning (inverter
operation) with low inductance and high power factor operation was achieved and bus
harmonic content and filtering were demonstrated. The major technical aspects of LCLSM
operation were proven feasible by the experimental apparatus and testing program.
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5. CONCLUSIONS AND RECOMMENDATIONS BASED ON THE
LCLSM PROGRAM RESULTS

The LCLSM program verified the feasibility of the LCLSM concept. Analytical tools, scaling
laws, control systems, and simulations were developed and verified to enable design of the
LCLSM for specific applications. Communications, control, and power processing for the
LCLSM were demonstrated. Both specific and general approaches to improving the
experimental scaled motor performance have been identified and could be implemented to
result in substantial improvement in the range of tests that could be performed. It is
important to note that imitations in the present configuration of the experiment are not
inherent limitations in the performance capabilities of the LCLSM concept, but instead reflect

~ the limitations in program schedule, resources, and scope. It is recommmended that the LCLSM
concept investigated and demonstrated in this program, or variants of it, be considered as a
sound approach to electric machine design with many advantages for Maglev propulsion
applications.

The overall design philosophy which guided the development of the LCLSM system was
high efficiency, high reliability, graceful degradation, and low electromagnetic interference.
LCLSM is a single-layer propulsion and power transfer system in which independent
controllers control dedicated coils to supply a desired waveform with the proper frequency,
phase and amplitude. In one embodiment, the coils are commutated locally by pulse-width-
modulation (PWM) of semiconductor switches in an H-bridge configuration controlled by
signals transmitted over fiber optic communications lines from a central control. Local
communication allows energized coils to be limited to those required to achieve a specific
purpose (propulsion or power transfer). For example, only those coils in the immediate vicinity
of the superconducting magnets need to be energized for propulsion.

The LCLSM design utilizes the same guideway coils for the propulsion and power transfer
functions. The PWM scheme is modified from that appropriate for propulsion to a higher
frequency, lower current waveform appropriate for power transfer. Power is inductively
coupled to onboard coils for power factor correction. In addition, for true Maglev systems, the
LCLSM coils can also be used to supply a magnetic guidance function.

A complete LCLSM system will have a great many identical single units, especially
semiconductor devices. Repeated experience with semiconductor devices has shown that the
cost of a system must account for the dramatic unit price drop as a result of the increase in
volume of units. It is recommended that LCLSM be evaluated for economic viability as a
propulsion technology for Maglev and related applications.

A specific conclusion of the work is the ability to compensate in software for low tolerance
guideway manufacture. This feature was demonstrated and discussed in the report. In most
system-level cost analyses, the structural guideway dominates the cost of the entire project for
most specific routes. The advantage of this capability is that the guideway system can be
manufactured according to low cost, low tolerance methods without compromising future
passenger ride comfort.
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A major application for LCLSM technology may be in industrial assembly line conveyance
systems with variable station dwell times and velocity profiles. Essentially a part on the
assembly line can be moved independently to subsequent stations as required without regard
to progress at other stations. Thus, a part can dwell at a station until ready to advance and
then the advancement can occur independently of other stations. Nonproductive station
backups are avoided since each part can be independently rerouted to open or available
stations.

An additional specific conclusion of this work is the applicability of the LCLSM concept to
other applications such as photovoltaic power systems, multiple-battery power subsystems
(including battery chargers, uninterruptible power systems (UPS), etc.), wiring harnesses such
as used in the automotive industry, and general distributed power processing subsystems.

Recommendations for additional work based upon the successful demonstration of LCLSM-
based propulsion include the following areas:

» Cost analysis.
e Power transfer demonstration.

* Investigation of stability enhancement in the air gap and improved ride quality via
active control, both dissipative and nondissipative.

A brief description of the recommended areas for investigation follow. The cost analysis of
the LCLSM system should include the LCLSM cost savings of capabilities such as power
transfer, guidance, and the ability to utilize low tolerance construction techniques for guideway
cost savings. The power transfer demonstration could be made with the test bed already
established. The goal should be to reduce future risk of design by accomplishing simultaneous
propulsion and power transfer with the same coils and control logic at the appropriate
frequencies and speeds. Stability enhancement and improved ride quality arise from forces in
the track coils which are normal to the plan of the coils. These forces can be used to
compensate for the natural tendency of electrodynamic repulsive levitation systems to oscillate
about an equilibrium. The magnetic damping of the oscillation can be quite small and the
amplitude of the oscillation can grow. Stability enhancement can be used to actively absorb
the energy of oscillation.

“Information on this page identified by
asterisk (*) in the margin is proprietary to
Foster-Miller, Inc." 5-2
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APPENDIX A

HARMONIC CURRENT EQUATIONS



The duty cycle can be derived as follows.

The rates of current change in on and off states are:

(11) =Ll (VB-EMF-1.R-2.vVS)
at Jo, L

d 1
—I =—-(-EMF-1-R-VD-VS
(dt )oﬂ' L ( ) )

~ Off plus on time = total cycle

The rate of change of current is the on time change plus off time change

d d d
We can then solve for the fraction of time which the bridge is on (duty cycle)

(11)-&=-Ilj-(VB—EMF—I-R—2-VS)-8t0n+%-(—EMF—I-R—VD—VS)-(St—Ston)

dt
5t EMF+R-I+VD+VS+L-(11
on _ dt
5t VB-VS-VD
where

EMF = instantaneous back EMF

VD = diode drop

VS = switch drop

I = lo sin (o)

L = coil inductance

VB = bus voltage

dIo,g = peak to peak harmonic current (off state current change)
0I,, = on state current change

61 = current change during one cycle
Otyn, = duration of the on state

Oty = duration of the off state

6t = duration of one cycle

Given the duty cycle we can then calculate the current change in one off cycle:

d 1
—I =—-(-EMF-1-R-VD-VS
(dt )Off L ( )

. (—EMF -I-R-VD- VS)Stoff

1
o1 ==
off L




5t
st=2"
g
5t EMF+RI+VD+VS+LiI
on _ dt
St (VB-VS +VD)

8 It =%-(—EMF—I-R—VD—VS)(1—8L8"’:Q-)&

' d
EMF+RI+VD+VS+LEI 2n

(VB-VS— VD) ®g

810ﬁ«=%-(—EMF—I-R—VD—VS) 1-

For LCLSM the EMF is much larger than the coil resistive or inductive drops or the drops
through the components. This permits a simple estimation of the switching harmonic as:

1 EMF)2n
5L =—(—EMF)[ 1 - —— |27
off = ( )( VB)ws

The amplitude of the switching harmonic depends on the magnitude of the selected bus
current (VB). For estimation purposes we can assume that the bus voltage equals the peak
EMF (since the other voltage drops are small). When the EMF is zero, the harmonic current is
zero by the first term in the above equation. When the EMF equals the bus current, the
harmonic current is zero. The above equation is maximized when the EMF equals half the bus
voltage:

The EMF can be represented as a sum of harmonics. The fundamental harmonic is:
EMF = ws My I (peak)
where

M, = peak SCM to track coil mutual
or = fundamental frequency
Isc - = superconducting coil current (ampere-turns)

of Mg Isc 27

2L o {based on 1/ 2 peak EMF)

81of ~

Oloff _Of Mglsc2m
2 8L g

Harmonic (peak) =
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IGBT DATA SHEET
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4. Static electricql ch'ar_act.eristit_:s

( at Tj=25°C unless otherwise specified )

Characteristics
Itens Symbols Conditions Unijts
gin. typ. nax.
Zero gate voltage 0.0 [T3= 25C | Vo= 0¥] mAa
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collector current 2000y mA
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7. Thermal resistance cha.réc‘i‘:ri's‘tics
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