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Use of Multiple Loop Model for Brushless
Doubly Fed Machine Rotor Design

Chapter 1

Introduction

The increasing popularity of adjustable speed drives (ASDs) and variable speed
generators (VSGs) is driving research to find better solutions than are presently
available from induction motors and other conventional machines. While the major-
ity of ASDs use induction machines, this solution has the drawback that the power
electronics must process the full kVA rating of the machine. As power converters rep-
resent a significant portion of the drive cost, research is focusing on ways to minimize
power electronics rating, and, hence, size and cost.

The brushless doubly-fed machine (BDFM) shows promise for converter reduc-
tion [1]. Previous work on brushless doubly-fed machines has included work on
brushless doubly-fed induction machines and brushless doubly-fed reluctance ma-
chines [2]. One variant of the brushless doubly-fed induction machine is the cascaded
wound-rotor induction machine, in which two seperate stators excite a wound rotor
to achieve variable speed and power factor operation [3]. The BDFM system, shown
in Figure 1.1, is an evolutionary step up from the cascaded wound-rotor induction
machines in which the wound rotor is replaced with a modified cage rotor, allowing
the BDFM to combine the two seperate stators, one for controi and one for power
windings, into one frame. As with the cascaded wound-rotor induction machine,
the special rotor configuration allows for speed control via the control winding. The
power winding is fed from the grid and provides the majority of input power to the
machine. The control winding is used to adjust the speed of the rotor and power fac-
tor of the power winding. The control winding is fed by a converter which, depending
on application, can be rated at less than 40% of the machine’s rating,

Current distributions in different rotcr bars Were calculated using three-dimensional
finite element analysis, but due to the computationally intensive nature of the anal-

ysis, it is impractical to test each design. Rotor bar currents for different designs
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were not known and, in consequence, constructed rotors have used bars of equal area
throughout the nests. However, visual observation of heating effects on rotor bars
have suggested that their currents are unevenly shared between bars. The outer

loops appear to carry the highest currents, while the inner loops carry much lower

currents.

This thesis will introduce the BDFM and review some of its important points.
Next, the multiple loop model (MLM) for the BDFM and the methods of its use
will be described. To confirm the validity of the model, results from the MLM
are compared to results from a specially modified BDFM machine and resuits from
finite element simulations. To demonstrate the model’s use in design and to develop

guidelines for rotor design, a 3.5kW general purpose lab machine and a 200kW,

AC-AC
Bi-Directional

Converter
Control
Winding
fr T
{7
Power
Winding /

BDFM

Figure 1.1. BDFM System Diagram

400H z, high-speed, stand-alone aircraft generator are presented.




Chapter 2
Description of BDFM

2.1 General Description

The BDFM has two stator winding systems referred to as the power and control
windings. The power winding is fed directly from the grid and the control winding is
fed by a converter. The converter needs to be bi-directional, since, depending on the
rotor speed and the mode of the machine, the control winding can either generate or
absorb energy. A BDFM is generally referred to by the combination of pbwer and
control winding pole pairs: a 3 power winding pole pair and 1 control winding pole
pair machine is referred to as a “3-1 machine”

Physically, the BDFM is about the size of a comparably rated synchronous ma-
chine and, as demonstrated with previously constructed BDFMs, standard National
Electrical Manufacturers’ Association (NEMA) machine frames can be used. Fit-
ting the BDFM into a NEMA frame is desirable because NEMA frames are widely
available and many applications are specified for NEMA frame dimensions.

The speed of the rotor is determined by

_htf
B, +P.

fr (2.1)

with the sign before f. denoting positive or negative sequence with respect to the
power winding [4] and all frequencies expressed in Hz. According to Equation 2.1,
assuming that the power winding is fed with a constant frequency from the grid, the
control winding frequency can be used to adjust the rotor frequency.

The “natural speed” of a BDFM is the speed of the rotor with the control
winding frequency at 0Hz (dc): for a 3-1 machine with 60Hz on the power winding,
the natural speed is 900"-. The rating of the control winding is a minimum at
the natural speed and rises nearly linearly as the rotor frequency, and therefore the

control frequency, deviates from the natural speed.
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The “synchronous speed” of a BDFM is the speed at which the rotor mechanical

frequency matches the power winding electrical frequency and is determined by

fo _ fe
fs nchronous = - = —. 2.2
Y Pp Pc ( )

Although operating in a mode similar to a synchronous machine, the BDFM relies
on induced rotor currents. In consequence, it will not operate at speeds close to the
synchronous speed.

Otherwise, the BDFM is operationally similar to a synchronous machine: the
BDFM control and synchronous machine field winding are both used to adjust the
power factor, but whereas the synchronous machine field winding is excited with dc,
the BDFM control winding is excited with ac and can be used to adjust the rotor
speed. Further, the BDFM has a load angle, T, which can be viewed as similar to
a synchronous machine load angle. The synchronous machine load angle determines
the torque production and corresponds to the angle of the rotor field with respect
to the stator field. The BDFM load angle also determines the torque production of
the machine, but corresponds to the angle between the control and power fields after
transformation to the dg-domain. While the synchronous machine needs brushes to
contact the field winding on the rotor, thereby reducing reliability and increasing
maintenance, the BDFM has no brushes or contacts and is as robust and reliable as
an induction machine.

The primary advantage of the BDFM is that, because of the function of the
control winding, across a limited speed range, the converter rating can be held to a
fraction of the machine rating. Induction and synchronous machine drive converters
are rated for the maximum machine output power derated by efficiency and machine
input power factor. For example: a 5hp BDFM for 600-900 -~ operation would
require a converter rated as low as 1kVA, while an induction motor drive of the
same rating would require a converter over 4kVA. Further, in the case of a BDFM
operating as a motor, the rectifier side of the converter only carries the real power for
the control windings, often less than 20% of the machine rating. Though, depending

on circumstance, it could be economical to use the rectifier side of the converter to



boost the power factor from the power winding by supplying reactive VARs to the
grid.

2.2 Stator Structure

The stator contains three phase windings for both the control and power windings.
Normally, P, is greater than P,. On the rotor reference frame, the power and control
MMF's have the same frequency, but, due to P, being greater than P, the power
winding develops more torque. Since, in the rotor reference frame, the speeds of
the power and control winding MMF's are the same, the power winding will have a
higher w * T'orque product and, hence, a higher power output. To avoid transformer
coupling of stator windings, P, and P, must be different: this difference must be
different by more than one pole pair to avoid unbalanced magnetic pull on the rotor.
Both windings share the same slots and, generally, integral slot per pole per phase
windings are used to avoid the potential for subharmonics. To meet this requirement,
the number of stator slots must be factorable by both 3#2# P, and 3+2x P.. To reduce
spatial harmonic content on the MMF, double-layered fractional pitch windings are
used, leading to a complicated stator with four layers per slot and differing slot
pitches for the power and control windings.

The stator is very much like that of a pole-changing induction machine. The two
main differences are the slot and back iron depths. The slots have to be deeper than
conventional induction motors to accomodate the two stator windings. The back
iron has to be deeper than a similar speed induction machine in order to accomodate
the flux due to the low number of pole-pairs on the control winding in addition to the
superimposed power winding flux. With a single pole-pair on the control winding,
the concentration of the flux generated by the control winding is very high, so the

back iron must be substantial to keep the flux densities to an acceptable level.
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Figure 2.1. BDFM Rotor Structures

2.3 Rotor Structure

The rotor is the enabling feature of the BDFM and is based on work by Creedy
[5] and Broadway [6]. BDFM rotors are non-salient and, although previous rotors
have used copper bars and endrings, it is anticipated that rotor systems can be die-
cast using aluminum. Figure 2.1 shows the two types of rotor structures that can be
used: caged and non-caged. A BDFM rotor is composed of P, “nests”, each made
up of m loops, and there is a common endring at one end of the rotor. As shown
in the figure, the loops are numbered from the outside in. In the caged rotor, an
endring joins the outer loop from all nests. In the non-caged rotor, each outer loop,
and hence each nest, is isolated from the other and the outer loop is not shared by
the adjacent nest.

The number of nests, or rotor poles, is determined by
P, =P, + P, (2.3)

so a 3/1 machine would have 4 nests. The number of loops per nest, m, is a tradeoff
between harmonic content of the MMF, complexity of construction and allowable flux
densities in the rotor steel. The higher m becomes, the lower the harmonic content
of the induced MMF, but with the increased copper area, the inter-bar spacing is
reduced and inter-bar flux densities increase. Typically, each nest will be composed

of 3 to 5 loops.



Previously, all rotor bars have had the same area, but, due to the work on mod-
elling and measuring rotor bar currents, future rotor bars will be scaled to equalize

current densities in each rotor bar.




Chapter 3
Multiple Loop Model

3.1 Background

To date, the most extensively used model applied to the analysis of BDFMs
has been the steady-state Single Loop Model (SLM). In the first iteration, the SLM
was limited to 3 — 1 BDFMs [7]. The SLM was then extended to the General Pole
Number SLM, which could accomodate any P, + P. combination [8]. This model
is shown in Fig 3.1. The SLM was based on induction motor theory and looked
much like an induction motor model in the rotor reference frame with, as expected,
two stator windings. The multiple loops in each rotor nest are aggregated into a
single equivalent “loop” circuit in the model in a manner similar to induction motor
models. In the derivation of the model, the currents in the corresponding loops of
each nest were assumed to be equal, although it was acknowledged that there could
be differences in magnitudes between the loops within the nests themselves.

The SLM was programmed in Matlab, as Matlab combines matrix functions
and easily modifiable, portable scripts with full graphing capabilities and a powerful
command line. In one or two instances, the model was implemented in C [9] [10],
but these programs were difficult to keep current or to transition between successive
graduate researchers and were used little after the Matlab version was developed.

During maintenance of an experimental laboratory BDFM, discoloration of each
nest’s outer loops was observed. This indicated that the outer loops of the nests had
been subject to much higher temperatures during operation than the inner loops.
This observation strongly suggested that currents in the outer loops were much higher
than in the inner loops. The first effort to investigate this problem was conducted
using a finite element analysis simulation [11]. After the finite element analysis

confirmed that rotor loop currents were unevenly shared by the rotor bars, the SLM
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Figure 3.1. Single Loop Model Circuit

was modified to model each rotor bar as a separate rotor circuit. This thesis is the

first presentation of that Multiple Loop Model.

3.2 Development of the Model

The theoretical extension of the SLM to the Multiple Loop Model(MLM) was done
by Michael S. Boger[12]. Programming of the low level MLM routines was also done
by Michael Boger.

The model is graphically depicted in Figure 3.2. As depicted in the figure and
as presently programmed, the model assumes that the rotor bars are equally spaced
and that the section of endring joining them are of equal length.

Whereas the Single Loop Model aggregated the rotor loops into a single equiva-
lent loop, the Multiple Loop Model depicts each rotor loop as a seperate circuit in the

model. Since the rotor is symmetrical around each nest, the model only represents
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one nest and assumes that there will be P, + P, nests in the rotor.

3.2.1 Dynamic Model

For the dynamic model of the BDFM, the complete voltage equation, as developed
by Boger, for the MLM is

v=(R+ HdEL + w,L)i, (3.4)
where:
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The instantaneous torque produced by the motor is given by

m m
T. = Py Y Myi(igpiarj — aplqrj) — Pe ) Mej(bqclarj + tdciqrs)-

i=1

i=1

12
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In equation 3.8, the rotor loop voltages are equated to 0, because the rotor loops
are isolated circuits and, as such, there can be no forcing voltage on the rotor.

Equations 3.5 & 3.6 show that each loop voltage equation is not a simple function
of a single loop, as was assumed in the Single Loop Model. Following the loop current

around the loop, a loop’s voltage drop due to resistance is

Vgrpl—-reasistive = 2qrplrrll + terp2Tr21 +...+ zqrpmrrml- (311)

rr11 Tepresents the resistance of the isolated portion of the loop, so the voltage drop
would be ¢4,;17r11. All loop currents are summed in the innermost portion of the
common endring and, consequently, each loop current causes a mutual voltage drop
in the section which it shares with the outer loops. By superposition, the resistive
voltage drop around loop 1 has a component due to the current in loops 2 — m
passing through the small section of the common endring joining the ends of the
isolated portion of loop 1.

As shown in Equation 3.6, the common leakage inductances of the endring have
a similar effect as the common resistances of the endring: the leakage inductances
cause the loop voltage equation of each loop to be dependent on the currents in all
other loops. These effects are in addition to the mutual, active fluxes of the rotor
loops.

For completeness, the zero sequence components are included in this model. In
steady-state modelling, the motor and its supplies are assumed to be balanced, so

that the zero sequence components can be ignored.

3.2.2 Steady-State Model

The steady-state MLM model for the BDFM is given in Equation 3.12. The steady
state torque for the MLM is given in Equations 3.13, 3.14 and 3.15. The steady-
state MLM model was derived using the same procedures as the simplification of
the general-pole number SLM dynamic model to the steady state model [13]. While
the dynamic model of the BDFM is useful for determining transient response and

reaction to imbalances, the simulation time is very long. The steady-state model,
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compared to the dynamic model, is relatively simple and runs very quickly. For motor
design and investigation of motor performance, the steady-state model is adequate
and appropriate.

“F” in Equation 3.12 refers to the sequence of the control winding with respect
to the power winding. If the control winding sequence is positive with respect to the
power winding, then the sign is negative.

' is the electrical angle between the power and control winding excitations,
L(Vap—V4c). T is a parameter of the MLM programs and is often used in discussion
of BDFM motor design.

(Vo | [rptionly 0 jooMpt o Gw My [ 1,
Vee 0 Te F jwelic FijweMer T FjweMerm I,
‘/qu = ijA’Iprl ijMCT]. Tr11 + ijLTll crr Trim + ijLrlm Iqu
Vqrm ijMprm JWRM e |Trm1 + JwrLrml « - ropm + JwrLrmm Iqrm

(3.12)

ep - 3P Z pt % qp (Iqr) - §R(qu)%(lqr)]) (3-13)
=1

T.. = —3F E(Mm’[%(lqt:)m(]qr) = R(15)S(Ier)]) (3.14)
=1

T,=T,+T. (3.15)

3.3 Sample Model Parameters

Equations 3.16, 3.17, 3.18 and 3.19 show mutual inductance between the power
winding and the rotor, mutual inductance between the control winding and the
rotor, the rotor resistance matrix and the rotor inductance matrix. The values are

for a 5Shp BDFM, discussed in Chapter 5, designed for demonstration purposes.
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As discussed in Section 3.2.1, the R, and L, matrices describe how the loop
currents interact with other loops voltages. This relationship is pictured in Figure
3.3. For example, the voltage around loop 1 not only includes the voltage drop due
to the current in loop 1, but includes the voltage drop due to loop current 2 as
it passes through 5 lengths of the common endring, the voltage drop due to loop
current 3 as it passes through 3 lengths of the common endring and the voltage drop
due to loop current 4 as it passes through 1 length of the common endring. One
length of the common endring is the distance along the endring between sucessive
loop connections. In Equation 3.18, each length has a resistance of .594u{} and in

Equation 3.19, each length has an inductance of 3.79uH.

3.4 Model Implentation

The steady state Multiple Loop Model has been implemented as a hierarchy of
functions in Matlab. Matlab scripts discussed below or relevant to this thesis are
given in [14]. While many programs have been developed to use the MLM, the MLM
essentially consists of two computational “kernels” ,mlcapability and misolve, each
of which is composed of a core of fuctions. The hierarchy is depicted in Figure 3.4.

The core modules of the Multiple Loop Model are :

mlmodel : This file is generated by one of the design programs and contains
the parameters for the model of the machine being simulated. It is typically

read in by any procedure needing to know the machine parameters.

misetup : This file sets up the excitation parameters, such as control and power
winding frequency, control and power winding excitation magnitude, and rotor

electrical and mechanical frequency.

mlz: This file returns the impedance matrix for the multiple loop model, given

rotor, and control and power winding electrical frequencies.

mitorque : This file returns the steady state torque for the motor, given I' and

stator currents.
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Figure 3.4. MLM Program Hierarchy
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mljacobian : This file calculates the Jacobian matrix given the states, control

voltage and shaft speed.

mif: This file evaluates the Newton-Raphson functions given the states, control

voltage, load torque and shaft speed.

mlguess : This file calculates the initial states of the system given control

voltage, ' and shaft speed.

The first of the kernels (micapability) calculates the set of torques produced by
the motor given a set of current inputs for the power and control windings, a set of
load angles, I's, and power and control excitation frequencies. This routine is often
used to quickly calculate motor performance by setting stator excitation values and
sweeping through a coarse range of I'. Typically, a program utilizing this kernel will
need to calculate 10-30 different control voltage excitation sweeps. Each sweep will
consist of 20-100 seperate I' points, necessitating a quick procedure. In this case, T
is a function parameter and load torque is a calculated quantity.

The second of the kernels (mlsolve) implements a Newton-Raphson solution to
the steady-state equations. The Newton-Raphson solution takes, as input, the power
and control voltages, power and control excitation frequencies, and the target load
torque and predicts the motor performance. Whereas the first kernel used a set of
I’ values to calculate a set of motor torques, the Newton-Raphson method is used
when stator voltages and load torque are known and an accurate prediction of motor
performance is to be calculated. In this case, load torque is a function parameter
and T is a calculated quantity.

The MLM would typically be used as follows:

e For a range of T', mlcapability would be used to solve for the currents for the

power and control windings, based on rotor speed and stator excitation values.

o The above step would be repeated for different values of control winding ex-

citation until the desired operating point, such as a certain load torque and

power winding power factor, were found.
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o If a more accurate prediction of motor performance were required, using the
power and control winding voltage, the speed of the rotor and the target load

torque, misolve would be used to calculate the machine performance.

o For each speed, torque or power winding power factor point, the above steps

would be repeated.

3.5 Design Programs

Two programs used to design BDFM systems using the MLM are mispeedmot and
mlspeedgen. mlspeedmot, as the name suggests, is designed to calculate motor
performance across a speed range. mlspeedgen works very much as mispeedmot
does, except that mlspeedgen predicts stand alone generator performance.

During the development of these programs, a number of difficulties with BDFM

simulation were found. These are discussed in Appendix A.

3.5.1 mlispeedmot

mlspeedmot is used to predict performance of a BDFM operating as a motor with
power winding power factor, rotor speed and load torque specified by the user. mi-
speedmot is designed to simulate a range of speeds, torques and power factors in
one run, usually in less than 4-5 minutes. Before mispeedmot, simulations took 15
minutes and the target power factor was set to unity.

mlispeedmot works as follows:

(1) Given shaft speed, desired output torque and power winding power factor,

guess at a control voltage and do:

(a) Calculate motor currents and torques using mlcapability and the control

voltage.

(b) Calculate power winding power factor using results from (a).
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(c) If torque output and power factor are satisfactory, then return with results.

(d) If torque output is satisfactory, but power factor is low, then increase

control voltage and return to (a).

(e) If torque output is satisfactory, but power factor is high, then decrease

control voltage and return to (a).
(f) If torque output is high, then decrease control voltage and return to (a).

(g) If torque output is low, then increase control voltage and return to (a).

(2) Write results to data file.

(3) If there are more combinations of shaft speed, torque output and power winding

power factor to be simulated, return to (1).
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Figure 3.5. Power Flow for BDFM Generator

3.5.2 mlispeedgen

mispeedgen is based on mispeedmot, and their inputs and outputs are identical,
mlispeedgen typically takes 10 minutes to run.

mispeedgen is used to predict BDFM performance when operating as a stand-
alone generator system across a user defined range of output power factor, rotor
speed and system power output. As shown in Figure 3.5, in a stand alone generator
system, the inputs of the power and control windings are summed at the grid, making
for a complicated simulator due to fixed grid power requirements and the varying
sum of power and control inputs.

On the side of the control converter connected to the control windings, only
real power, P, is transferred across the dc-link to the windings and the reactive
power, ()., is circulated between the control windings and the converter. The side
of the control converter connected to the grid takes in the real power for the control
windings and, if a voltage source converter input is assumed, the reactive power, Q.,
is determined by the load impedance and the power winding reactive power output,
Qp. For a “worst case” generator system, the load could have a 0.7 lagging power
factor and a typical P. would be around 25% of the machine rating, giving a rating

for the rectifier side of the converter at 35% of the machine rating.




mlispeedgen works as follows:

(1) Given shaft speed, desired system output power and system power factor, guess

at a control voltage and do:

(a) Calculate motor currents using mlcapability and the control voltage.
(b) Calculate power flow and power factor in system using results from (a).
(c) If power flow and power factor are satisfactory, then return with results.

(d) If power flow is satisfactory, but power factor is low then increase control

voltage and return to (a).

(e) If power flow is satisfactory, but power factor is high then decrease control

voltage and return to (a).
(f) If power flow is high, then decrease control voltage and return to (a).

(g) If power flow is low, then increase control voltage and return to (a).

(2) Write results to data file.

(3) If there are more combinations of shaft speed, system power output and system

power factor to be simulated, return to (1).
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Chapter 4
Verification of the Model

After the model had been developed and before it could be relied upon for design
use, verification was needed. This was accomplished by comparing it to two other

methods of determining rotor currents.

4.1 Finite Element Analysis

Investigation of rotor current distribution was first carried out using a finite ele-
ment analysis of the BDFM [11]. While finite element analysis is difficult and time-
consuming in its own right, analysis of the BDFM is further complicated by the

structure of the motor:

o the nested-loop rotor construction, having isolated conductors on one end and

a common end-ring on the other, requires a 3-dimensional model;
o there are two seperate sources of stator excitation;

e except at standstill, the power winding, the control winding and the rotor all

operate at different frequencies and with a combination of sequences;

e the complete machine, with P, and P, pole-pairs on the stator and P, poles on
the rotor, has no obvious periodic boundaries, which would enable the analysis

to be based on a small section of the machine;

® no a priori knowledge of the rotor current was assumed, so the eddy-current

approach to finite element modelling had to be used.




4.1.1 Simplification of the Finite Element Analysis

An unsimplified, 3-dimensional, 360° finite element analysis of the BDFM would
require over 8000 grid points. To make the finite element analysis easier to implement,

the machine description was simplified as much as possible:

¢ viewed from the rotor electrical reference frame, the two seperate stator-induced
MMFs in the airgap appear as two MMF's rotating at equal but opposite fre-
quencies. Placing these conditions on the finite element model results in an

alternating periodic boundary over the lesser of either P, or P..

o except for the ends of the rotor, the rotor has axial symmetry. A coarse mesh
can be used to represent the rotor bars and steel. For the isolated endrings

and the common endring, a fine mesh must be used to describe the detail.

Using these simplifications, the number of grid points used for a highly detailed
simulation of the BDFM was about 50% of the unsimplified model.

4.1.2 Comparison to the Multiple Loop Model

Specifications for the motor simulated in the Finite Element Analysis and by the
MLM are shown in Table 1. The power winding was excited using 60Hz and the
control winding was excited using 20Hz [11]. The excitation magnitudes used in the
two simulations were different, so results have been normalized for comparison.
Figure 4.1 shows a comparison between the predictions of the Finite Element
Analysis and the Multiple Loop Model. The results of the Finite Element Anal-
ysis suggest that the MLM duplicates, within a reasonable error due to modelling

differences, the predictions of the FEA.

4.2 Experimental Verification

In order to obtain test data for BDFM rotor current distribution, a laboratory BDFM

was modified to enable rotor loop currents to be measured directly. The test ma-
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Figure 4.1. Comparison of Finite Element Analysis and Multiple Loop Model

chine’s rotor had the usual solid bar endring and nest structure removed. The rotor
was then re-wound using flexible, insulated 16 AWG wire. At one end of the rotor,
the wire was stripped and a commong endring was soldered together. One nest was
threaded with loops long enough to be pulled out through the frame vents. The
individual loop currents were then measurable using a Fluke 41 Power Harmonics
Analyzer.

Due to the wire loops being drawn out through the frame vents and preventing
rotor movement, this setup was only useful for standstill measurements. In order to
guarantee that the rotor did not move during testing, the rotor was blocked.

Using long loops in one nest caused the rotor to be asymmetrical and invalidated
a major assumption of the Multiple Loop Model. Depending on the loop number,
the long loops probably had 50% — 75% more resistance than other nests’ loops. The
MLM model of the machine used rotor loop resistances which were adjusted to be
about 15% higher than the regular wire loops in the machine. The inductance of

the long loop was not much larger than the normal loops due to the low p, of air
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5hp Machine Description

Slots 36 Slot Pitch 10°
Slot+Tooth Width | 1.31c¢m | Slot Depth 2cm
e Winding Pitch

Power Winding 2 Power Winding | 150°

Control Winding 6 Control Winding | 120°
TCL;'% Back Iron Depth 2cm

Power Winding 8

Control Winding 8

Table 1. Experimental Machine Description

compared to the u, of steel.

Details of the experimental machine are presented in Table 1.

4.2.1 Experimental Procedure

According to equation 2.1, for the rotor to be at standstill, the control winding
frequency has to be the opposite of the power winding frequency. To meet this
requirement, the control and power windings were excited from the same source, but
the control winding had two phases interchanged, thereby reversing the sequence.

A 3¢, 60Hz, 230V}; input auto-transformer was used to excite the two windings.
The output voltage was increased until a reasonable current (= 104 for 16 AWG
wire) was obtained in the rotor common endring.

To test different load angles (I'), a Mitutoy 360 D:igital Protractor was attached
to the rotor bar. The rotor was rotated until the sum of the rotor bar currents
was minimized, at which point the digital protractor was set to 0°. Loop current
measurements were taken and the rotor angle was increased in increments of 22.5°,

until the sum of loop currents was maximum at 90°.
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Tast Data: Effect of Load Angle on Loop Curment
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Figure 4.2. Experimental Measurements of Rotor Loop Currents

Measurements of rotor loop currents taken from the modified machine are shown

in Figure 4.2.

4.2.2 Comparison to the Multiple Loop Model

The Multiple Loop Model was provided with the experimental machine’s parameters,
power and control winding excitation, and rotor speed. With the given operating
conditions, the BDFM will produce minute amounts of torque. Because the program
which solves the BDFM equations solves for a target torque and not for T' , the
load torque was adjusted until the returned I' was equal to each I' taken using the

experimental setup.
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Comparison of Prediction of Multiple-Loop Model & Test Data
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Figure 4.3. Comparison of Test Results with Multiple Loop Model

The results of the MLM’s predictions are compared to the experimental results in
Figure 4.3. The MLM results agreed very closely with the experimental data, often
to within 10%, suggesting that the MLM accurately represents the rotor current

operation and values.




Chapter 5

5Hp Demonstration Drive

The first project is the development of a 5hp drive to be used to demonstrate the
BDFM to prospective producers and customers. This is a “pre-production” drive
designed to be easily portable, to operate over a wide speed range and to operate
as either a generator or as a motor. Concurrent to the design of the motor, a bi-
directional, 3-phase, unity input power factor, 2kVA converter is being designed
and constructed by other members of the BDFM research group. The system is
not optimally designed for any one practical application, as it sacrifices maximum
efficiency to get maximum flexibility. One objective is for the system to fit in the back
of a pick-up truck or in a large car trunk, so that it can be carried to demonstration
sites.

The design goals for this motor are:

o Operate over a wide speed range. Be able to demonstrate the motor operating

over 100 — 1100~ with no load torque applied.

e Operate the system over 600 — 900~ with the applied torque following the
cubic power curve. At 900, the motor will be able to put out 3.5kW.

¢ Operate the system as a generator over 1300 — 1800-%-. Demonstrate that
the BDFM will generate well at high speed.

o Operate the system over 600 — 900" with a constant load torque.

e Fit the motor into a NEMA induction motor frame. NEMA induction motor

frames are readily available, so cost will be kept to a minimum.

e Try to fit the motor into as close a frame size as would hold an induction

machine of similar rating.
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Figure 5.1. Square Pole Machine : Converter Rating : Pump Load
5.1 The Two Design Approaches

The design of the motor was approached in two different ways: by sizing the
motor to get “square-poles”on the rotor and by sizing the motor to fit the smallest
NEMA frame possible as limited by saturation. Table 2 provides a comparison
between the dimensions of the two designs. Figures 5.1, 5.2, 5.3 and 5.4 show selected
converter ratings and efficiencies of the two designs.

The “square pole” approach was tried first. Poles are rectangular and, since a
square provides the most area per circumference, a square pole produces the max-
imum flux, which is proportional to area, for the least conductor. As shown in
Table 2, the square pole design approach produced a “pancake” machine, very flat
(11cm(4.3”)) and very wide (38¢m(15”)). Due to the diameter of the machine, this
approach requires a 3247 NEMA frame, which would otherwise house a 20hp, 900"
induction machine.

In the second design, the rotor diameter was reduced to 15¢m (6.5”) and the

rotor length was increased to 15¢rn (6.5”). The “NEMA-frame” machine requires a
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Figure 5.2. “NEMA” Design : Converter Rating : Pump Load

Machine Efficiency vs Speed

Efficiency (%)
&

[+
~

50
Shatft Speed(r/min)

Figure 5.3. Square Pole Design : Machine Efficiency : Pump Load
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Figure 5.4. “NEMA” Design : Machine Efficiency : Pump Load

Parameter Square Pole Machine | NEMA Frame Machine
Rotor

Length llcm (4.37) 16.5cm (6.5”)

Diameter 20cm (8”) 16.5cm (6.5)
Stator

Diameter 38cm (15”) 30cm (12”)

Back Iron Tem (2.87) S5cm (27)

Slot Height

2cm (0.87)

2cm (0.87)

Frame Size

22 x 40cm (8.6”x16”)

27 x 32cm (10.5"x13”)

NEMA Frame

324T

256 T

Table 2. Comparison of Two 5hp Design Dimensions

32
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Stack Diameter 30cm Stack Length 16.5¢cm
Slots 36 Slot Pitch 10°
Slot+Tooth Width 1.31em Slot Depth 2cm
Slot Shape Trapezoidal Slot Width 0.64cm — 0.80cm
e Winding Pitch

Power 2 Power 150°

Control 6 Control 120°

Power 12 Back Iron Depth 4cm
Control 14

Table 3. Proposed Design Stator Description

256T, which would house a 7.5hp, 900" induction machine, leading to a derating
of frame size.

While the square pole approach theoretically provides better performance than
the “NEMA-frame” approach, for this design, the main goal is to demonstrate the
viability of BDFM technology to as broad an audience as possible, so the “NEMA-
frame” machine is proposed. Since this drive will be compared to induction machine
drives of similar size, the size of the motor should be as close as possible to a com-

parably rated induction machine.

5.2 Stator Design

The stator design is summarized in Table 3. The 5hp BDFM is specified to
have a DC-point at 900—"~, so according to Equation 2.1, 3 pole-pairs on the power
winding and 1 pole-pair on the control winding are required. The number of stator
slots must be factorable by both 18 and 6. As a compromise between harmonic

content and tooth width, 36 slots were chosen, giving 2 slots per pole per phase on
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the power winding. The amount of space at the airgap into which both the tooth

and slot must fit is 1.31cm.

f turna

The number of ®2%* on the power winding was selected to minimize the converter

turns
cotl

rating and “optimize” the machine performance. 12 on the power winding gave

urns

a near-minimum converter size and a minimum back iron depth, while 10 tco :

gave a
higher converter size and larger back iron and 14 %2 gave a slightly lower converter
rating but increased back iron.

f t“";’ on the control winding was selected such that the control

The number o
winding voltage never exceeded 230V}; during any of the proposed operating points.
One of the requirements of the machine is to operate in a controlled manner down
to 100", to demonstrate the speed control of the rotor. With 14 t“ﬁ’- on the
control windings and no conditions on the power winding power factor, the required
control winding excitation is 100V};. At 600~ and rated torque, the required control
winding excitation for unity power factor on the power winding is 200V};.

The airgap was sized to reduce machine flux densities and allow the machine
to fit into a smaller frame. Originally, the airgap was specified at 0.4mm, resulting
in control converter of only 1kVA, but unmanageable back iron flux densities. The
airgap was increased to 0.8mm, increasing the control converter size to 1.6kVA, but
reducing flux densities to manageable levels.

Figure 5.5 shows a “snap-shot” of tooth flux densities in the motor at 900"~
and 5hp. With steel typically saturating at 1.5 — 1.77, a small fraction of the teeth
in the motor could be in saturation due to the summation of the 2-pole and 6-pole
windings. The power and control winding MMF's are rotating at different frequencies,
so “beat-saturation” will occur when the peaks of the control and power tooth fluxes

sum in a tooth. Overall, the effect of the momentary saturation will likely be quite

small.

5.3 Rotor Design

To provide the best utilization of the aluminum rotor bars and minimize the
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Figure 5.7. Rotor Current Induced MMF for 45022

potential effect of interbar voltages, a caged rotor is used. Due to the large currents
and the phase of the voltage induced on the outer loops, the voltage differential
between the two non-caged outer loops is of the order of a few volts. Given the
difficulty in die-casting consistently and producing fully isolated loops, a few volts
could cause large asymmetrical currents to flow in the rotor steel.

The “NEMA-Frame” design was tried with 3 and 4 bars per nest. The harmonic
contents on the spatial MMF due to the rotor currents are shown in Figures 5.6 &
5.7. The harmonic content of the MMF was calculated using the predicted rotor
current distribution and the fft function in Matlab. absolute loop number refers to
the sequential numbering of loops around the rotor without consideration of nest
boundaries. Note that in the Figures, there are twice as many absolute loops as ac-
tual loops on the rotor. This was done to increase the accuracy of the fft function
by supplying it with more points. Also note that because the f ft is digital, it is sym-
metrical about the midpoint. The 4 bars per nest design resulted in lower harmonic

content and provided enough interbar space to keep the flux-density manageable, so
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Rotor Configuration Caged

Nests 4
Loops
Nest 4
Bar-Bar Width 1.85¢m

Bar-Bar Spacing | Equidistant

Bar Material Aluminum

Table 4. Proposed Design Rotor Description

4 bars per nest were used for the design.

A diagram of the rotor bar structure and sizings is shown in Figure 5.9.

An overview of the rotor design is provided by Table 4.

Figure 5.8 shows the current distribution in rotor bars for a pump torque char-
acteristic across the 600 to 900" speed range. As the rotor speed decreases, the

currents in all bars decrease to below the 900-I- case levels, so rotor bars can be

designed for the 900-%- case without fear of over-heating the small bars at lower
rotor speeds.

The rotor bar currents and the proposed rotor bar dimensions for 5hp at 900=-
operation are shown in Table 5.3. The rotor bar current distribution was generated
using the MLM. A current density of 2.4;’}?; was assumed for the calculation of bar
area. This value was derived from the commonly used stator coil current density
for copper of 3.8;%‘7, by scaling the current density down by the ratio of copper
resistivity to aluminum resistivity.

The rotor bars are very deep and initially concerns were raised about the effect
of the skin effect on the bar resistance. At 50Hz, skin depth is 11mm, giving a
maximum dimension of 22mm. At 600-Z-, the frequency of the rotor currents is

20H z, for a skin depth of 17mm and a maximum dimension of 3¢mm. Skin effect

should not pose a problem with the large bars in this machine, due to the low
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Bar Number

1 2 3 4
Current(A) 470 290 250 90
Needed Bar Area (mm?) 195 121 105 46

Actual Bar Dimension (mm)(WzD) | 11218 8z15 7z15 7z7

Table 5. Current Distributions in Rotor Bars and Bar Sizes at 900~

electrical frequencies present in the rotor.

5.4 Cost Estimate

Table 5.4 compares the cost estimates of similarly rated BDFM and induction ma-
chine drives [15]. The cost of a BDFM was based on the cost of a 6.25hp induction
machine. The cost difference between a BDFM and an induction machine system
is small due to the considerable number of common, fixed cost items (e.g. micro-
controller, case) which make up a large percentage of a small converters cost. For
example, a 5hp converter is 34% more expensive than a 2hp converter, while a 50hp
converter is 121% more expensive than a 20hp converter.

The BDFM ASD system is also more energy efficient than a comparable in-
duction machine ASD. Assuming a converter efficiency of 90% and an 80% 8-pole
induction machine [15], system efficiency for the BDFM ASD system at unity power
factor on the power winding and 5hp output at 900-%- is 85%, while the induc-
tion machine efficiency is 72%. This discrepancy is due to converter only feeding a
small percentage of power to the BDFM, thereby reducing the effect of the converter
efficiency drop on system efficiency.

While this comparison is imperfect, e.g. the induction machine drive can operate

with a uni-directional converter input, while the BDFM requires a bi-directional




5Hp Induction Machine Drive 5Hp BDFM Drive
Part Cost Part Cost
900—=, 5hp Induction Machine | $1,554 5hp BDFM $1,721
5hp Drive $1,339 2hp Drive $994
5hp Line Reactor $284 |l 2hp Line Reactor | $206
Total : $3,177 Total : $2,921

Table 6. Cost Estimate

converter input, the comparison does demonstrate that the BDFM has potential as
a low cost induction machine alternative. Further, the cost comparison would greatly

favor the BDFM if efficiency and cost-of-operation are taken into account.




Chapter 6
200kW Stand-alone Aircraft Generator

For this design, a potential client is interested in exploring the use of the BDFM
for on-board aircraft, stand-alone power generation. This project was started as a
feasibility study to see if the BDFM could be applied to aircraft power generation. To
leave as much flexibility as possible, the client’s specifications for the design, shown

in Table 6, are very general. No size specifications were given.

6.1 Summary of Aircraft Power Generation

Presently, synchronous machines are used for aircraft power generators. Synchronous
machines, while not as reliable or maintenance-free as induction machines, have a
field winding to control output power factor. The field winding also serves a fault-
tolerant purpose: if a short occurs at the 3-phase output, the field is still generated
by the field windings, enabling sufficient current to cause breakers to open. When the
fault is cleared, output voltage returns to normal. In an induction machine generator,
if a fault shorts the output windings, the MMF collapses; when the fault is cleared,
there is nothing to restore the MMF, unless some external source is available, and
the generator does not resume operation.

The 3-phase output of the synchronous machine is fed to a 300kVA ac-ac con-
verter which then outputs the 400H 2, 460V}; power for the aircraft’s power systems.
Further, the field winding is powered by a converter which is generally rated at
about 10% of the machine rating, or 30kW. The total system would be comprised of
a synchronous machine, which is about 25% larger than a similarly rated induction
machine, and two separate converters at 300kV A and 30kW.

Synchronous machines have brushes to contact the rotor and provide power for

the field winding. Brushes need to be cleaned to remove dirt and corrosion and
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Parameter Specification
Rotor Speed 12,000 — 24,000 RPM
Power Output 200kW @460V}
Power Output Frequency 400 + 10%H =
Power Factor 0.7 lagging

kVA Output 300V A
Winding Current Density 23#
Maximum Flux Density 2.33 Teslas

Table 7. Specification for Aircraft Power Generation System

are another source of potential mechanical failure or a source of airborne conductive
dust. The extra down-time of the aircraft due to sychronous machine maintenance
could be avoided if induction-type machines could be used instead.

Permanent magnet(PM) machines, which are attracting attention due to their
small size, could also be used for power generation on aircraft. As with the syn-
chronous machine, the PM machine has a field located on the rotor and would be
able to clear faults on the bus. Whereas a synchronous machine requires a field wind-
ing and a converter to power the field, the PM machine has permanent magnets to
generate the field and requires no field winding. As with the induction machine, the
permanent magnet machine has no brushes contacting the rotor and its reliability
should be high, were it not for the poor mechanical properties of permanent magnetic
materials. The PM machine could have problems with high-speed operation due to
the magnets corrupting the rotor’s structural integrity. The PM machine output
frequency is directly proportional to the rotor mechanical frequency, so a 300kVA
ac-ac converter is needed to convert the PM machine output to 400H z. Further, the
output voltage of a PM machine is proportional to the rotor speed, so, for the speed-

range given, the converter would need to operate from full-input voltage down to half
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Parameter 3-1 Machine 4-2 Frame Machine
Rotor

Length 23cm (97) 18cm (6.5”)

Diameter 40cm (15.77) 43cm (177)
Stator

Diameter 90cm (35.4”) 81lcm (31.9”)

Back Iron 23cm (9.17) 17cm (6.77)

Slot Height 2cm (0.8”) 2cm (0.87)

Slot Width .5cm (0.2”) 3cm (0.127)
Frame Size 90 x 40cm (35.4"x15.7”) | 81 x 32cm (10.5"x13”)

Table 8. Comparison of Two 200kW Design Dimensions

input voltage, depending on speed. With this restriction, the converter needs to be
rated at full voltage and double the full input current, due to low speed voltage. PM
machines are more expensive than induction, synchronous, or brushless doubly-fed
machines due to the cost of the permanent magnet material.

The above generator solutions require that all the power be processed by a
power converter, so a gearbox might not be necessary to lower the generator output

frequency.

6.2 BDFM Design Alternatives

Two designs were tried for this project: a 3-1 and a 4-2 BDFM. Comparisons of
the two designs are shown in Tables 8 and 9. Figures 6.1 and 6.2 show the converter
requirements for the two machines.

With 400H z on the power winding, the natural speeds for 3-1 and 4-2 BDFMs
are 6000 and 4000-=, respectively. The high speed of the engine dictates that a
gearbox be used to couple the BDFM to the engine. The gearbox size is determined



Parameter 3-1 Machine 4-2 Machine
Speed Range 4250 — 8500-%- | 2800 — 5600~
Converter Rating 200kVA 200k VA
Efficiency 89% 89%

Air Gap 1.Tmm 2mm

Table 9. Comparison of Two 200kW Design Performances

3-1 Machine : Converter Rating

Converter Rating (kVA)
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Figure 6.1. 3-1 Machine : Converter Rating
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4-2 Machine : Converter Rating
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Figure 6.2. 4-2 Machine : Converter Rating

such that the synchronous speed of the BDFM falls just above the operating speed
range of the generator system. The synchronous speeds for the 3-1 and 4-2 BDFMs
are 8000 and 6000_%~, respectively, giving gear ratios of 3:1 and 4:1, respectively.

The requirement to drive a load with a lagging 0.7 power factor requires that
the BDFM generator be overexcited to generate positive VARs. This increases the
converter size, because the converter supplies some of the VARs through the control
winding. The converter rectifier side is bi-directional, so it is used to supply some
VARs to ease the over-excitation requirements for the power winding.

The power winding output frequency is allowed to vary around 400Hz by +10%
to reduce the converter rating.

Two unusual design specifications were given : the steel can be used up to
2.33 Teslas without saturation and stator current densities of 23-"—‘:;—; are allowable.
In aircraft, space is at a premium, so very high-grade, high cost steel is used to
minimize the machine size. To reduce the motor size further, liquid cooling is used

and extremely high current densities can be achieved.
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6.3 Proposed Design

A BDFM stand-alone system uses power extracted from the power winding to drive
the control winding. As the machine would be required to be a starter motor for
the aircraft turbine, startup power requirements would be supplied by the terminal.
Short-circuit capabilities were not investigated for this design.

Operating above the natural speed of the machine, a BDFM generator generates
power from both the power and control windings, giving a smaller machine for a
given power level. Below the natural speed, the control winding takes power from
the power winding, necessitating a larger machine to drive both the grid and the
control winding.

Running at the lowest speed of 4000-%-, the 3-1 machine is 33% below the
natural speed. The 4-2 machine is 25% below the natural speed at the lowest speed
of 3000—~.

The size of the back-iron on a BDFM is largely dependent on the number of
poles on the control winding. With only one pole pair, the back iron is 23cm deep.
With two pole pairs, the back iron is 17cm deep. In both cases, the back iron flux
density is set to 2.37.

The back iron was sized to keep the back iron flux densities just above 2.2T.
Peak back iron flux densities in both designs were about 2.37.

The tooth flux density for the 4-2 BDFM is shown in Figure 6.4. The peak
tooth flux densities, due to power and control windings respectively, are 0.8T and
1.8T. The steel used in aircraft generators begins to saturate at 2.27, so a small
fraction of the teeth could be in saturation, depending on the angle between the
power and control winding fields. In the 3-1 machine, the tooth flux densities, shown
in Figure 6.3, peak at 1.1T and 2.9T, saturating a comparatively large number of
stator teeth and significantly increasing the harmonic content of the power winding
current. To reduce this saturation for the 3-1 machine would require a large increase

in the machine diameter, to provide a larger tooth width.

The 4-2 machine is proposed for use as the stand-alone aircraft generator based
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Figure 6.3. 3-1 BDFM Design Tooth Flux Densities

on converter size and the overall machine size and weight, which are crucial in aircraft
applications.

The rotor bar design is summarized in Table 6.3. Rotor bars are spaced equidis-
tantly. For this rotor design, the allowable current density is higher due to the oil
cooling used in aircraft generators. While the specification allows stator current
densities of 22#, the rotor current density was set at 5;‘;—; to reduce losses in the
rotor bars.

As in the Shp design, the skin effect should not effect the rotor bars. The
maximum electrical frequency on the rotor is 50Hz, giving a maximum dimension of

22mm.

6.4 Cost Estimate

Table 6.4 compares the cost estimates of similarly rated BDFM and induction ma-

chine stand-alone generator systems [15]. The cost of a BDFM was based on the
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Figure 6.4. 4-2 BDFM Design Tooth Flux Densities

Bar Number

1 2 3 4
Current(A) 2800 2100 2100 500
Required Bar Area (mm?) 580 420 420 100

Actual Bar Dimension (mm)(WzD) | 24225 16225 16225 10210

Table 10. Current Distributions in Rotor Bars and Bar Sizes



300Hp Induction Machine Drive

300Hp BDFM Drive

Part Cost Part Cost
4 Pole 300hp Induction Machine | $11,000 350hp BDFM $16,000
300hp Drive $39,600 200hp Drive $28, 200
300hp Line Reactor $1,900 | 200hp Line Reactor | $1,600
Total $52, 500 Total $45,800

Table 11. Cost Estimate

cost of a 350hp induction machine. While the comparison is by no means perfect
(this comparison assumes 60Hz, while the aircraft power is 400Hz), the reasonable

conclusion is that the BDFM system is significantly less expensive than the induction

machine alternative.

A synchronous machine system, presently used in aircraft power generation,
would cost more than an induction machine drive, due to the increased complexity

and size of the synchronous machine and the increased converter cost due to the field

winding.
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Chapter 7

Design Conclusion

The MLM appears to predict with reasonable accuracy the current distributions
among the rotor bars. With knowledge of the current carried in each bar, the bars
can be sized accordingly.

Theoretically, the square pole design approach will give the best performance.
This approach uses the least wire to achieve the same mutual inductance, lowering
resistance and leakage inductance. The square pole approach also results in a wide,
thin rotor, which gives extra room in the stator for the slots. This extra room allows
for extra copper to be used and for wider slots.

Practically, the low cost of induction machines does not allow custom frames to
be used for small to medium power applications. Most small induction machines are
constructed using NEMA frames, but the aspect ratios of NEMA frames disallows
the use of the square pole design approach for BDFM construction. Large machines,
where it becomes practical to use custom frames, could use the square pole design
approach.

The design of the 5Shp BDFM shows that cheap, readily available NEMA induc-
tion machine frames are practical to use for BDFMs. The efficiency of the BDFM is
comparable to “premium-efficiency” 5hp, 6-pole induction machines and higher than
5hp, 8-pole induction machines. System efficiency for the proposed 5hp BDFM is
significantly higher than the theoretical efficiency of either 6-pole or 8-pole induction
machine drives.

The design of the 200kW BDFM demonstrates that the BDFM is applicable
to stand-alone power generation in aircraft. Since no dimension specifications were
given for the aircraft generator, the square pole design approach was used to design
both the 3-1 and 4-2 machine. The converter for this application is rated at 60% of

the machine rating, providing a significant cost and space reduction.
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In both the 5hp and the 200kW designs, tooth flux density proved to be a major
design problem. The control winding’s lower pole-pair number results in high flux
densities. The high back iron flux can be accommodated by increasing the back iron
depth. The tooth flux densities are a more challenging problem, due to the relatively
fixed size of the stator teeth. The solution to the problem required increasing the
airgap. In the 5hp design, increasing the airgap led to decreased magnetizing induc-
tances on the power and control windings, which increased converter requirement,
due to the increased need for magnetization of the 6-pole winding by the 2-pole
winding, and reduced flux levels, due to the reduced magnetizing inductance. In the
200kW design, the increased airgap reduced flux levels, but didn’t affect converter

rating significantly.
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Chapter 8

Conclusions

Adjustable speed drives and variable speed generator systems have become popular in
recent years due to their flexibility and potential for process improvement. Inherent
in most ASD and VSG systems is the need for power electronics rated to process the
full kVA input/output of the system. The high cost of power electronics is driving
the search for systems in which the converter size can be minimized. The BDFM is
an ASD and VSG system candidate in which the converter size can be a fraction of
the machine rating.

Due to the complexity of the BDFM, modelling efforts have not taken into ac-
count the special rotor construction or addressed the current distributions in seperate
rotor loops. A Multiple Loop Model of the BDFM has been developed and pro-
grammed using Matlab. The model is presented herein and it’s implementation in
Matlab is discussed.

To validate the MLM for use in motor design, the MLM’s current predictions are
compared to current predictions from a finite element analysis and to current mea-
surements from an experimental laboratory setup in which the individual rotor loop
currents are accessible. The MLM’s results closely agree with both the finite element
analysis and the experimental results, suggesting that the MLM is an accurate and
appropriate model upon which to base future BDFM design efforts.

To demonstrate use of the MLM, two machine designs are presented : a 5hp
demonstration machine and a 200kW, stand-alone aircraft generator. Both of the
designs use the MLM’s predictions of loop current distributions to size rotor bar and
distribute losses evenly around the rotor.

The 5hp machineis to be used for BDFM demonstration purposes and is designed

to show a wide variety of BDFM behavior. Due to the wide range of applications
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this machine is designed to demonstrate, it was “optimized” to operate over a wide

r
min

speed range unloaded, from 600 — 900 with pump load characteristics and as a
high-speed generator.

The 200kW generator design demonstrates that the BDFM is applicable to
stand-alone aircraft power generation. The power electronics used to excite the con-
trol winding is rated at a fraction of the machine rating, whereas other stand-alone
generator systems would require converters scaled, at minimum, to the full machine
rating.

With the Multiple Loop Model, future BDFM designs will be able to scale rotor

conductors to distribute losses equally around the rotor and minimize rotor conductor

usage, reducing rotor cost and allowing for increased inter-bar steel.
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BDFM Simulator Programming

Due to the nature of the BDFM, it difficult to develop programs which automate
the simulation of BDFM.

For example: increasing the control voltage will usually increase the power factor
on the power winding. If the control winding is very over-excited, the program would
expect the over-excited power winding to have a capacitive power factor. Due to
the model’s predictions and the algorithm for finding the “proper” operating point,
the power factor on the power winding will return to an inductive power factor.
Predicting whether to increase or decrease the control voltage becomes very difficult,
because there is no way to figure out if an operating point is legitimate or whether
the operating point is a fluke of the model.

The BDFM control winding voltage is highly dependent on the frequency of the
control winding excitation. During a simulation, if the next speed point is much
different than the previous point, the control winding could over-excite the machine
and cause problems as mentioned above. There is no way to predict whether the
operating point due to a control voltage is too over-excited or realistic.

A unit change in control voltage does not provide a unit change in power factor,
due to the non-linear nature of the power factor. This requires that an interative
approach be taken to solve for the control voltage. In the interest of time, the quickest
solution is desirable, but due to the breadth of conditions and target operating points,
a slower approach is necessary. To increase the perceived linearity of the system for
the adjustments of control voltage, a four quadrant tangent is used to convert the
power factor to radians. The radians are then a nearly linear function of control
voltage.

The above challenges were found during the programming of the BDFM motor
simulator. The BDFM stand-alone generator simulator involves the above problems
and a few problems due to the closed system.

As mentioned above, power factor is a non-linear function of control voltage.

In the stand-alone system, the power factor is a more complex function due to the
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interaction of the control and power windings. This requires a more conservative
approach to the iterative solution of the control voltage.

The problem of over-excitation of the stand-alone generator system is also ag-
gravated by the interaction of the control and power windings. So far, no solution to
predicting whether the machine is over-excited or not has been found. Presently, the

programmer is responsible for recognizing the problem and correcting it manually.






