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The Brushless Doubly-Fed Machine (BDFM) has the potential to be a more cost
effective replacement for conventional induction or synchronous machine drives. The
BDFM has two stator windings: a power winding and a control winding. An electronic
power converter of variable voltage and frequency is connected to the control winding and
allows the speed of the machine to be adjusted synchronously. The power winding, by
design, carries the majority of the current needed for operation, the control winding only a
fraction of the current, thus enabling the converter rating to be as low as 25% of the rating
of the machine depending on the speed range of operation.

To date, only one specific stator pole-pair combination has been investigated,
namely the 3/1 combination, where 3 and 1 refer to the power winding pole-pairs and the
control winding pole-pair, respectively. Since the speed of the machine is dependent on
the sum of the pole-pairs of the stator windings, a general pole numbered model is needed
to evaluate the performance of such general machines with other pole-pair number
machines. The BDFM describing system equations are transformed to the two axis (dq)
rotor reference frame using a power invariant transformation. The analysis shows an
additional term involving the common bar impedance which was not present in earlier

analyses.



The dynamic model is simplified to yield a steady state synchronous model. The
synchronous frequency of analysis is investigated which results in two equivalent steady
state models. The models developed can easily handle excitation of any frequency or
sequence on the control winding without the use of an auxiliary model as used in previous
analyses. The voltage forced model predictions match data taken for a 5 hp BDFM
laboratory prototype, establishing the validity of the analysis. The model is used in
illustrating the torque producing capabilities and unity power factor operation of the
machine under a variety of inputs. Using the model, predictions are made on a different
pole-pair combination machine (4/2 BDFM) for use as a 60 hp pump drive as an

alternative to a 3/1 BDFM for the same application.
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GENERAL POLE NUMBER MODEL OF THE BRUSHLESS DOUBLY-FED
MACHINE

1. INTRODUCTION

Recently, there have been noticeable interest and research activities in using
brushless doubly-fed reluctance machines [1,2] and brushless doubly-fed induction
machines [3,4] for adjustable speed drives (ASD) and variable speed generation (VSG).
The brushless doubly-fed induction machine (BDFM) shows great promise in reducing the
rating of the power electronic converter needed for ASD and VSG applications to a small
fraction of the machine rating. Early work dealt with two separate wound rotor induction
machines cascaded together [5] to provide speed control. The BDFM [6,7] eliminates the
need for a wound rotor induction machine, and when used with a bi-directional power
electronic converter, has the ability to provide precise speed control by virtue of its two
stator windings and modified cage rotor. The BDFM shows promising results in
automotive, wind generation, and pump drive applications, as well as other variable speed
niche applications [3].

Stator pole-pair combinations investigated to date include 2/1, 3/1, and 6/2, with
2, 3 and 6 power winding pole-pairs and 1 and 2 control winding pole-pairs, respectively.
However, to date, two axis model development has addressed the 3/1 geometry
exclusively [8-10]. Investigations of other pole-pair combinations has been hampered by
the lack of a general pole number model. Designs other than the 3/1 have been based on
intuition and simplistic induction motor equations; focused optimization of these other
designs has not been possible. The general pole number model facilitates the design and
optimization of alternate pole combination machines. The expanded choice of pole
combinations allows for flexible designs enabling tailoring of the drive to custom speed

ranges and torque requirements.



The analysis of the 3/1 machine results in a very simplified model because there are
only four rotor nests which, when analyzed in a two axis reference frame, results in
immediate orthogonalities. This thesis extends the modeling technique to any number of
poles, enabling accurate design of new proposed BDFMs. The model shows the inclusion
of terms in the mutual inductance parameters which did not appear in the 3/1 model
because of cancellation due to the orthogonal axes of the 3/1 machine's rotor. Without
this model, there can only be rough calculations based on classical induction motor
equations which do not adequately define the relationship between two stator windings
sharing a common nested loop rotor. In addition, this model can be easily extended to
handle cage-less BDFM rotors, where a cage-less rotor has only one common endring.
This general pole model, in two axes, will result in a reduced simulation time due to a
reduction of the number of state equations needing to be solved in comparison to a
detailed simulation [11]. A power invariant d-q transformation is applied in the rotor
reference frame to the voltage equations to arrive at the simplified model.

The dynamic model of the BDFM is simplified to a steady state synchronous model
which enables steady state performance predictions. In addition, the capabilities of the
machine cén quickly be seen through a steady state analysis. The equivalent steady state
model is in the rotor reference frame, however, the two axis voltages and currents are
easily translated to terminal quantities through a scaling factor.

This thesis will describe the basic structure of the BDFM. Once the vernacular is
explained, the describing impedance functions of the machine are derived. The BDFM
system voltage equations are transformed to the two axis rotor reference frame through
the application of three transformation matrices. This results in a dynamic model which
can be converted to a steady state synchronous model. The model is validated by
comparison with test data of a 5 hp laboratory prototype BDFM. Performance predictions

of a proposed 60 hp pump drive are made for two alternate BDFM designs, a 3/1 and a



4/2 machine. Finally, the utility of the model in establishing the machine capabilities is

demonstrated.



2. BDFM STRUCTURE

Externally, the BDFM looks like a standard induction machine, the only noticeable
difference being the presence of an extra stator winding. It will use the same standard
frame sizes any other electric motor would use. With the use of a power converter, the
BDFM is designed to operate at a controllable synchronous speed as dictated by the
following formula [8, 10, 11]:

2-1)

where the sign on the control winding frequency denotes either positive sequence (+) or
negative sequence (-) with respect to the power winding. This formula will be proven in a
later chapter.

The BDFM has the potential to be economically viable in medium to high power
drive applications due to the reduced cost of the converter needed to run the BDFM as a
synchronous machine. In order to provide a base for further discussion, the machine

structure and peculiar construction methods are described.

2.1. Stator Structure

The BDFM is wound with two separate three phase windings: the power and the
control winding. These windings have different pole-pair numbers, Pp and P,
respectively. A particular BDFM is referred to by its combination of power winding pole-
pairs and control winding pole-pairs. For example, a 3/1 machine has 3 pole-pairs on the
power winding and 1 pole-pair on the control winding. Normally, the number of power
winding poles is greater than the control winding poles. No generality is lost by this

assumption. A system diagram of the BDFM is shown in Fig. 2-1.
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Figure 2-1. BDFM system diagram

The power winding is designed to have more poles than the control winding since
the power winding is designed to handle the bulk of the power processed by the BDFM.
In addition, the number of stator slots per pole is less for the power winding than for the
control winding because of the greater number of poles on the power winding. The power
winding is connected directly to the power grid, by definition. To date, BDFM ASDs that
utilize either 230 V or 460 V have been designed and constructed.

The control winding is connected to a power converter of adjustable/controllable
frequency and voltage. The control winding, by design, handles only a fraction of the
current of the power winding of the machine. This results in a decreased rating, and
hence, lower cost of power converter needed to operate the BDFM as an ASD or VSG
compared to an induction or conventional synchronous machine system. For limited speed
operation, the converter rating is unlikely to be greater than 50% of the power winding
rating. Depending on the speed range, the converter rating may be as low as 25% of the

rating of the power winding.



Controlling the excitation level of the control winding of the BDFM is similar to
adjusting the field current applied to a conventional synchronous machine. Viewing the
control winding as an equivalent field winding for the BDFM helps in understanding the
operation of the machine. The differences are that the control winding of the BDFM is in
the stator and has ac excitation; the field winding in a synchronous machine is on the rotor
and is excited by dc. The level of excitation on the control winding can control the power
factor of fhe power winding making it possible to run the BDFM in a unity, or even
leading, power factor condition. These features make the BDFM very appealing with the
tighter restrictions on harmonic pollution and the penalties imposed on industry for
operating machinery with a poor power factor.

The stator windings are normally double layered windings of fractional pitch.
Fractional pitch windings are used to reduce the amount of copper used in the
manufacturing process and to approximate sinusoidal distribution with multiple identical
coils. Given the winding diagram and the dimensions of the machine, the parameters of
the machines, such as resistance and inductance, can be estimated from classical induction
motor theory. For simplicity in analysis, only integral slot per pole per phase windings
have been assumed. This eliminates potentially troublesome sub-harmonics introduced by
fractional slot windings. Using integral slot windings and specifying the number of slots
per pole per phase on the power winding, Qp., fixes the number of slots per pole of the
control winding, O, and the number of stator slots, S. This distribution of the windings is
important in the design and construction of the machine. Table 2-1 shows possible

numbers of stator slots for three combinations of pole-pairs.



Table 2-1. Fixing of the control winding distribution and stator slots by
choice of the pole pairs and power winding distribution

Pp Pc Qp Qe S
3 1 1 3 18
3 1 2 6 36
3 1 3 9 54
3 1 4 12 72
3 1 5 15 90
4 1 1 4 24
4 1 2 8 48
4 1 3 12 72
4 1 4 16 96
4 1 5 20 120
4 2 1 2 24
4 2 2 4 48
4 2 3 6 72
4 2 4 8 96
4 2 5 10 120

2.2. Rotor Structure

The rotor of the BDFM, unique to this machine, is based on work done by Creedy
[12] and Broadway [7]. Similar to an induction machine, the rotor is normally non-salient.
The rotor may be either caged or cage-less. A caged rotor has two common endrings with
isolated loops that share only one of the cndring# A cage-less rotor has only one common
endring; all loops are isolated on the other end.  Both forms of the rotor have an endring
that all of the loops share.

The rotor has m loops within n nests such than n = P, + P,. The loops of the rotor
are numbered starting from the common loop, if present, and working inwards. All similar
loops within a nest are numbered in the same way. Fig. 2-1 shows one nest of a BDFM

caged rotor.



Depending on the pole-pairs of the windings, there will be different numbers of
nests. For example, a 3/1 machine requires 4 nests; a 4/2 machine requires 6 nests. An
illustration showing the isolated endrings of a cage-less rotor is shown in Fig. 2-3.

The rotor bars may either be placed in the slots, or the entire nest structure may be
die cast. The laboratory prototype BDFM, for example, uses American Wire Gage
(AWG) #4 bar for the loops. However, a 60 hp pump drive BDFM, soon to be installed
in a municipal waste water treatment plant, will have a die cast rotor of an aluminum alloy.
It is anticipated that this ability to manufacture the rotor through a die cast process will
make the BDFM competitive with the induction machine for the adjustable speed drive

market.

/Loopl Loopm

Figure 2-2. One nest of a BDFM Caged rotor showing loop numbering



3 loop nest

(1 of 4)

Figure 2-3. Isolated endrings of a 3/1 and a 4/2 BDFM
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3. IMPEDANCE MATRICES

The impedances of each of the stator windings are determined based on the
distribution of the three phase windings around the stator. The axes of each of the phases
are assumed to be 120 electrical degrees apart. The rotor impedance functions are derived
based on the geometry of the rotor, accounting for the nesting of the rotor loops. The
rotor is assumed to be non-salient. The impedance functions are known as the 'abc'
quantities since they refer to the actual phases of the machines and, in the case of the
rotor, to the actual loops of the rotor. These abc quantities are subsequently transformed
into the direct-quadrature (dq) reference frame which rotates at the mechanical velocity of
the rotor. This reference frame is referred to as the rotor reference frame; the transformed
quantities are called 'dq' quantities.

The abc voltage equation [8,10], (3-1), delineates the particular impedance
functions that must be derived. Once the impedance functions are determined, they can be
transformed to the dq rotor reference frame. There is assumed to be no direct coupling
between the power and control windings due to the different pole numbers on each of the
windings. Coupling is assumed to occur only through the rotor, as represented by the

zero entries in (3-1).

p sp spr || “sp
v =l 0 z, zZ_|i, (3-1)
r Z;pr Z:cr Zr ir

3.1. Stator Impedances

The power winding impedance matrix, (3-2), is independent of the rotor position

due to the non-salient rotor. This matrix resembles the stator impedance matrix of a
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standard induction machine [17]. The self impedance terms are located along the diagonal

and include the leakage inductance of the winding.

-

r,+D(L,, +L,)

1
_EDthp

1

2 Lop

1
_ED:me

r,+D(L, +L,)

“ipr

2

1
-- DL,

1
-- DL,

r,+D,(L,, + L,,,)J

(3-2)

The control winding impedance matrix, (3-3), resembles the power winding
impedance matrix. The values of the inductances in both matrices can be determined by

classical methods based on induction machine theory [13-17].

r +D1(me+Llc) _%Derc __;_Dthc
Z = —%D,me r.+D(L, +L,) —%D,Lm (3-3)
—%‘D‘me —%Dtl’mc ’;:+Dt(me+Lk)
3.2. Rotor Impedances

The rotor impedance matrices are rather elaborate since they must include the
mutual inductances between any and every loop with all other loops on the rotor. In
addition, the presence of a common endring necessitates the use of a common resistance
which is used to compensate for the other currents that are also flowing in the endring
when writing the electrical mesh current equations which describe the rotor. When using
a caged rotor, the common nest bar impedance must also be included in the impedance;

this consists of the bar resistance and the slot leakage inductance.
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The total rotor impedance matrix is partitioned into sub-matrices. These sub-
matrices group all of the impedances associated with a particular loop number. There are
assumed to be 7 nests, each consisting of m loops. Therefore, each sub-matrix is square of

order n, and the complete rotor impedance matrix, (3-4), is square of dimension mn.

Z, 2,, - 1,
A (34)
Zml Zm2 ot me

The indices in (3-4) refer to a specific loop. The off-diagonal terms group the
mutual inductance terms from loops j to loops i. Loops are numbered in a nest starting
from the outer loop, working inwards. If the rotor has a cage, the cage bar is loop 1. The

impedance matrix for the caged rotor terms [8,10], (3-5), includes the effects of the shared

bar impedance.

n+DL, ""1'1 —D,(l;, + Mu) -D,M,, _"1.1 “D:(Elx +M,
_’11"D:(L|1+M11 n+D, Ly, —"u‘D:(Lu"‘Mu) -D,M,,
zZ,= -D,M,, M _Dx(Lu + Mn) n+D,Ly, -D,M,
_""1'1 —Dt(Ell + Mn) -D,M,, -D,M,, m+D,L,
(3-5)

If the rotor were cage-less, the impedance matrix would be like the other diagonal

matrices in (3-4) as shown below.

n+DL, -DM, -- -DM,
-DM; nr+DL, --- -DM,

Zii = . . e (3'6)

-DM, -DM, - r,+DL,
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Equation (3-7) shows an off diagonal impedance matrix of (3-4) which includes
the common resistance of the shared endring and the mutual inductance between the same
loop number in the same nest and from different nests. The common resistance term is

used to describe the currents in the shared endring.

[r,+D,M;, -DM, -- -DM,
-DM; r,+DM, - -DM,

o=l T e GD
| -DM;  -DM; - r;+DM,]

3.3. Stator-Rotor Mutual Impedances

The mutual impedance between one winding and the rotor is analyzed by
considering the effects of a particular loop number in all nests. Each set of similar rotor
loops is similarly analyzed. The complete mutual inductance matrices between the
windings and the rotor are shown in (3-8) and (3;9).

Z,.=DL, =D[L

Lyo - L (3-8)

sprl

=D,

!

Lt Lo (3-9)

In order to maintain a common reference for all measurements, the impedances are
written in terms of mechanical angles. Each nest, and, hence, each specific rotor loop are
spaced 2% mechanical radians from the nest proceeding. This spacing is translated into
the equivalent electrical spacing of the winding by multiplying the rotor nest displacement
by the winding's pole pairs. An examples of the power winding component mutual

inductance matricx is shown in (3-10) where 6; is the physical rotor position.



cos(Pp(G, _2rm n cos(Pp(e, _2m,2n
A 3, n
cos| P[0, - cos| P 6,—4—1t 2
P A i 3P, n

. cos[Pp(e,—
. cos(Pp(e,—

14

(n-1)2n

P

14

ol 220)

_2_1c+ (n-1)2=r
3P

14

)
)

(3-10)

n

(n-1)2=

4r
—_—t
3P

p

The control winding mutual inductance matrix has an arbitrary offset angle, o, to

account for any offset between the a-phases of the two stator winding systems. This angle

is a physical angle extracted from the winding diagram as shown in Fig. 3-1. Once

chosen, the angle will enable the alignment of the two winding's q-axes.

power
winding

control
winding

Slo
#:

o

A

a-phase
axis

AA
AA

A'A
AA

aaaaaa
aaaaaa

S 1 5

v

10

P —

a-phase
axis

A= + coil side
A' = - coil side
a = + coil side
a' = - coil side

aaaaaa
aaaaaa

15 20

Figure 3-1. Portion of a winding diagram showing the relative
displacement between the a-phases of the two windings

An examples of the control winding component mutual inductance matricx,

incorporating the physical displacement angle, o, is shown in (3-11).
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cos(P,(6, - ) co{pc(e,_w,%")) co{ 0 __a+_(_n_:’:)ﬂ))

L=M,, COS(Pc(er"a- 21‘)) co{l’c( . co{l’c(e, -o- 2” ("' ':)2")J

CO{P(G a-4—“B co{g[e,-a- 4"+3’3B co{ 9 o 47‘ Iy I)ZRD
3P, 32 n . -

(3-11)

Once all of the impedance matrices have been determined, the machine
performance can be determined through simulation.. However, the resultant electrical
system needed to describe the BDFM is of order 6+mn. For even a moderate sized
BDFM, this results in a substantial coding and simulation effort. In order to speed the
simulation process, the system equations are transformed to the dq domain which will

reduce the order of the electrical system to 6.
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4. TRANSFORMATION MATRICES

The dq mechanical rotor reference frame is a convenient frame to analyze the
BDFM because it simplifies the impedance functions. A modified, power invariant, Park's
transformation is applied which will ensure simplified torque and power equations. A
general transformation matrix that encompasses multiple harmonics given in [18] can be
simplified to analyze only the fundamental effects of the stator windings and the rotor

nests. Because the matrix is both orthogonal and power invariant [26],
cl=C". 4-1)
The transformation matrix, C, is defined such that an arbitrary abc variable can be

transformed to the dq reference frame as shown in (4-2). A graphical representation of

the transformation is shown in Fig. 4-1.

g0 = Cflye (4-2)
a
q
%>
d
c b o,

Figure 4-1. Graphical depiction of three phase to dq rotor reference frame
transformation
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The transformation process is taken in steps. Each winding is translated to the
rotor reference frame separately. The rotor is then translated to the reference frame
through the use of two separate matrices so that the effect from both windings can be
included. This process will, in effect, establish two dq reference frames, superimposed on
each other, which rotate at the speed of the rotor. There is assumed to be no direct
coupling between the two stator windings; coupling from one winding to the other occurs
only through the rotor. The applied voltages are assumed to be sinusoidal so that only the
fundamental of each need be analyzed.

4.1. Stator Transformation

Transformation of the two stator windings is accomplished through the application
of separate transformation matrices. The power winding stator transformation, (4-3),
resolves the three phases of the power winding onto two orthogonal axes. These axes are

locked onto the rotor by inclusion of the rotor angle, 6.

2% 4n
cos(Ppe,) cos[Pp(G,—E)] cos(Pp(G, -;}—.:)]

C, = %sin(Pper) sin(Pp(B,—%]] sin[Pp(G,—;thD 4-3)

1 1 1

2 2 2

In order to align the g-axes of both systems, a mechanical offset angle, o, is
introduced which is defined as the angle between the a-phases of the two windings as
defined in the previous chapter. The control winding transformation, (4-4), shows the

inclusion of this angle.
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C,. = % sin(ﬂ(e, - Ot)) sin Pc[e, —Q —32712) Sif{Pc (er - 0“%) (4-4)
1 1 1
2 2 2

4.2. Rotor Transformation

The rotor transformation is the translation of the electrical effects of the axes of
the neéts onto the dq axes. Since the rotor reference frame is used, there is no relative
rotor-stator angle in the rotor transformation process. Each loop is transformed to
equivalents on the dq axes by translating the mechanical displacement angle to the
equivalent electrical angle through multiplication by the pole pairs of the winding. Each
particular loop set of the same number within the nests is separately translated.
Assembling the rotor transformation as a row matrix has the effect of summing the effects
of all loops on an axis into a single equivalent combined loop. Each of the rotor loop
transformations in (4-5)and (4-6) are identical; the subscripts are used only for consistency
with the rotor impedance matrices.

Cp=[Cpi Cpa - Copo (4-5)

C.=[Ci Cr: * Cren] (4-6)

rel

Without loss of generality, the axis of the first nest is assumed aligned to the g-axis

of the reference frame. The rotor loop transformation matrices, (4-7) and (4-8), are
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rectangular since zero sequence currents cannot exist within the closed rotor and the n
nests are to be reduced to two equivalent coils. The argument of the sinusoid functions is
assumed negative since the reference frame is assumed stationary when viewed from the

rotor. This is consistent with the development of the stator transformation matrices.

71 cos(—sz—n) cos(-—P H—(n-—l))
Coi = — o 4-7)
mnlo sin(—Pp— s1n( P,,-—-—(n 1))
n
7! cos(—PcH cos( Pc—(n 1))
C.u=.+— 2’; (4-8)
mlo sin(—Pc——) sm( > =8 (- 1))
n

Using the transformation matrices developed, the dg model can now be developed

through the proper transformation of the impedances.
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5. FORMULATION OF THE DQ MODEL

Using the abc to dq variable transformation relationship, (4-2), the voltage
equation, (3-1), can be arranged as the rotor transformation product, (5-1), where all

voltages are now assumed to be dq reference frame voltages.

v.,] [Co 0 O0]Z, o0 Z_|C, o0 o[i
vel=1 0 C. O0f 0o z, zZ_ [0 CI o|f{i (5-1)
v, 0 o0 Cz, z; Z [o0o o CT[i

However, there are two rotor transformation matrices which necessitates the
splitting of the rotor currents and voltages into two components. One of the components
is due to the interaction with the power winding, the other with the control winding. This

will introduce two additional states, (5-2), which will later be combined.

(5-2)

The complete rotor transformation product to be calculated is now shown as (5-3).
The states introduced into the rotor obey the law of superposition. Each of the voltages
and currents have both q and d-axis components. The rotor will not support zero
sequence terms. The stator quantities, however, may contain a zero sequence quantity if

supplied from an unbalanced source.
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| [Ce 0 0 o7z, o Z, Z, Jct o o oTi,
vel |0 C. 0 oo z, Z,  Z. [0 CcT o o |i (5-3)
Vel |0 0 C, 0fZ 0 Z 0f0 o CT olfi,
Vel LO 0 0 C 0 Z[, o0 Z o o o C"|i,

The impedance terms in (5-3) contain the differential operators which operate on
the product of inductance and current. This will introduce speed induced voltage terms,
referred to as speed voltages, due to the differentiation of the sinusoid functions in the
stator transformation matrices. The transformed dq impedance, Z g4, can be broken into a

term that is not a function of the rotor angle, and one that is. Hence,

Z(r,L,8,)=G(r,L)+H(L,0,) (5-4)

where r, L, and O, are the respective resistances, inductances, and rotor angles in the
original impedance matrices. The sum, (5-4), can be expanded into the different matrices

that need to be evaluated as shown below.

8n 0 g, g [hy O h; hy,
0 2, 2 8 0 h, hy; by,
g1 0 g5 O h, 0 0 0

0 g, 0 g, 0 h, 0 0

Zy= (5-5)

From (5-5), the varying matrices can be classified as stator self impedance, mutual
impedance, and rotor equations. The subsequent sections derive each of these equations.
The trigonometric relationships in Appendix A are used to simplify the evaluation of the

terms in (5-5).
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5.1. Stator Self Impedance Matrix Equations

The power winding self impedance matrix equations involve two terms, one of

which is a speed voltage term. The first product, g11, is defined as

g1 =C,Z,C; (5-6)

pisp sp*

Using the angle relationships in Appendix A,

r,+ LPD, 0 0 3
g,= 0 r,+L,D, 0 , L,= > L,+L,. 5-7
0 0 r,+L,D,

Note that the resistances and leakage inductances of the windings are unaffected by the
transformation process.

When computing the speed voltage terms of the power winding, the derivatives of
the inductance-transformation matrix product must be taken. The resistances in the
impedance matrix have been removed so that only inductances remain. The first speed

voltage matrix to be solved, hy1, is shown below, where Uj is the identity matrix of order

3.
h,, =C,D,((Z, -,U,)ct) (5-8)
Simplifying,
01 0
hy,=Pw,L|-1 0 0 (5-9)
0 0 0
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where @ is the result of differentiating the rotor position.

The control winding equations, derived similarly, are as shown below.

r.+L.D, 0 0 3
g, = 0 r.+L.D, 0 , L = > L,+L, (5-10)
0 0 r.+L.D,
and
0 10
h,,=Po,L(-1 0 O (5-11)
0 00

5.2. Mutual Impedance Matrix Equations

The matrices that reflect the mutual impedance between the rotor and the stator
are the vehicles of coupling that make the BDFM work. The rotor transformation
matrices, (4-5) and (4-6), do not depend upon the rotor position. Therefore, the
differential operator acts only on the time varying inductance-current product and not on
the transformation product. Note that, even though written as an impedance, the mutual

impedance matrices are purely inductive. Begin by defining the following products,

g8;=C

T
‘PZWTCH’

h,=C,D(Z,)Ct

s\ “spr

(5-12)

Simplifying (5-12) using the series expressions given in Appendix A, yields.

10 0 1
g3=M,|0 1D, h;=PoM|-1 0 (5-13)
00 0 0
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where

n) |3 ¢
Mp=(5) oMo n=B R (5-14)

Since Zgpy and the rotor transformation matrix, (4-5), are row matrices, the
product has the effect of summing all of the magnitudes of each of the matrices to arrive at
an equivalent dq mutual inductance between the power winding and the rotor, expressed
as a closed form series as shown in (5-14).

Similarly, the value of g14 and h4 can be found. However, in this case, the
control winding rotor transformation matrix, (4-6), is used as the right multiplying matrix.
This results in a change of signs in the value of the matrices because the control winding

transformation matrix is used to transform power winding mutual impedances as shown

below.
1 0 0 -1
8.4=M,0 -1|D, h, = Po M, -1 0 (5-15)
0 0 0 O

Similar results are obtained when solving for the control winding dq mutual
inductances.  Transforming the impedances derived for one winding with the
transformation derived for the other winding results in the effects each winding has on the
other through the rotor. Without any intermediate steps, the results for the control

winding mutual impedance matrices are shown below.
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i Mth _Pco‘)rMc
g23 + h23 = _B:(orMc _Mth
0 0
- (5-16)
Mth PcmrMc
g24 +h24 = _F::o‘)rMc Mth
o0 0

where

n 3L
M=z "— M, n=P+P 5-17
¢ (2) mn,zl' gy M= 0p TR ( )

Elements g31 and g42 are the transpose of g3 and g4, respectively. However,
the speed voltage terms, h31 and hqp, when evaluated, are equal to zero. This results in
no speed voltages induced into the rotor. This is to be expected since the motor is being

modeled in the rotor reference frame.

5.3. Rotor Equations

The transformation of the rotor impedances results in an equivalent rotor
inductance and resistance. The entire rotor transformation process for the power winding

is described in the following equation:

g,,=C_Z C* (5-18)

porrp

This product can be expanded so that
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Zu le Zlm Cfpl

Zz, Z, - Z, |CT
g33=[crpl Copr - Crpm] 21 :22 . 2 :‘p2 (5-19)

Zy Z,, - Z,,|CL.

ml

The transformation of the terms in (5-19) is straightforward except for the
transformation of the outer loop system impedance, Z11, when a caged rotor is used
because of the presence of the common bar impedances of the outer loops. For a caged

rotor, this transformation results in the following.

i+ (L + My,)D, '2("1'1“'1:1-)005(—1" 2E)D, 0
lezllcrpl =‘l" ’n \
" 0 ’i|+(L"+M“)D, _2('{1"'[:11)003(_%—”3)0:
(5-20)

This result shows the effects of the common bar impedance that was not present in
earlier analyses [8-10]. In these previous analyses, only the 3-1 machine was investigated
for which the cosine terms in (5-20) do not appear. This effect is important since the
performance of the BDFM is sensitive to the rotor inductance.

The remaining transformations are straightforward so the details will not be

shown. The transformation results in the following:

g =TT O 5.21
83:378u ™ 0 r+LD, (5-21)
where
i%j
1 m 'm m .ﬁ .
L=— Z(Lﬁ+MIi)+ZZ(Mij+Mij)_2005(_[;;2£)l11 (5-22)
ml j= j=1 =1 n

and
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<38 S nmaeef 1 2):) 52

These equations show the equivalent dq rotor inductance and resistance as a
summation of the abc values. The effects of all the loops have been condensed into an

equivalent impedance present on each of the axes.

5.4. Complete Voltage Equation

A voltage model, below, using the results of the transformation product can now

be assembled which incorporates the two additional rotor states previously defined in (5-

2).
(v, [r,+L,D, Po,L, o} o 0 0 | MD  RoM, | MD ~RoMTi,]
v, | |-Ro,L, r,+L,D, o 0 0 0 -RoM, M,D i~hoM, -MD i,
el |00 kb 00 0 o0 0 i o o i
Ve 0 0 0 Vn+LD ~Pel 0 T MD T -PoM MD ~ PoM |i
vel| | O 0 0 i-PolL r+LD, 0 -PoM  -MD |-PoM  MD, i,
L% I I . 0 .0 0 ntLDi O | 0 .. .8 ... 0 __fk
Ver M,D, 0 0o 10 0 0 {n+LD, o T 0 0 i
V| L0 MP 0 G0 0 0 4 0 nhpi o 0 li
Ve 0 0 0 ' M.D, 0 0 : 0 0 ' r,+LD, 0 Qg
vee ] L O 0 0o i o0 M.D, 0o 1 o0 0 i o r,+LD, }ii,. |
(5-24)

In order to simplify the system described by the above equation, the rotor states
must be combined. This can be accomplished by looking at the transformation of the dq

rotor currents to the abc domain. Superposition holds so that

i, =Cli, +Cri,. (5-25)

Expanding yields,
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i 1 0 1 0
Loy | cos@ sin@ [im] . cosf sinf [i qm]
. : : igy : : g
bmay | cos((n-1)8) sin((n—1)8) L, cos((n—1)B) sin((n-1)B) oz
(5-26)
where
e=—Pp2—“, p=-p 2% (5-27)
n n

The subscripts on the matrix elements designate the loop and nest numbers. The
subscripts on the matrices designate their dimension.

The currents on the left hand side of the equation are the abc rotor currents.
However, since the transformation matrix is rectangular, the system is over determined.
Therefore, the abc currents are only equivalent currents. There will be multiple solutions;
the value of the currents that exist in the rotor loops cannot be determined with this
model. Nevertheless, equivalent currents are adequate to describing the performance of
the machine. The only limitation is that no design decisions concerning the grading of the
conductors can be made using these equivalent currents.

Because the system is over determined of rank 2, only two independent equations
exist which describe the system. This fact will be used to combine the four dg-axis rotor
currents into two equivalent dg-axis rotor currents. Expanding (5-25) results in the

following relationship for the g-axis currents:

iy =gy =iy i (5-28)

Expanding the second row of (5-26) results in
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b= cos(O)i,m) = sin(8)i,,, +sin(B)i,, (5-29)
and, realizing that
sin(8)
= _1 ’ 5‘30
sin(B) (5-30)

yields

- 12 —c0s(8)L, P
dr Sln(e) drp dre*

(5-31)

The additional rotor states, created earlier for the simplification of the analysis in
order to adequately incorporate the effects of both windings on the rotor, can now be
combined through the definitions in (5-28) and (5-31). The final form of the BDFM dq

voltage equation is shown as (5-32).

[vp,] [r,+L,D, PolL, 0 0 0 0 M,D, PoM, Ti, T
ve | |-P0,L, r,+L,D, 0 0 0 0 -PoM, M,D, |i,
Vo, 0 0 r,+L,D, 0 0 0 0 0 iop
Ve 0 0 ] r.+LD, Po,lL, 0 M.D, -PoM,|i,
ve | 0 ] 0 -Pw, L, r+L.D, 0 -PoM, -MD, |i,
Voe 0 0 0 0 0 r.+L.D, 0 0 iy,

0 M,D, 0 0 M.D, 0 0 r.+L.D, 0 i,

o] | o M,D, 0 0 -M_D, 0 0 r,+LD, | i,

(5-32)

Since the voltages are the driving inputs, the resultant model is a voltage forced
model. The dq voltages can be found by transforming the abc domain quantities using the

stator transformation matrices as shown in (5-33).
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vqp vAp
Vo = Copl Vap
v, v,
0 Cp
- (5-33)
vqc vAc

5.5. Torque Equation

The torque equation is derived based on the assumption of a linear magnetic circuit
so that the co-energy can be used instead of the energy of the magnetic system. Using the
impedances, the rate of change of the impedances multiplied by the current will yield the
equation for the torque. The torque equation, in conjunction with (5-32), will describe the
entire electromechanical system of the BDFM. The electrical torque can be expressed in

terms of the abc variables as shown below.

d
T, =i, —7Z_i 5-33
e lS aer Sl'll' ( )
Substituting for the dq quantities,
C 0]o0[Z Y/ ct o
T =it | ® L | I Boge - -34
) lqd|: 0 Csc ] aer [Zm Zsrc ][ 0 C:c ]lqd' (5 )

Simplifying the above in conjunction with (5-28) and (5-31) yields the final dq electrical

torque equation as shown:

T, = PM, (i, —ipiy )~ PM, (i, +i,i,,). (5-35)

c
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The final torque equation relates the mechanical system to the electrical system
within the BDFM. Incorporating the inertia and damping of the mechanical system results
in the final torque equation,

ae, . do

J= e+ B L=~ T, (5-36)

In order to simulate the dynamic performance of the BDFM, the voltage equation, (5-32),

and the above torque equation are used.

5.6. Comparison With Previous Model

When compared to the previously derived model [8-10], three observations can be
made. First, the model developed here is able to consider any pole pair combination. This
greatly enhances the utility of this model, allowing predictions of performance for
machines for specific applications and speed ranges prior to manufacture.

Second, this model has a dq mutual inductance between the control winding and
the rotor which is the negative of that derived in the earlier analysis. This is due to the
previous analysis working with a common winding stator. The common winding stator
has the a-phase of the control winding offset by 220 degrees from the a-phase of the
power winding. The previous work only used the 40 degree offset in simplifying the
transformation product. This reverses the signs of the sine functions, leaving the cosine
functions the same. When comparing the performance predictions, the result is irrelevant
so long as the equations are consistent; both models predict the exact same results for 3/1
pole-pair machines. This would be expected since the aligning of the two windings within

the stator should not be significant to the overall performance of the machine.
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Finally, because of its lack of generality, the previous analysis did not arrive at the
extra function that shows the special influence the rotor slot leakage inductance has on the
equivalent dq rotor inductance. When analyzing the 3-1 pole pair machine, the effect of
the additional slot leakage inductance term is null because of the argument of the cosine
function in (5-20). Consequently, since the machine is sensitive to the rotor inductance,
analyzing varying machines with other than the 3-1 stator pole pair combination would

yield erroneous results
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6. STEADY STATE MODEL

Dynamic models are very useful in determining the speed of response of a system
and viewing the transient behavior of a motor. However, the steady state operating
conditions of the BDFM are important also. In many applications, the necessary motor
response can be very slow, of the order of seconds, so that the steady state operating point
is very important in comparison with the dynamics of going from one operating state to

another. This chapter will show the development of the BDFM steady state model.

6.1. Voltage Transformation

A synchronous, steady state model of the BDFM is desired. This model will be
voltage forced, similar to the voltage forced dynamic model presented earlier. Balanced
voltages are assumed applied. The voltage functions are transformed to the dq domain
using the stator transformation matrices, (4-3) and (4-4). The power winding voltages

will be assumed to have the following form:

- -
v cos(a)pt)
Yl 2%
Vg, |=V,]| cos o)pt——3— . (6-1)
Vep 4r

cos o)pt—-T

The power winding voltage is assumed to be positive sequence. The applied
control voltage can be either positive or negative sequence. The control phase voltages

are shown below where the upper sign is used for positive sequence and the lower sign for
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negative sequence. In addition, there is assumed an arbitrary time zero phase

displacement in the voltages.

v, cos(coct2— ¢cp)
Ve | = Q cos(coct + —3£ - (I)cp) (6-2)
12

« cos((oct + ZTR - %;)

The voltages are now transformed to the dq domain using the relationship
expressed in (4-2) and the transformation matrices (4-3) and (4-4). The power winding dq

voltages are

(6-3)

3 v [cos(Ppa),t - pt)}

L PN sin(P0,1-0 1)

Because this is steady state, the rotor position is linearly dependent on the rotational

velocity of the rotor. There are no zero sequence terms because balanced voltages are
assumed to be applied.

The control winding voltages have the same form. The two possible applied

sequences are reflected in the signs associated with the angular velocity of the control

winding. The transformed voltages are shown below.

3..[cos(Po,t-wt+T?)
v, =,]=V
¢ ‘Jz “| sin( Pw,t -, +T*) (6-4)

r*=¢,-Pa, I"=-¢,-Po



35

The control voltages are written in terms of one angle, I', that can take on one of
two values depending on the phase sequence. This proves to be easier when analyzing the
machine, leading to simplified equations when solving the steady state describing
equations for an operating point. In general, knowing the components of I" is not
necessary in analyzing the machine since this angle cannot be measured directly.

Thé angle o is a physical angle that can be measured in the machine or extracted
from the winding diagram as shown previously in Fig. 3-1. The angle ¢cp cannot be
measured in the machine. It is a phase shift angle that only has physical significance in the
rotor reference frame. The combined angle, T, proves to be very important in determining
the operating point of the system. It is analogous to the electrical torque angle as used in
describing the behavior of synchronous machines. In fact, plots of torque versus this angle
show that, depending on the excitation level of the control winding and the speed of
operation, the machine can meet a variety of load torques, both motoring and generating,

by internally varying I, as will be shown later.

6.2. Frequency of Analysis

Once the voltage equations are derived, they must be transformed into the phasor
domain. The cosine function, in accordance with standard practice, will be used as the
basis for the transformation to the phasor domain as shown below. When analyzing
phasors, the frequency variation term is dropped and only the phase angle is used to

represent the phasor.

cos(er +'¥) = Re{e/ ¥} (6-5)
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In order to analyze separate systems in the phasor domain, the systems must all be
at the same frequency. Therefore, from (6-3) and (6-4), the following frequency

relationship must hold in order that the machine be analyzed in the phasor domain.

(Po,F0,)=HPw, -0, (6-6)

This analysis considers only machines with nests equal to the sum of the pole-pairs.
With this rotor structure, only the negative sign relationship on the right side of (6-6) will
enable an average torque to be produced in both windings. For the machine to work, and
for the model to accurately predict the performance of the machine, the windings must be
able to produce an average torque. Solving for the rotor angular frequency results in (2-
1).

The valid relationship of the frequencies is

o, =(Po, Fo,)=(0,-Po,). (67)

However, an equally valid representation is to use

oy =(t0,-Po,)=(Ro,-o,) (6-8)

where the negative sign is placed on the left side of the (6-6) instead of the right. This
alternate frequency relationship gives rise to an alternative, but equivalent circuit. Only
the form in (6-7) will be used for analysis since this form is more like the form analyzed
previously for the 3-1 pole pair BDFM [4, 10] which will enable comparisons to be made

more readily.
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6.3. Steady State Voltage Model

The frequency of the phasors is given in (6-7). The voltage equations can be
written in terms of complex phasor quantities as shown, where all voltages are assumed to
be dq steady state voltages. Even though peak voltages are shown, rms quantities can be

used so that the resulting circuit model is in terms of measurable quantities.

The currents can be similarly defined. However, in defining the phase angles, it is
assumed that all currents will, arbitrarily, have a positive phase angle. Even though the
machine may not operate with positive current phase angles under all conditions, using
such will simplify the analysis of the torque equation.

e”’
. #

Ip =J2—ip[ p]
Je

p (6-10)
I, =J§i,[ " ]

—je

The current equation, above, is in terms of the rms currents, denoted by a tilde
above the quantity, developed in the windings. The + on the phase angle of the control
winding current denotes whether the phase is for positive or negative sequence excitation,
respectively. For analysis purposes, only the magnitude and sign of the total angle is
important. Knowledge of the components that make up the angle is not useful in

determining the machine's steady state operating point.
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The rotor current needs to be defined with the same structure as the stator power
winding currents in order that an average torque be produced. Under steady state
conditions, it is essential that an average torque be produced for a valid synchronous

model. Hence, the rotor current definition is

_ ei¢,
I, =21 o (6-11)

The time derivatives of the currents are derived from (6-3) and (6-4) and are

shown below.

DI, = j(mp —I;,m,)lp
DI =j(Pa, Fo,)I, (6-12)
DtIr = j(oRIr

Equations (6-9) - (6-12) are now inserted into the dynamic voltage equation, (5-
32). The g-axis voltage equations are used since, by definition, the g-axis is aligned with
the a-phase axis of the power windings. All currents are written in terms of the g-axis
currents to arrive at the customary system used for analysis. When the d-axis voltage
equation is used and the currents are written in terms of the d-axis quantities, the d-axis
model results. Making the substitutions, above, in the g-axis dynamic voltage equation
results in the following steady state dq model where all quantities are rms values:
v, =(r,+jo,L,)I,+jo,M,1I,
V, =(r. ¥ jo L)L F jo.M,I, : (6-13)
V, =11, +jo (LI, +MI +MI,)=0

qr rqr c“qc
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These equations lend themselves to the equivalent circuit model shown. Note the
use of current controlled voltage sources in the model. This is the most accurate
representation of the voltage equations since it accounts for the variation in the self

impedance of the control winding.

’;7+J(DPLP ,;'+J(DRLr

o—] l
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A A
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o—] |
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I

V. joumi,()

Figure 6-1. Steady state equivalent circuit

An interesting result of the model is that the control winding has a negative self
inductance when under positive sequence excitation. This is due to analysis in the rotor
reference frame. If the alternate frequency convention defined in (6-8) were used, the
negative self reactance would be seen in the power winding. In addition, the signs on the
frequency elements of the control winding voltage expression would be reversed. Either

model is representative of the performance of the machine.
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The steady state model is only valid when the BDFM is synchronized. There must
be induced voltages in all circuits in order for the model to be valid. For example, the
model] is not valid if there is no control winding current; the motor could not possibly be
synchronized under this situation. However, the model can accept any frequency of
excitation on either winding, e.g. dc on the control winding given by . = 0.

For the sake of completeness, the d-axis equations are derived similarly to the g-
axis currents. In this case, the d-axis dynamic voltage equations are used. All equations
are written in terms of the d-axis quantities through the use of the j operator, as

applicable. The d-axis equations, without derivation, are shown below.

=(r, + jo,L,)I,, +jo M1,
=(';: _T-jmch)Idc ij('ocAlcldr (6'14)

c

Vdr = rrIdr +j0)R(LrIdr + MpIdp - McIdc) =0

In comparison with the synchronous model developed in [8, 10], this model avoids
the use and definition of slips. Using slips can be confusing since the term slip implies
asynchronous operation whereas this model is for synchronous operation. In addition, the
use of slip in the control voltage equation in [4, 8, 10] precluded analysis with dc
excitation of the control model without defining a separate, dc excited model. The model

presented here handles all applied frequencies equally well.

6.4. Torque Equation

In order to incorporate the mechanical influence on the BDFM, the electrical

torque equation must be written in terms of the steady state currents. In order to derive
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the steady state torque equation, the time varying, sinusoidal dq currents are substituted in

(5-35) with the following result:

T,=2PM,I I sin(0, ~¢,)-2P.M 1. sin(0, - 9,) (6-14)

where the currents are rms quantities. The factor of two shows that either axis of the
steady state winding model, i.e. d or q, can be used to sufficiently describe the system. By

using the following trigonometric identity,

sin(x - y) = sin x cos y— cos xsin y (6-15)

and the fact that the phase angles can be related to the complex components of the
currents, the following simplified torque equation, suitable for simulation purposes,

results.

T, =2P,M,(im{1,, }Re{1, } - Re{1, }1m{1  })
(6-16)
~2PM,(m{1, }Re{1, }-Re{1, }m{1, })

6.5. Steady State Simulation Model

The steady state model can be broken into real and imaginary components, similar
to the torque equation, in order to predict the steady state performance of the BDFM.
The real and imaginary parts of the system become the states of the electrical system. In
addition to the currents, the phase angle between the power winding voltage and control

winding voltage is a state. The combinations of these elements yields a seventh order
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system. The six current equations, both real and imaginary parts, and the torque equation

completely describe the steady state performance of the BDFM. Assign states as follows:

‘[xl X, X3 X, X5 Xg x7]T=

. (6-17)
T
[Re{1,} m{1,} Re{r.} m{1.} Re{r,} m{z,} r?|
The describing voltage equation is shown below.
A ] o
= Ve [ 1, -0,L, 0 0 0 -0,M, T x,
;i 0 o,L, A 0 0 oM, 0 x,
—‘Zcos(x7) 0 r, to, L, 0 To M, | x, 618
%A 1 o 0 FolL 1 FoM, 0 |x, (6-18)
7‘451"("7) 0 -o;M, 0 -o0M - L, || x,
0 | 0:M, 0 WM, 0 oL, A B
0

Coupled with the torque equation, the states of the system can be found. Even
though (6-18) is linear, introducing the torque equation results in a non-linear system.
The states of the system must be found by an iterative process. The Newton-Raphson
root finding technique has proven to be satisfactory, provided an adequate initial guess of
I" can be found so that the system converges to a valid operating point.

In order to use the Newton-Raphson technique, the describing equations must be
placed in a form suitable to root finding. In addition, the Jacobian of the system of
equations must also be determined. The Newton-Raphson root solving technique is

described by the following equations.
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X
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ox, = —(g—i) F

The functions to be solved are as given below.

J_3. ~
rx —0,L,x, -0,M,x, ——2—Vp

©,Lx +rx,+0,M,x

rx; o Lx, to M x, ——?‘Z cos(x7)

- - 3o
o Lx,+rx, Fo M xg Y V. sm(x,)
~0 M x, —@ M x, +rx;—®,L x,
(x)RM‘,xl +0 M x, + 0 L x5 +r,.x,

_2PpM‘,(x2x5 - X Xg ) -2P M, (x4x5 — X3X )_

The corresponding Jacobian is as follows:

r rp
(DPLP
0
*_
x 0
0
0M,

0
—M,
0
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0 0 w,M, 0

r, to L, 0 to M,
Fo L, r, Fo M, 0
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(6-19)

(6-20)

>

sin(x, )

“}c cos(x., )

N[

(==~

(6-21)

The functions and their Jacobian are used to find the steady state operating point

of the system. The root finding method needs an initial guess of the states. The
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conceptual angle between the two voltages, I, is guessed. This is used to solve for the
initial currents by inverting the impedance matrix depicted in (6-18) and multiplying by the
corresponding voltage vector. The initial currents are used as the old value of the state;
the Jacobian is used to find the change of state. The system will normally converge to a
reasonable level of accuracy within 30 iterations. This mathematical model can now be

used to make performance predictions of any pole-pair combination machine.
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7. MODEL VERIFICATION

The steady state BDFM model will be used to predict the performance of a 5 hp
laboratory prototype BDFM. Comparisons will be made to measured data to show the
validity of the model. Afterwards, the model will be used to predict the steady state

performance of a 60 hp pump drive with both a 3/1 and a 4/2 stator pole pair geometry.

7.1. Steady State Predictions of the Lab Machine

The laboratory prototype is a BDFM constructed using a 5 hp standard induction
motor frame. The control winding is excited through a series resonant current source
inverter. Data were taken using the automated data acquisition system that involves
various current, voltage, and power transducers. The layout of the lab is discussed further
in [19].

The machine in the laboratory has been tested under a simulated pump load torque
where the load torque is proportional to the square of the speed of the motor. The load
torque varies from 13.8 Nm at 587 r/min to 31.5 Nm at 867 r/min. A pump load torque
was chosen because the BDFM has a strong likelihood of finding a niche application in the
pump drive market.

The measured values of speed, load torque, and stator voltages are input into the
BDFM model and the values of the currents, power factors, and efficiency are calculated.
The measured data for the BDFM is given in detail in [19]. The comparison of the
predicted and measured stator currents for the laboratory BDFM prototype is shown in
Fig. 7-1. There is a high correlation between the model and the predicted currents. The
power winding current estimate is lower than the actual value, however, it is within an
average error of 13%. This correlation suggests the model can be successfully used to

predict the stator currents of future BDFM designs prior to manufacture. The parameters
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for the BDFM used in the simulation were estimated using standard induction machine
theory [13-17] and are as shown in Table 7-1. Discrepancies near 900 r/min can be

expected since this speed corresponds to near 0 Hz frequency on the converter which is

only approximated with the laboratory converter.

Table 7-1. 5 Hp BDFM DQ Model Parameters

Rp: 0.672 Q Rc: 0.924 Q

Lp: 0.066496 H Lc: 0378444 H
Rr: 0.000164 Q Mp: 0.000839 H
Lr: 4.291706e-05H Mc: 0.003195 H
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Figure 7-1. Stator currents of the 5 hp laboratory prototype BDFM



47

Comparison between the measured and predicted efficiency of the BDFM is shown
in Fig. 7-2. The measured efficiency of the BDFM is lower than the predicted efficiency
for several reasons. The current BDFM model includes neither the core loss nor the stray
load loss of the machine. In addition, the measured efficiency includes the bearing loss,
friction and windage losses, and the converter loss. The sum of these measured losses is
presumed to explain the gap in predicted versus measured efficiency. Further refinements

of the model will attempt to include the core loss of the machine which is, most probably,

the highest of the previously mentioned losses.
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Figure 7-2. Comparison of measured and predicted efficiency for the 5 hp
BDFM

Comparison of the measured and predicted power winding power, shown in 7-3,
shows good correlation. The testing procedure did not try to maintain a certain power

factor so the power factor is less than that obtainable with proper excitation on the control
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winding. By changing the applied voltage level on the control winding, the power factor
could have been changed to be either leading or unity instead of lagging.

Since the levels of currents are important in the rating of the motor and ancillary
power electronics, the ability of the model to predict the current levels outweighs any over
estimate of efficiency. Another reason for the differences in predicted and measured
results is the existence of harmonics introduced into the motor by the thyristor, series
resonant converter used to excite the control winding. The model assumes that the inputs
are sinusoidal and that the winding distributions are ideal so that effects due to both time
and space harmonics cannot be predicted. By including the core loss and other effects, the

model will more closely predict the performance of the machine.
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Figure 7-3. Comparison of measured and predicted power winding power
factor for the 5 hp BDFM
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7.2. BDFM Synchronous Operation

Using the steady state model, various information about the performance
capabilities of the machine can be extracted. For instance, given a certain speed and
voltage on the control winding, the maximum torque that can be produced by the machine
can be estimated which is dependent on the value of the angle between the two stator
voltages, I'. Steady state analysis of the BDFM, depending on the excitation level of the
control winding, shows two stable operating points. However, only one of the operating
points is realizable; the other is only a result of the mathematical model and cannot be
reached in practice.

Figure 7-4 shows the torque producing capability of the 5 hp laboratory BDFM at
600 r/min on a 230 V, 60 Hz supply with different values of control winding excitation.
The steady state operating point is determined by the intersection of the load torque and
the electrical torque. As can be seen, the control winding excitation level is critical for
torque production. From Fig. 7-4, the torque capability of the motor for Vc = 10 V is
low. For example, if the excitation were 10 V with no load torque applied, the motor will
not synchronize because the electrical torque capability of the machine, at this excitation
level, intersects the zero electrical torque point. This may not seem intuitive. However, it
shows that the excitation must be greater than 10 V in order to synchronize the machine.
Afterwards, the level may be reduced if the load torque does not exceed the torque
maximums shown for that excitation level. Varying the excitation level changes the
magnitude of each of the lobes of the curve.

Figure 7-5 shows that with Vc = 100 V, the motor will be able to remain in
synchronism with a maximum motoring load torque of 38 Nm in contrast to only 14 Nm
of generating torque. In addition, with the present level of excitation, this machine will
never reach unity power factor since the imaginary current is always negative. In fact, this

machine is operating with a leading power winding power factor.
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Obviously, there will be two steady state operating points since the torque curve is
not a single valued function. The realizable operating point is where the winding currents
are at their minimum value for a given load torque. Normally, the location where the
imaginary current is minimum will yield this operating point. For the data shown in Fig.
7-5, the valid operating points will occur for gamma between 85 and 265 deg. The angle
where the minimum occurs is important for an initial guess on the electrical torque angle,
I', needed to solve the non-linear steady state equations.

Figure 7-6 shows the control winding currents using the same speed and excitation
voltage as in Fig. 7-5. Notice that when a generating torque is applied, the real part of
the control winding current is negative which signifies generating current. Moreover, for
this speed, a generating torque will result in both positive and negative real current in the
power winding depending on the level of the generating torque as shown in Fig. 7-5.
Since a generating torque does not always produce negative real power winding current,
the motor would not be well suited to power generation at this speed and excitation level;
it is more suitable as a motor for this operating condition.

Using this type of steady state analysis, the steady state model can establish

operating limits and outline the capabilities of a particular BDFM design.

7.3. 60 Hp Pump Drive

Currently, a 3/1 60 hp BDFM is being constructed to replace an existing wound
rotor induction machine that is being used in a municipal waste water treatment plant.
The existing machine uses external resistors connected to the rotor to control the speed of
the pump from 600-900 r/min. The analysis of the current system and the proposed design
of a 3/1 BDFM to replace the existing drive is contained in [20-21]. Other pole-pair
combination machines were not considered due to a lack of experience and design tools

able to predict the performance of such a machine. The torque varies proportional to the
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Figure 7-6. Electrical torque and control winding currents vs. gamma for

the 5 hp BDFM

square of the speed with rated toque being 478 Nm at 900 r/min to 212 Nm at 600 r/min.

The steady state model developed here now acts as the tool with which to analyze

different pole-pair numbered machines. Using the general pole number model, alternative

proposed BDFM designs can be considered.

One alternative design to the 3/1 BDFM pump drive is a 4/2 BDFM chosen for its

good cross coupling factor [22] (As this paper is not generally available at this time, it is

included in Appendix B.). The 4/2 design is a suitable replacement drive for the existing

wound rotor induction machine provided the working top speed can be less than 900 r/min

since this speed corresponds to the 60 Hz stator field speed of the 4 pole-pair winding

where the machine will not be able to produce electrical torque. Use of the steady state

model will determine how close this proposed BDFM can operate to the 900 r/min limit.
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Figure Fig. 7-7 shows the torque capability of the 4/2 machine for different rotor
speeds close to 900 r/min. The control winding and the supply voltages are 460 V. The
rated torque of 478 Nm at 900 r/min is not obtainable for this machine. However, at 860
r/min the required load torque is 436 Nm, which is obtainable; the machine can support up
to 861 Nm at this speed. Note that as the speed increases, the torque capability decreases
rapidly as the 60 Hz stator field speed of the 8 pole winding is reached. The parameters
used for the performance prediction are given in Table 7-2. Further analysis of the

performance of the 4/2 machine is included in Appendix B.
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Figure 7-7. Electrical torque capability vs. gamma for different rotor
speeds of the 4/2 60 hp BDFM

The 3/1 BDFM design originally proposed in [20-21] has been modified based on
the results of the steady state simulations using this model. The number of turns per coil
on the control winding has been lowered from eight to four. Ideally, the control winding

excitation is adjusted to yield a near unity power winding power factor operation.
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However, for the original design, the impedance of the control winding was so large that
the voltage needed to obtain unity power factor operation exceeded the supply voltage.
Lowering the turns per coil to four enables the machine to be operated through a greater

speed range without reaching the limit of the supply.

Table 7-2. Parameters used in simulating the 4/2 BDFM

Rp: 0.13932 Q Rc: 0.60888 Q
Lp: 0.034282 H Lc: 0435893 H
Rr: 0.000285 Q Mp: 0.000984 H
Lr: 8.615984e-05H Mc: 0.00467 H

Figure 7-8 shows the tradeoff associated with choosing the number of turns on the
control winding, N¢. For the low number of turns, the machine is able to maintain unity
power factor from approximately 700 to 900 r/min versus a range of 850 - 900 r/min for
higher number of turns on the control winding. The reason for the inability of the 8 turns
per coil control winding case to achieve unity power factor is that the voltage limits at line
voltage at the high end of the speed range. The machine, in practice, is not normally
operated at the low end of the speed range so that a reasonably low power factor is
acceptable in that region. In addition, the ability of the machine to maintain near unity
power factor operation may not be needed in this application due to the presence of power
factor correction capacitors. Nevertheless, the model is able to illustrate the

considerations for design of a BDFM.
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8. CONCLUSIONS

Adjustable speed drives and variable speed generators are being used more
frequently in industry to increase a plant's efficiency. The BDFM is an alternative machine
that has advantages over conventional induction motor drives in these applications. One
of these advantages is the ability of the BDFM to control its power factor by varying the
excitation of the control winding, similar to the adjusting of the field current on a
synchronous machine. Different operating speed ranges demand the investigation of pole-
pair numbered machines of other than the 3/1 BDFM. The lack of an adequate model has
hampered these investigations until now.

The general pole number model of the BDFM that has been developed here is
applicable to the analysis of any pole-numbered BDFM. First, the impedance equations
that describe the interactions of the stator and the rotor of the machine were written.
These impedance matrices were transformed into a two axis equivalent system that rotates
with the rdtor. The machine behavior is then readily understood through the interpretation
of the equivalent circuit dynamic, or steady state synchronous model. Assumptions
necessary made during the model development and their significance are outlined in Table
8-1.

The dynamic model should be suitable for prediction of the dynamic performance
of the BDFM through the use of six electrical and one mechanical dynamic equations. In
order to better understand the steady state synchronous operation of the BDFM, the
steady state model was developed. The steady state model can be used to give insight into
the load torque capabilities of the machine. For example, given an initial operating speed
and control winding excitation, the amount of torque that the machine can produce, as
well as the values of the currents, can be rapidly determined for any load condition. In
addition, the existence of a synchronous operating condition can be readily determined

given the speed and the control winding excitation.
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Table 8-1. Assumptions made during model development

Assumption

1. No direct coupling
between the two stator
winding systems.

2. The axes of each of the
phases of the windings are
assumed to be 120 electrical
degrees apart

3. The rotor is non-salient.

4. Sinusoidal voltages are
applied and the effects of

other harmonics are ignored.

5. Core loss and stray load
loss are ignored.

6. The magnetic circuit is
assumed to be linear.

7. The complete rotor
transformation matrix is
grouped as a row matrix.

Primary Effect

Enables development of the
impedance matrices.

Simplifies development of the
impedance matrices.

Enables development of
simplified impedance
matrices.

Allows simplified analysis in
the dq domain.

Leads to over estimates of
system efficiency.

Enables development of a
simplified electrical torque
equation.

Results in an equivalent rotor
impedance at the expense of
being able to extract the
individual loop currents.

Correlation between data previously obtained for the 3/1 5 hp laboratory prototype

and predictions from the model verifies the validity of the analysis. The model is able to

accurately represent the currents. However, the efficiency prediction is optimistic. This is

presumed to be caused by the model not considering losses other than the resistive I2R
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losses. In addition, the model considers neither time harmonics of the voltages and
currents nor space harmonics of the winding distributions.

The general pole number model should eventually incorporate the core loss of the
machine which is likely to be high due to the large currents induced in the rotor because of
the high slips of the rotor with respect to each of the stator windings. Because the control
winding will not normally be excited with pure sinusoids, the effects of harmonics should,
eventually, be included when analyzing the machine performance. If fault studies are to be
performed, the effects of unbalanced excitation should be incorporated into the model.
This should be relatively easy and can be accomplished by including the zero sequence
components of the voltages and using a refined equivalent circuit.

In conclusion, two axis reference frame theory has simplified the describing
equations of the BDFM without the loss of analysis capabilities which resulted in a general
pole number model in both dynamic and steady state form. This model has great utility in
analyzing the various pole-pair combinations possible in a BDFM. It is very useful in
examining the best choice of pole-pairs for a specific application. And, finally, the steady
state synchronous capabilities can easily be determined given the operating speed and

voltage level of the control winding.
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Appendix A. Trigonometric Identities

The following are trigonometric relationships that are useful in resolving the

transformation product.

Let:
n=P +P,
2n 2r
RN vy
2n 2n
=—PZ==_P
yT “(B,+R)

Then the following relationships hold.

cos(x) = cos(y).

| &

1+ cos(x) cos(y)+---+cos((n—1)x) cos((n~1)y) =

(SR

0+sin(x)sin(y)+---+sin((n—1)x)sin((n-1)y) = -

1+cos?(x)+---+cos?((n—-1)x) =

1+ cos*(y)+--+cos?((n—1)y) =

NS

sin(x)cos(x) +sin (2x) cos(2x)+---+sin((n—1)x)cos((n—1)x) = 0

sin(y)cos(y) +sin(2y)cos(2y)+---+sin((n—1)y)cos((n-1)y) = 0

sin(x) cos(y) + sin(2x) cos(2y)+--+sin((n—1)x) cos((n—1)y) = 0
cos(x)sin (y)+cos(2x)sin(2y)+--+cos((n—1)x)sin((n—1)y) = 0



The following summations are used in simplifying the caged-rotor impedance matrix of the
first loop:

n-1

Z cos(kx)(cos((k —1)x) +cos((k + 1)x)) = ncos(x) = ncos(y)

2 cos(ky)(cos((k —1)y)+cos((k+1) y)) =ncos(x)=ncos(y)

k=0

nz:‘l,sin(kx)(sin((k—l)x)+sin((k+l)x))=ncos(x)=ncos(y)

n-1

z sm(ky)(sm ((k=1)y)+sin((k+ l)y)) = ncos(x) =ncos(y)

ﬁsm(kx)(cos((k —1)x)+cos((k+1)x)) =0

Y cos(kx)(sin((k ~ 1)x) +sin((k+1)x)) =0

k=0

Other relationships that prove useful are directly from [17] and are shown here for

reference where x and y are arbitrary angles:

cos’ x+ cosz(x —-%E) +cos? (x +2?1c) _3

2
. 3 . 2( 21t) . 2( 21t) 3
sin“ x+sin“{ x—— |[+sin“| x+— |==
3 3 2
) ) ( 21t) ( 21t) ) ( 21t) s( 21:)
sin xcosx +sin| x—— |cos| x—— |+sin| x+— |cosl x+— |=0
3 3 3 3
2T 2n
COS X +COoSs x—-3— +cos x+? =0
] . 2% ; 2%
sin x + sin x——3— +sin x+T =0
sin x cos +sin(x—2—n)cos( —2—n)+sin(x+-2—n)cos( +E)—ésin(x-— )
Y 3 Y73 3 IT3)T3 Y
) ) ) 2n\ . 2n ) 2r) . 2n 3
sin x sin y+sin x == jsin| y=== +sin x+T sin +? =Ecos(x—y)



. 2n 2 2w\ . 2r 3.
cos xsin y+cos| x — 3 sin| y— 3 +cos| ,x+? sin| y+— =—5s1n(x—y)

3
2n 2% 2n 3
COSXCOSy+cos| x— 3 cos| y— cos x+—3— cos y+-—§— =Ecos(x—-y)

x+)(

2n . 2N . T 3
sin xsin y +sin x+— sin| y——— |+sin{ x—— |sin| y+= |=~=cos(x +y)
3 3 3 2
3
2

sin x cos y +sin

. . 2r) . T ' 2r) . .
cosxsmy+cos(x+?)s (y——)+cos(x——3-)sm(y+7)= sin(x +y)

2n 2n 2n 2\ 3
COS X COS y + COS x+? cos| y—— |+cos x == Jeos y+T =§cos(x+y)
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General Pole Number Model of the Brushless Doubly-Fed Machine
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Abstract—The brushless doubly-fed machine is receiving
attention as a contender for several niche applications. In some
cases the speed ranges of these applications appear to be more
readily met by judicious selection of the pole-pair numbers of the
stator phase windings. In order to compare different proposed
polepaireouﬁgmﬁonsndmhdphthedﬂdopmd
specific designs, a generai analytical model, in both dynamic and
steady state forms, is presented. This model supersedes previous
analyses which are restricted to the 3/1 pole-pair combination of
early laboratory machines. The new model is also completely
valid for both positive and negative control voliage sequences.
The increased modelling flexibility enables sound estimations of
the drive coaverter ratings, the reduction of which is the key to
the economic advantage of these machines. An example of the
correlation of the performance predictions and test results
encourages use of this new model.

1. INTRODUCTION

Receatly, there have been noticeable interest and research
activities in using brushless doubly-fed reluctance machines
{1,2] and brushless doubly-fed induction machines (3,4) for
adjustable speed drives (ASD) and variable speed generators
(VSG). The brushless doubly-fed induction machine (BDFM)

shows great promise in reducing the rating of the power

electronic converter needed for ASD and VSG applications to
a small fraction of the machine rating. Early work dealt with
two separate wound rotor induction machines cascaded to-
gether {5) to provide speed control. The BDFM ({6,7} elimi-
nates the need for a wound rotor induction machine, and
when used with a bi-directional power electronic converter,
has the ability to provide precise speed control by virtue of
its two stator windings and modificd cage rotor. The BDFM
shows promising results in automotive, wind generation, and
pump drive applications, as well as other variable spoed niche
applications [3]. Figure 1 shows a typical BDFM schematic
in comparison with that of an equivalent induction motor
drive.

Stator pole-pair combinations investigated to date include
2/1, 3/1, and 6/2, with 2, 3 and 6 power winding pole-pairs
and 1 and 2 control winding pole-pairs, respectively. Two
axis model development, however, has addressed the 3-1

Rugqi Li, Member, IEEE
Electrical Division
Failure Analysis Associates, Inc.
149 Commonweaslth Dr.
Meanlo Park, CA 94025 U.S.A.

geometry exclusively [8,9]. Thus, there is a need to develop
a model which is appropriate for any combination of pole-pair
numbers. The expanded choice of pole combinations allows
for flexible designs enabling tailoring of the drive to custom
speed ranges and torque requirements. The analysis of the
3-1 machine results in a very simplified model because there
mmlyfourmﬁornm(seel"ig.Z)which,whmmalyzed
in a two axis reference frame, results in immediate orthogon-
The present paper extends the modeling technique to any
number of poles, enabling accurate design of new proposed
BDFMs. The model shows the inclusion of terms in the
mutual inductance parameters which did not appear in the 3-1
model because of cancellation due to the orthogonal axes of
the 3-1 machine’s rotor. Without this model, there can only
be rough calculations based on classical induction motor
equations which do not adequately define the relationship

3-phose S-phase
flaym adjustable
frequency
S0 Corwentional
St Converter ¢ o
°_f’-—l(l000%
b f
Coge-~Rotor
(a) Induction Motor
3-phoss
adjustoble
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(23% rating) o
3-phazs Pe
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Isolated
Endrings

Fig. 2. Rotor configuration of the BDFM

between two stator windings sharing a common rotor. In
addition, this model can be essily extended to handle cage-
less BDFM rotors. This general pole model, in two axes,
. will result in a reduced simulation time due to a reduction of
the number of state equations needing to be solved in compar-
ison to a detailed simulation [10]. A power invariant direct-
quadrature axes (dq) transformation is applied in the rotor
reference frame to the voltage equations to arrive at the
simplified model. A companion paper {11] shows the results
of simulations comparing the performance of a 3/1 machine
with a different pole pair numbered machine.

II. STRUCTURE AND MODEL DEVELOPMENT OF THE BDFM

Consider a BDFM with Pp pole-pairs in the power winding
and P, pole-pairs in the control winding. The windings are
assumed sinusoidally distributed and PP # P, to avoid direct
transformer coupling. The rotor consists of n = (PP+PC)
nests each with m loops in a configuration due to Broadway
{7] as illustrated in Fig. 2. This nested isolated loop struc-
ture allows the indirect coupling of the two stator windings to
take place efficiently by constraining the induced rotor
currents.

A. System Equations in Machine Variables

The following derivation assumes balanced 3 phase wind-
ings and considers only the fundamental component of the
stator phase to rotor loop mutuals. Cross coupling of the
stator phases occurs only through the rotor. The general
voltage equation can be expressed as follows, with nomen-
clature given at the end of the paper.

v’ Z' ] Z' i’
vol=l0 z, z li M

v, 2. 2o Z )4,

The stator impedance matrices are similar to regular
induction motor matrices as derived in [8]. The power
winding stator impedance matrix is shown in (2); the control
winding matrix is similar. The rotor impedance matrix is
partitioned into sub-matrices that show the impedances of all
similar loops in a nest as shown in (3). Since there are m
loops per nest, the rotor partitioned impedance matrix is
square of dimension m. Each partitioned matrix is square of
dimeasion 5. Loops are numbered starting from the outside
of a nest and working inward. The rotor cage of n bars, if
preseat, would be loop #1 in each of the nests. The combi-
nation of this rotor impedance matrix with the stator imped-
ance matrix forms an electrical system of order 6 +ma.

7, * (Ly + L,)D, 5;1.,,0, -%L,D,
1 1
Z,-| LA el +L)p, L0 |
1 1
2 5imD: 2leDe 5ty ¢ LD,
Zy Z; - 2,
P @
3 TS 3
z-l z-l - zn-

A typical partitioned rotor impedance matrix is shown in
(4). The primed quantities arise from the presence of the
common bar impedance of the caged rotor. The resistance
term is the resistance of the bar and the inductance term is
the slot leakage associated with the common bar. The
common bar terms vanish if a cage-less rotor is used. For
other rotor impedance matrices, replace the 17 subscript with
the particular impedance to be evaluated, .

m LD, “*u ‘(’1’1 * My)D, ~ -, - . M
zZ, - —",' (AI' . u“)D, fy * 4D, - -4,,D,
i ' N 1
-t - (All * ‘l,_JD, -M,,D, - fu * by D,

O]

The mutual inductance between the power winding and
rotor can be partitioned into a row of matrices which repre-
sent the mutual of the stator winding with ali of the similar
loops of all nests. The mutual impedance matrix between the
power winding and the rotor, (5), uses the pole pairs of the
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winding and the mechanical angle to resolve the necessary
impedances.
z,=DL,, =Dll,, Ly, ~ L) &)

A typical term in the mutual inductance matrices is shown
as (6) in which the pole-pair number, P, will be either PP or
P_ depending on which winding is under consideration. A
nominal angle, a, can exist between the power winding
A-phase reference axis and the control winding A-phase axis
which accounts for the physical displacement of the pbases
along the circumference of the motor. The row dictates the
value of k to use depending on which phase is being coupled.
The value of j dictates coupling to a specific rotor loop and
is the column index. ‘

o=, n)

M,,,cos(l’(ﬂ, -p-r e B

©)
kel0, 1, 2}, j€[0, 1, - (-1)], B = (O, a)

B. DQ Transformation

The dq reference frame power invariant transformation
matrices are developed for transformation to the rotor
mechanical reference frame. Transformation to any other
reference frame will not eliminate the time varying mutual
inductances. The mechanical rotor angle is used to account
for the different wave numbers impressed on the rotor due to
the different poles of the windings. This transformation
simplifies the equations of the electrical system, resulting in
6 electrical equations. The rotor is assumed initially aligned
with the power winding axis for ease of computation without
loss of generality. Reference [12] preseats a method of
developing a general phase transformation matrix which is
adaptable to both power and control winding transformations.
A typical term of these matrices is shown, (7), neglecting the
zero sequence terms due to analysis of balanced winding
voltages which results in a rectangular matrix of dimeasion
2 by 3. In (7), the value of k dictates a column quantity.
The second row of the transformation is composed of sine

functions.
2 2=
Feitos-%)
kef0, 1, 2], ={0, a}

Using the principle of superposition, the rotor voltages and
currents are broken into components, (8) and (9), which are
the result of influence from the power and control windings
separately. This introduces two more states in the rotor

which will subsequently be combined to yield the desired

model.
v - [""’. v, = [v" ®
” Vi, Vger
i i
i, = L"'r i, = L"'] ®
dpr,  {ber,

Each rotor loop must be taken into account in the transfor-
mation. However, because of the alignmeat of the loops
within the nests, the transformation can be simplified. Thus,
each rotor loop is transformed into a set of d-axis and g-axis
coils. All of the d-axis coils can be summed on the rotor by
construction of the rotor transformation matrix as a parti-
tioned row matrix, (10), to yield an equivalent single d-axis
rotor coil to minimize the computation requirements; similar-
ly for the g-axis coils. A typical term of the rotor loop
transformation matrices is shown as (11). First row terms
are cosine functions; second row terms are sine functions.
Each rotor transformation matrix uses the appropriate number
of pole pairs.

€, = [Cos Cos ~ Co] o)
e |2 cosf-p122
Crm m..°°’( i ) ay

jefo, 1, ~, (n-1)]

The matrix transformation multiplication to be performed
is shown in (12). The transformation of the stator windings
is straightforward. However, transformation of the stator to
rotor mutual inductances preseats a difficulty because of the
form of the stator and rotor transformation matrices. A
closed form solution is found due to symmetry based on the
sum of the pole-pairs of the two windings as reflected in the
values of the parameters used in the model.

T
Cvoooz'oz.,zwc"ooo
0cC, 0 09 ZeZy2Zoo Ccl o 0

el 0 0c,ollz; 0 z oflo o cIo
°°°Cnoz,f,o Z,ooOZ"
(12)

The rotor voltages and currents nexd to be combined to
eliminate the excess states introduced earlier. Equation (13)
shows how an arbitrary abc reference frame variable on the




69

1w ¢ 2%\ /
r,=— r -2cos—P—)r
EPRURES e

b= (%Ig(l‘u AP i (M, +~ M) 0

jolielge)

el 2

E. Steady Staie Model

The steady state analysis assumes that the machine is
synchronized so that the frequencies of the windings in the
two axes are constrained by (22) allowing either positive or
negative sequence control voltage. Maintaining this con-
straint enables power to be transferred from one winding to
the other through the rotor.

(u’ -Pw)= (P.w, = u‘) 22)
The steady state voltages, after transformation, can be
substituted into the dynamic model to result in three voitage
equations that describe the steady state performance of the
BDFM, (23)25). The first sign on the control voltage
signifies positive sequence control voltage, the second sign
negative sequence voltage. The rotor current frequeacy is
given by either side of (22), the left side chosea for ease of
analysis. The torque equation, expressed in the real and
imaginary parts of the rms curreats, is given by (26).

V. * (" * julL')IG * j@,M’I' (23)

Ve =(r ® jo L), 7joMI, 24)

V, =1, +i©, - Bo)Ll, ¢ Ml + MI) @)

T, - 28, M, (in(lg)Relly) - Rello)Imlly) o

- 2P M (Im(I \Re(l,) - Re(l)Im(l)

The steady state equivalent model can be represeated by
three circuits in the rotor reference frame where the voltages
and currents are at the rotor current frequency and effects
from the windings are represented by current controlled
voltage sources as shown m Fig. 3.

L. tiubs
Lap

5]
I P
\I/'w jwpMp Iqr¢

Iee fe +ilwy-Rw )L,

iWcMchc<:>

Fg. 3. BDFM steady siate model in the rotor reference frame.

F. Simulation Results

Stendymtepufomneepredicﬁonsmbemadeusingthc
steady state model in this paper. In order to examine the
applicability of the model, simulations of the steady state
performance of a 5 hp, 3/1 pole-pair, laboratory machine
were prepared for comparison with available test results.
These comparisons are shown in Figs. 4-6. The parameters
of the machine required for the simulation are given in the
appeadix. The load being driven in this example is a
representation of a simple fan or centrifugal pump character-
istic in which the torqus is a function of the square of the
shaft speed. For this machine, the two extreme load torques
are 13.75 N-m at 587 r/min and 31.5 N-m at 867 r/min.

The correlation between predictions and the test results for
the stator winding currents and the power winding power
factors, shown in Figs. 4 and 5, respectively, demonstrates
the use of this model as a post-design assessment tool. The
predictions of the motor efficiency, Fig. 6, show a substantial
but consistent optimism compared to the test data. It should
be noted that the measured values are line-input to shaft-




70

rotor can be combined from the earlier separation. The
system of equations in (13) is an over determined system with
only two independent equations. Extracting two acceptable
solutions yields (14) as the describing equations for the rotor
quantities.

AR CH SR CH (8 a3
V' LY o + v"'
e e Ve 14

For L
e = lor * g

By = gy = gy

C. Torque Equation

The torque equation has been determined assuming a linear
magnetic system. The basis for developing the torque equa-
tion, the abc reference frame equation (15), is shown below.
The square partitioned impedance matrix allows the summa-
tion of all torques developed due to the coupling from one
winding, through the rotor, to the other winding.

Zr Zope|..
]

3 i
z_ z,

e’

(15)

T, = [i]"

Utilizing the transformation matrices, the dq reference
frame torque equation is found by the product shown in (16).
The additional rotor current constraints, (14) are used to
simplify the equation resulting in the final simplified form
shown in (17).

0 C.6,Z, Z,j 0 I
ve] |7 * LD, P,wlL, 0
Ve -P,o, L, r, + LD, 0
v 0 0 r. + LD,
Ve 0 0 -P.w,L,
0 M,D, 0 M_D,
0 0 M,D, 0

T, = M,Pfigis - igly) - M.Pfigiy + i i,) an

D. Dynamic Model

Obviously there is no rotor applied voltage, so that
combining the rotor simplifying equations, (14), along with
the results of the transformation product, (12), a dynamic
machine voltage model results, (18).

The stator inductances, (19), are as expected from standard
dq analysis of an induction machine.

L, - (l‘b * %L-p)

19)
3
L= (L,‘ + -2-L )

The other variables within (18) are found through simplify-
ing the series of n terms that results from the transformation
product (12). This leads to a sum of multiplications between
sinusoids which can be simplified based on the symmetry of
the problem. After simplifying, the mutual inductances in the
equivalent model are as shown in (20).

4, - (G

- (N

The evaluation of the rotor resistance and inductance is as
shown in (21). It is significant to note that the cosine terms
in (21) reduce to zero with the 3/1 pole-pair architecture
analyzed previously [8]. The value of the cosine terms can
assume either positive or negative values depending on the
pole pair combinations which shows the seasitivity of the

20

BDFM to rotor leakage inductance.
0 MD, PoM,Ti]
0 -P,o,M, MDD, li,
PolL, MDD, -P.oM]i, 18
r,+ LD, -PoM,6 -MD, [i,
0 r, + LD, 0 e
-M_D, 0 r, o+ L,D,]li .
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output quantities which will contain converter loss, machine
core loss, machine stray load loss, and bearing friction and
windage loss. None of these losses are currently included in
the model. Methods are available for estimating converter,
bearing, and windage losses. However, in a machine of such
complex electromagnetic interactions as the BDFM, identifi-
cation of core and stray load losses represeats a substantial
challenge. Also shown in Fig. 6 for comparison is the
measured efficiency of a commercially produced 8-pole
inductor motor VSG. ‘

100
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.-n--....ﬂ.....a... a
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Fig. 6. Comparison of predicted and d motor effici

III. CONCLUSIONS

By a combination of involved transformation techniques
and circuit theorems, the original electrical system of the
BDFM, which is of order 6+mn, has been reduced to a
minimum possible equivalent system of order 6. The reduced
system of equations results in substantiaily decreased simula-
tion times.

The model yields highly acceptable correlation of the
laboratory test phase currents and power factor for the 3/1
pole-pair machine. Future work will investigate the correla-
tion for the other pole-pair configurations. Additional
analysis is required to develop techniques to account for core
and stray load losses in the machine.

Analysis of the general pole number model showed how
the values of the rotor parameters can be affected by the
common bar impedance. As a consequence, if a certain pole
pair combination is to be used, evaluating the effect of the
common bar impedance may dictate the use of a cage-less
rotor instead of the standard caged rotor for future BDFM
designs.

IV. NOMENCLATURE
A. Main Variables

C transformation matrix.

D¢  differentiation with respect to time.
i  instantaneous current.

I  rms current.

Jj  imaginary operator.
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inductance.

common bar inductance.
number of rotor loops.
mutual inductance.
npumber of rotor nests = PP+PP'
number of pole-pairs.
resistance.

common bar resistance.
electrical torque.
instantaneous voltage.
rms voltage.

angular frequeacy.
speed of the rotor.
impedance matrix.

transformed impedance matrix with excess states.

K <<R§‘I‘ﬁ1:t3h[~

NNE €

B. Subscript and Superscript Variables

control winding.
d-axis quantity.

rotor loop index.
rotor loop index.
leakage quantity.
power winding.
q-axis quantity.

rotor quantity.

stator quantity.
transpose of a matrix.

..’l-. I ] N&.—.a_n

APPENDIX

The following parameters are derived from a 5§ hp BDFM
curreatly being used as a laboratory prototype.

r, = 06721, r. = 0924 Q
L, = 66.5 mH, L, = 378.4 mH
r, =164 u0), L, = 42.9 uH

M, = 839 uH, M_ = 3.195 mH
a = 70.1 deg.
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Abstract—Brushless doubly-fed machines have the capability
of precise (synchronous) speed control over 2 wide speed range
through the use of a bi-directional power converter due to the
magnetic coupling of two different pole numbered stator
windings through a specifically configured rotor. The applica-
tion of brushless doubly-fed machines with different pole-pair
combinations is investigated for use as a limited speed range
pump drive by using a steady state equivalent model developed
in a companion paper. The proposed brushless doubly-fed
machioe designs when compared to an equivalent induction
motor drive show the advantages of operation at close to unity
power factor and reduced power converter rating, These results
from the simulation demonstrate the substantial economic
advantage of using the brushless doubly-fed machine in Gmited

speed-range operations.

I. INTRODUCTION

Recent investigations of doubly-fed machines have illus-
trated their capability for wide ranges of precise speed control
by the application of a single bi-directional power converter
of controlled voltage and frequeacy {1,2]. Potential applica-
tion areas include adjustable speed drives (ASDs) and
variable speed generators (VSGs) [3-5]. Compared to singly-

Fig. 1. BDFM rotor configuration.

fed machines, doubly-fed devices have the advaatage of
reduced rating of the power electronic converter because only
one winding needs to be controlled to provide speed adjust-
ment. For limited speed ranges such as a 2:1 ratio, typical
in many industrial applications, the converter rating can be
reduced to as low as 25% of the rating of the machine.
Consequently, the cost of the power electronic converter can
be decreased significantly; this saving is especially notable
when dealing with medium to high power drives or critical
drives where redundant coaverters are employed. A further
advantage is derived from the fact that the bulk of the power
enters or leaves ths machine directly unprocessed by power
electronics. Thus, power quality standards, such as IEEE
519 and IEC 558, are much more readily met or exceeded.

A particulzr type of doubly-fed machine is the seif-cascad-
ed induction machine, or brushless doubly-fed machine
(BDFM). It has two stator windings of different pole-pair
numbers which interact through a rotor having a modified
cage form referred to as nests [6,7] as depicted schematically
in Fig. 1. The two stator windings are referred to as the
power winding and the control winding, the latter being
supplied via the power electric converter as shown in Fig. 2.
The 3/1 machine, where 3 refers to the power winding pole

. pairs and 1 to the control winding pole pair, has been

3-phase
adjustable
frequency

ryvy

Cage-Rotor
Daubly-Fed Motor

Fig. 2. BDFM system coafiguratioa.
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analyzed ecarlier [8-10]. The 3/1 combination shows great
promise for a wind-power generator in the speed range of
1000 to 1800 r/min (4] and as a pump drive for the range
600-900 r/min. One such drive has been constructed and is
soon to be installed in a municipal waste water treatment
plant to serve s a field demonstration unit of this technology
{11}. Although other BDFM pole-pair combinations are
possible, research and demonstration activities to date have
concentrated on the 3/1 configuration. Consequeatly,
investigations of application specific selection of pole-pair
numbers was not possible prior to the development of the
analysis presented in the companion paper [12].

The recently developed gencral analysis is to be used here
to illustrate the tradeoffs associated with a particular applica-
tion design. Analysis and performance prediction for a low
power laboratory BDFM driving a nonlinear torque speed
characteristic load are given in [12]. The resulting confi-
dence in the model and experience in its application justify
the trade-off study for a 45 kW demonstration pump drive.
The steady state circuit model is used to analyze alternative
design configurations of the BDFM with regard to pole
number selection for performance optimization and converter
minimization. mspaperwnllservetodlmdmdengn
capabilities of the general pole number model by comparing
the resuits with the previous 3/1 model [8-10), while extend-
ing the modeling to new pole number designs.

II. THE APPLICATION PROJECT

The BDFM is currently being considered for several appli-
cations and is actively being developed for a pump drive for
a waste water treatment facility. The design targets of this 45
kW drive (11}, given in Table I, are comparable to those of
the alternative 6-pole induction motor drive, shown schemati-
cally in Fig. 3, which might otherwise be selected for this
duty. The unit is to replace an existing slip-ring induction
motor (SRIM) with rheostatic rotor speed control, which has
been characterized as having s performance substantially
inferior to the design targets in all but the torque capability.
Consequently, if the design targets can be met by a BDFM
drive, the pump will be more flexibly controlled and more
economically operated at lower capital cost than by any
alternative system. A 3/1 BDFM system, curreatly under

"TABLEI
DESIGN TARGETS

Quaantity

Speed Range
Torque Range
Power Factor
Efficiency

Target

600-900 rpm
250-450 Nm
0.84 @ rated output
90% @ rated output

'eonuolwmdmgs,mspemvely'

construction, was selected based on laboratory experience of
the configuration, but alternative machines could be equally
applicable. Itis the objective of this study to investigate the
mvubleBDFMeonﬁgmwonfotdmnpphanonbuedon
the following criteria:

() ovenll system cost based on converter rating and
machine complexity;

(ii) ability of the system to meet the targets of Table I,
particularly the torque characteristic of the pump
which approximates a function proportional to the
square of speed.

By way of a baseline for comparison, the speed of the

induction motor drive is given by:

fe

N =60 x 7 (l -5) r/min ¢V

in which s is the slip required to meet the load torque, f; is
the frequency of the converter, and Py is the number of pole-
pairs of the induction motor. Also, the rating of the power
converter required for the induction motor is given by:

i3 @
20 S)

where P, is the peak shaft power required for the pump,
n is its efficiency, and (p.f)) is its power factor at this
condition.

Based on the speed requirements and horsepower rating of
the machine, & precise range of BDFM converter frequency
can be developed which can be used as a guide to values for
the converter ating. The BDFM is a synchronous device for
which the coaverter frequency range is determined from the
following, whuoNudnmotorspeedmxpm.f and £, are
the power and coaverter winding frequencies, mpecnvely,
andP and P, are the pole pair numbers of the power and

Sd-
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Jp /e

Pp+P,

N =60 rimin . 3)

The rating of the converter can be estimated from the
following, where S_p is the kVA rating of the converter, S,
is the motor rating, f, is the peak converter frequency, and
fp is the supply frequency (60 Hz):

Je . @
T3

From the above expressions it is evident that the converter
rating for the induction motor drive is dictated primarily by
the upper speed limit, whereas the corresponding rating for
BDFM converters is also a function of the number of poles.
This is summarized in Table II where a negative frequeacy
signifies a voltage sequence opposite to the power winding
sequence.

ScE - Sm

III. STEADY-STATE MODEL

The operation of a waste water pump does not call for high
performance dynamic control [13]. Consequently, it is
adequate to examine the performance of the BDFM options
using a steady-state model derived from the analysis preseat-
ed in the companion paper. In steady-state, the two axes of
the d-q model are effectively equivalent and give riss to the
equivalent circuit of Fig. 4 and the motoring coundition
equations {12]

2
#p (p = Ppwr) Mp Ip
i (% = Ppw)Lr

Ve = |7l *

Wy (wWp - Pyw MM, !
(r +dtwp - PpmpL

+

and )
2
wc(wp -Ppw,)Mc
. 9c
(’r *i(wp - Fp ”'r)Lr)

w, (wp - PP w,) MPMC P

V. =

¢ re¥jwl, ¥

(rr +i =P, P“’r)l‘r)

The process of cross coupling, from power winding to
control winding via the rotor and vice-versa is obviously most
dependent on the product of the mutual inductances which the
stator windings have with the rotor loops: i.e., a key factor

in the design of an effective BDFM rotor is the cross
coupling factor
ke = My M . ®
In the derivation of expressions for these mutual inductanc-
es in terms of machine geometry for individual loops, the

coil-span factors of the rotor loops expressed in terms of the
stator pole-pair numbers feature promineatly. Heace,

M

Or Or
ko o sin [PPT] sin [1"‘:7
This function for the three candidate configurations is shown
in Fig. 5 where the rotor loop span angle, fp, is expressed as
a fraction of its maximum possible value, Og,.,,, (i.c., the
outermost loop span), whero

360
[ ek, 8

It is shown in Fig. 5 that the potential for producing good
coupling between the two winding systems is far better for

Iqr fe +ilwp=Ruw, )L,

N =
> L2~
Jop = P M Iy
jlwrp =Ry M Ioe
feFiwelc
_ 13" Tz 1
'I > 2
Vee jwcMcIoe

Fig. 4. BDFM sieady state equivaleat circuit.
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TABLE 1T
ESTIMATED POWER ELECTRONIC CONVERTER REQUIREMENTS
Machine 3/1 Pole-Pair 4/1 Pole-Pair 472 Pole-Pair 3 Pole-Pair
BDFM BDFM BDFM Induction Machine
Converter Frequency Range, Hz 20s<f<0 0sf,s1S 0sxf <30 8s( <50
Converter Rating, kVA 15 12 20 60
the 4/2 pole-pair configuration than the other two options. TABLE I
Thus, from a consideration of overall system design features, COMPARISON OF BDFM DESiaNs
the 4/2 pole-pair BDFM was chosen for design comparison 3/1 Polo-Peir  4/2 Pole-Pai
with the 3/1 pole-pair demonstration machine. However, it
should be noted at this stage that stable BDFM operating Stack Leagth (mm) 286 286
torques are based on rotor currents produced by inductive :::':"" Si(" m)m 3:5 s 3::5s
mechanisms. Heace, the BDFM produces no useful torque Stator Slots n ”
at speeds given by Power Winding
Voltage (L-L) 460 460
N =60 x ﬁ“’ ® Carun 6 &
P Winding Layors 2 2
" Tums/Coil 2 3
i.e., at 1200 r/min for the 3/1 machine and at 900 r/min for Coils/Pole/Phase 4 3
both the 4/1 and 4/2 machines. Hence, of the alternative Tuma/Phase 48 48
designs only the 3/1 configuration will operate at the required Coatrol Winding
top speed. Also, the results of the performance prediction o D rotain 410460
are needed to determine, with any confideace, how close to Coil Pitch 3 "
the required 900 r/min stable synchronous operation can be Double Layer 2 2
maintained to meet the required load torque. Tums/Coil 4 s
Coila/Pole/Phase 12 6
Turns/Phase 96 n
Rotor
IV. ALTERNATIVE MACHINE DESIGNS Diameter (mm) 360.4 360.4
Slots 40 36
Details of the two BDFM designs for comparison purposes Nests 4 6
are given in Table Il Certain parameters cannot be divulged m 43, s::r
here because of a confideatiality agreement with the manufac- Toeth 1y .
turer. The procedure employed to develop these designs is Slot Depth (mm) 152 152
described in detail in [11] and is based on modified design Nest Ring Width (mm) 152 17.8
Nest Ring Height (mm) 203 203

techniques for induction motors. The stators are based on

1or P, P
- 3 1 O
- 4 1 =
P e
°jN | 4 2 +
o
S -
£
[
— 051
S
"
Il L I 1 i I i i [ ]
] [oX.] .0
Bqas PU of 6y

Fig. 5. Rotor cross coupling factor versus rotor loop span angie.

frames and laminations of conventional induction motors.
The stator windings are conveational two layers each (4
layers total) with the control windings located in the bottom
of the slots. The rotors utilize custom laminations. The
rotor conductors are assumed diecast aluminum with a
common endring from an induction motor of the same frame
size. The isolated, nested endrings are shown in Fig. 6.

V. PERFORMANCE PREDICTIONS
Using the steady state model developed in {121, motor

performance was predicted using a ceatrifugal pump load
torque while trying to maintain unity power factor on the
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5 loop nest
(1 of 4)

Fig. 6. Rotor nested endrings of the 3/1 and 4/2 BDFMs.

power winding. The load torque varies from 212 N-m at 600
t/min to 478 N-m at 900 r/min. Efficiencies for the two
proposed machines, in excess of 90%, are within five perceat
of each other throughout the speed range analyzed.

The 4/2 machine uses a positive sequence voltage on the
control winding in contrast to the negative sequence voltage
used for the 3/1 machine. Because of this, the control
voltage maxima occur at opposite ends of the speed range as
shown in Fig. 7. The maximum control voltages coincide
with maximum control winding frequency in both of the
machines owing to the increase in reactance at the higher
frequencies.

The control winding phase current predictions, Fig. 8,
show that a higher rating converter is needed to drive the 4/2
machine which correlates with the simplistic prediction of
converter ratings suggested in (4). However, a smaller rating
converter could be used at the cost of reduced power factor
at the higher speed range. The power winding current for the
4/2 machine is at a minimum st the low speed due, in part,
to the inherently higher toryue capabilities of the machine
because of its larger number of poles and also because of its
better rotor cross coupling factor. However, due to a torque

3/1 machine

line voltage (V)

speed (r/min)

Fig. 7. Coatrol voltage versus speed of the 3/1 and 4/2 BDFMs.

current (A)

v

900
speed (r/min)

Fig. 8. Control winding phase current predictions of the 3/1 and 4/2

BDFMs.

null which occurs at 900 r/min for the 4/2 machine, the stator
curreats for this machine increase sharply at the high end of
the speed range.

The power winding power factors for the machines, Fig.
9, can be maintained at unity with the proper control winding
excitation. A drop in power factor occurs if there is insuffi-
cient control voitage to excite the machine at the proper level,
similar to & conveational synchronous motor. If a unity
power factor is not required, perhaps due to existing power
factor correction devices, the rating of the converter can be
reduced.
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power factor

4/2 machine Q

02 371 machine &
o ] 1 [ 1 1
600 700 800 900
speed (r/min)

Fig. 9. Power winding power factors of the 3/1 and 4/2 BDFMs.

V1. CONCLUSIONS

Potential BDFM designs for a specific speed range can
quickly be examined for visbility based on the control
winding peak frequency from (3); the estimation of converter
rating required for unity power factor operation from (4); and
the maximum design capability from the rotor cross coupling
factor from (6). For a good design, one tries to minimize the
peak control frequency required while maximizing the rotor
cross coupling factor. The coaverter rating can be further
reduced if umity power factor operation is mot required
throughout the eatire speed range.

Comparison of the BDFM with an adjustable speed
induction motor drive shows the supexion’ty of the BDFM in
maintaining close to unity power factor using a substantially
decreased rating of power comverter and similar
voltage/frequency control algorithm.

For the pump drive application investigated, several
tradeoffs regarding speed capability, converter rating, and
power factor need to be made. Both the 4/2 and the 3/1
prove to be good candidates for the application investigated.
However, the 4/2 suffers from a null in the torque speed
curve at 900 r/min which may preclude its use in this
application unless a lower speed of 860 r/min is adequate. In
its favor is the ability to maintain near unity power factor
throughout its usable speed range in contrast to the lower
power factor of the 3/1 machine in the lower speed range.

{7 A-R. Broadway and L. Burbridge, “Self-Cascaded
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