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Abstract: A unified spiral vector model is presented that can be used to assist the finite element method-based performance

analysis of brushless doubly-fed induction machines with various short-circuited rotor windings. Specifically, magnet-free brushless

doubly-fed induction machines working in doubly-fed or singly-fed synchronous mode are investigated. A dynamic model in spiral

vector notation is developed, based on which the torque-angle and power-angle characteristics are derived. It is shown that the

investigated brushless machines are equivalent to a traditional non-salient-pole synchronous machine with brushes. By introducing a

conversion factor, they can also be analyzed with methods similar to the conventional phasor theory. A comparison is made between

the brushless doubly-fed induction machine and non-salient-pole wound-field synchronous machine with brushes, revealing that the

performance of the brushless machine degrades faster when the laminated core is saturated. A scaled-down prototype is tested to

validate the effectiveness of the theoretical analysis.
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1 Introduction

Doubly-fed machines (DFMs), which feature two
independent alternating current (AC) electrical ports
(i.e., two accessible AC winding sets) and one
common mechanical port (i.e., the shaft), and the
synchronous operation functionality, have attracted
much attention over recent decades as variable speed
motor drives or generators for various applications,
such as electric vehicles (EVs) and wind power
harvesting 2] The latest research has focused on the
counterparts, DFMs
(BDFMs), for their distinct benefits, including robust

brushless namely brushless

construction, no high-cost rare-earth permanent
magnets, high reliability, low maintenance cost, and

decoupled field and torque control -7 Compared with
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brushed DFMs, BDFMs show better potential as a
with  high
wide-speed-range applications, such as EVs and
hybrid EVs.

Modern BDFMs can primarily be categorized

magnet-free  option reliability  for

into three types: cascaded doubly-fed induction
machine (CDFIM), brushless doubly-fed induction
(BDFIM), doubly-fed
reluctance machine (BDFRM) 8], Other BDFMs, such

[9], wound rotor [10]’

machine and brushless

as those with a rotary transformer

11 . .
: ], can be conceived as variants

and hybrid rotor
derived from the three main types according to their
working principles.

Though bearing quite different topologies, the
three BDFMs show strong similarities in steady-state
performance, dynamic behavior, and control structure.
For several decades, these three BDFMs have been
developed in parallel and have stimulated one another;
nevertheless, the relationship among these three
typical topologies has never been explicitly discussed

from the perspective of both design and control, which
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is probably due to the differences in their
mathematical models.

Among the three main BDFM types, the BDFIM
has been well known for its complex construction and
dynamic modeling, which can be dated back to the
1990s. A two-axis model in a rotor reference frame
was established for the first time for the dynamic
simulation %4 US4 of
BDFIMs.

scheme was proposed in Ref. [18], which, in fact,

and stability analysis
A so-called rotor-flux-oriented control

formulated the model in two synchronous reference
frames. All these models conceptually replace the
multiple loops per nest with an equivalent single loop
unwarrantedly.

The first two-axis model focusing on the effect of
nested loops was proposed in Ref. [19], whereas the
technique used for model order reduction lacks
theoretical basis. Roberts et al. ®* noticed this problem
and normalized the model order reduction process
through a matrix method, which was somewhat
complicated. A reduced-order unified reference frame
of a BDFIM was
stator-flux-oriented controller design as well as

stability analysis [21-23]

d-q model developed for

A space vector model with multi-loop circuit
equations was also built to provide the most compact
version of a BDFIM model without significant loss of
accuracy for dynamic performance prediction 24 but
this model shows weakness in controller design for
specific concerns, such as torque ripple suppression.
Direct torque control (DTC) for BDFIMs was
proposed for the first time in Ref. [25] and latter
investigated in Ref. [26].

Finally, significant

performance improvement was achieved by

introducing the indirect stator-quantities control
[27-28]

concept .

This study focused on developing a concise
unified dynamic mathematical model for BDFIMs
with various rotor winding types to facilitate their
finite element method-based comparison with the
other two main types of BDFMs in the future.
Traditionally, the steady-state performance of AC
electric machine is analyzed using phasor-based
methods, such as phasor equations and phasor

diagrams, using complex variables. In contrast,

two-axis models, alternatively called d-g models, are

mainly used for dynamic analysis and simulations with
real variables. Coordinate transformations are required
to bridge these two types of analysis. Compared to
existing theories, the spiral vector theory unifies the
steady-state AC circuit theory and transient-state
theory, proving a powerful tool for analyzing the AC
steady and transient states using the same state
variables and notations. In addition, the spiral vector
theory employs complex exponential phase variables
and makes full use of the symmetry between phases to
minimize the number of equations, further facilitating
theoretical derivations.

The main contributions of this study are as
follows.

(1) A spiral vector model for the unified
steady-state and dynamic analysis of various BDFIMs
with  short-circuited rotor windings was been
developed.

(2) Accurate finite element analysis assisted by
the developed spiral vector model was conducted to
show the torque characteristics of BDFIMs.

(3) The doubly-fed and singly-fed synchronous
modes of BDFIM operation were analyzed based on
the same spiral vector model.

(4) Theoretical performance comparison between
a BDFIM and traditional non-salient-pole wound-field
synchronous machine was presented for the first time.

(5) Prototyping of a 1.5-kW BDFIM and
experimental validations were conducted.

The remainder of the paper is organized as
follows. Section 2 introduces fundamentals of the
investigated BDFIM system with short-circuited rotor
windings. Section 3 presents the proposed unified
spiral vector model. The parameter calculations are
also discussed in this section. Section 4 reports on the
performance analysis for steady-state operation,
together with a comparison between the BDFIM and
non-salient-pole wound-field synchronous machine.
Section 5 describes the fabrication and experimental
tests of a scaled-down prototype for validation.

Section 6 concludes the paper.

2 Fundamentals of BDFIMs

A BDFIM typically has two distributed stator
windings, referred to as stator windings 1 and 2 (SW1
and SW2, respectively) in this paper. It should be note
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that although the two stator windings are usually
configured to have 3 or more phases for doubly-fed
synchronous operation, one of them can be a
single-phase winding supplied by a DC current, in
which case the machine can only be operated in the

singly-fed synchronous mode.

Short-circuited Rotor Windings 31
Controller
Us] e is1 PWM PWM in% Z Us2
signals signals
Inverter _T_ Inverter
I I Il
SW1 (m; phases)|  _—~_ 1SW2 (m; phases)
N\ L N\

A cross-sectional view of a typical 3-phase
BDFIM is illustrated in Fig. 1a. The numbers of pole
pairs of SW1 and SW2 are p;=4 and p,=2, respectively.
The rotor has N,=p;+p,=6 loop nests, and each nest
has 3 concentric copper loops. The rotor winding can
also be of spiral loop 291 or doubly-layer multiphase
type with equal- or unequal-turn coils U9 The
coordinate system used to derive the spiral vector
model of BDFIMs with short-circuited rotor windings
is also illustrated in Fig. la. A nested-loop rotor is
shown as an example. The two stator windings are
supplied by two independent voltage sources for wider
speed operation.

The system configuration with two independent
converters is shown in Fig. 1b. The operating principle
of the investigated BDFIM can be well explained by
the airgap field modulation theory B3 Once SW2 is
energized by AC or DC current, a 2p;-pole
magneto-motive force (MMF) is created in the airgap.
When the rotor spins at a speed of w,, eddy currents
are induced in nested rotor loops. The rotor MMF
produced by the eddy currents has a series of
harmonics rotating at different mechanical speeds,
where those with N,—p,=p; poles have the largest
amplitude. This MMF harmonic component can
produce alternating flux linkages in SW1 and thus
induce voltages.

Winding axis of SW1 phase-A

901 Winding axis of SW2
X phase-A
Short-circuited

Q‘/ coil group 1 ) ‘ ¢02

| Reference axis

is1=L51C08(@11+ 1)

ispy=lpc0s(Wa1+¢3)

(a) Cross-sectional view of a BDFIM

BDFIMs with shon—circuited:

1 NN
[ ! { | [
U

l rotor windings |

(b) System configuration

Fig. 1 A BDFIM in doubly-fed (or singly-fed) synchronous

mode and its drive system

3 Modeling of BDFIM

In this section, the first concise mathematical
model for BDFIMs using spiral vectors is presented to
assist in performance evaluation using finite element
analysis, which considers the initial phase of
excitations, positions of winding axes, and the initial
rotor position. This can be directly implemented for
setting up finite element models.

It should be noted that all finite element
simulations described in this paper are based on pure
sinusoidal current or voltage excitations. In real-world
applications, both stator windings will be supplied by
voltage source inverters. Therefore, there will be some
high-order harmonics in the current excitations, which

will introduce additional losses and vibrations.
3.1 Spiral vectors

The spiral vector theory manipulates voltage and
current as complex exponential variables to obtain a
closed-form analytical solution for AC electrical
circuits and machines °*\. Different from the complex
vector notation presented in Ref. [33], the spiral vector
theory treats each phase voltage and current as a
complex exponential function of time 34]

In a steady state, the voltage and current spiral

vectors are circular vectors and can be described as
u,(t)=U, exp(j(wt+9))
u,()=0 (1)
u,(1)=U, exp(j(a)zt +9 ))
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i (t) =1, exp(j(w1t R ))
i()=1,exp(j[(o - po,)t+9,]) )
i (t) =1, exp(j(a)zt + o, ))

where u, u,, and uy are terminal voltage circular
vectors of SW1, rotor loops, and SW2, respectively.
Usi and Uy, are the amplitudes of terminal voltages of
SW1 and SW2, respectively. w; and w; are the
electrical angular frequencies of SWI1 and SW2,
respectively. &% and &% are initial phase angles of
terminal voltages of SW1 and SW2, respectively. i, i,
and i, are current circular vectors of SW1, rotor loops,
and SW2, respectively. [;; and [, are the current
amplitudes of SW1 and SW2, respectively. ¢, ¢,and
@, are initial phase angles of the currents of SWI,
rotor loops and SW2, respectively.

The actual terminal voltage and current will be
the real parts of the corresponding circular vectors

u,(1)= Re[uxl (t)} =U, cos(m+9)

u,(t)=Re[u,(t)]=0 3)
u,(1)= Re[us2 (t):l =U,, cos(a,t+9)

i (1)= Re[isl (t)] =1, cos(mt+¢)
i,(t)=Re[i (1)]=1 cos[ (o —po,)i+o, ] (4
i,(t)=Re [isz (t)} =1, cos(w,t+9,)

3.2 Unified spiral vector model

Based on the coordinate system defined in Fig. 1a,

the voltage equation can be written concisely as
u=zi (5)
where the voltage vector, current vector, and

impedance matrix are

u= |:”s1 exp(jpl¢01) 0 (usz eXp(jp2¢02 ))* exp(ergr ):|T
(6)
i:|:isl eXp(jpl%l) i exp(]plar) (i.v2 eXp(jpz%z))* exp(erQ)]

™)
Nr
s( . ][Lm] 0

ol (2 T s (a1-18) 5% LT

’/;1 + SLSI

2

0 S5 (%j[ler] o t+8,L,
(8)
with
Sl =85= jpla)r
{sz =s—jN o, ©)

where ry, 1, and ryp are the SWI1 resistance, rotor
resistance matrix, and SW2 resistance, respectively.
Ly, L, and Ly, are the SW1 self-inductance, rotor
and SW2 self-inductance,
respectively. Lgi,, L., and Ly, are the SWI-rotor

self-inductance matrix,

mutual inductance vector, mutual inductance matrix
between any two rotor nests, and SW2-rotor mutual
inductance vector, respectively. ¢y and ¢y, are
position angles of the SW1 and SW2 axes with respect
to the reference axis, respectively. 6, is the rotor
position with respect to the reference axis. The
of the

rotor-related inductance matrices depend on the

dimensions rotor resistance matrix and
number of independent loops per nest.

The electromagnetic torque can be derived from
the partial variation of co-energy with respect to
position. Further, it can be represented in terms of the

three current spiral (circular) vectors as

L,=p (ﬂj (ﬂj L, Im[(is1 exp(jpydn ) ) (i, exp(jp,0, ))J +

2 \ 2
N,

2

3.3 Parameter calculation

The parameters used in the spiral vector model
can be calculated from the machine geometry based on
the winding function theory, or finite element analysis
for better accuracy. The inductance waveforms

obtained from finite element analysis are illustrated in

2 (—j(m?j Lo, 1 (i, exp () exp(/N,0,)(—i, exp(in,) | (10)

Fig. 2 as an example. SWI1 and SW2 have 8§ and 4
poles, respectively. These inductances involve the
closed rotor windings and cannot be measured directly
through experimental tests. In the performance
prediction based on finite element analysis, these
inductances are naturally included in the model and

require no additional estimations except the end
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winding leakage inductances. The nonlinearity
introduced by the magnetic saturation of laminated
stator and rotor cores is considered naturally in the
finite element analysis.

The self-inductances of SW1 and SW2 are DC
values superimposed by some harmonic components
introduced mainly by the winding spatial harmonics.
The mutual inductances between stator windings and
rotor nests are bipolar and dominated by the
fundamental component, which is desired in the design

of this type of BDFIM to suppress time and spatial

harmonics.
2501
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(b) Waveform of the mutual inductance between SW1 and SW2
Fig. 2 Inductance waveforms obtained from finite element

analysis of a BDFIM with spiral loop rotor windings

4 Steady-state operation

There are two types of synchronous BDFIM
operation: doubly-fed and singly-fed, as mentioned in
Section 2. In the doubly-fed synchronous mode of
operation, both stator windings are supplied by AC
voltages or currents, and the rotor speed meets the
frequency constraint

a),—i-a)z
w =—-
ptp,

w, o, #0 (11)

Therefore, the rotor slip frequency is

op, — h@,
ptp,

o, =0 —po, = @, @, #0 (12)

and the SW2 slip frequency is

wsz:wl_(p1+pz)wr:_w2 o, 0,#0 (13)

In the singly-fed synchronous mode of operation,
one of the stator windings is supplied by a DC voltage
or current. Assuming SWI1 is supplied by an AC
source and SW2 by a DC source, the rotor speed
will be

@,

. =
Pt Dp;

i

®,=0 (14)

The SW2 slip frequency is zero, and the rotor slip
frequency is

_ __ P
o, =0, — po, 2

) = w, =0 15
ptp, ’ (1)

4.1 Doubly-fed synchronous operation

In a steady state, the differential operator s is
replaced by jw;, and Egs. (6)-(8) can be simplified to

U= |:Us] eXp(j19] )exp(jpl%l ) 0 (Usz exp(jlgz )exp(jp2¢02 ))* eXp(jNVH,,O ):|T (16)

1=|1,exp(j)exp(pdn) 1, exp(jo,)exp(ip0) (Laexp(jor)exp(imda)) exp(iN,0.) | (17)

ry+jolL,

Z = ja)sl (%) L—flr

ja)] [ij ler 0

2

. . m
rr + ]a)sl (Lr - err ) ]a)sl (72] L:Zr (18)

ot Jjo,L,
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The electromagnetic torque will be

T, =p [Nr j(%jll x Im[(kl exp( o, )exp (jpidn ))(1, exp(jo, Jexp (jpi, ))*J +

2

2 2

The spiral vector diagram of the voltage in Egs.

(16)-(18) can be drawn in a similar manner to those

Jo(FH) L (LaespGonexpip o)

{mﬁwsz(%)Lsz,} (lgzexp(/’wz)exp(/pz%z)) ‘exp( JN,6,9)

~~o
~~

~
S~

)2 (Nr j(ﬁj L, x Im[(lﬂ exp (o, )exp(jpz%z))* exp(jN,0,,)(~1, exp(jo, )exp(Jp.6,, ))} (19)

for conventional induction machines, as shown in
Fig. 3.

{r4j @1(Ly=Ly—)} Lexp(j@exp(jp 1¢r0)
nt

. 2\, T . . *
< stl( 5 )LSZr (lxzexp( J¢2)9Xp(/172¢02)) exp(/N,6,0)

~~
S~
~
~<
~

(Usaexp(62)exP(p2002) exp(iN;6r0)

Liexp(jepexp(jp 9,0

Ls1exp(jP1)exp(jpPo1)

N
)Lstr1exp(j@0exp(ip;6,0)
(rsitjorLs) I 1exp(jo1)exp(p 9g1)

Fig. 3 Spiral vector diagram of BDFIM with short-circuited rotor windings

By using the proposed spiral vector theory-based
modeling approach, a vector diagram similar to the
traditional phasor diagram can be easily obtained
based on Egs. (16)-(18), allowing visualization of the
amplitudes and phases of voltages and currents. The
complex conjugates of the SW2 voltage and current
vectors are introduced due to the fact that the rotating
magnetic fields of the 2pl-and 2p2-pole are in
opposite directions relative to the rotor.

The rotor current vector can be obtained from Eq.
(18) as follows

-1

[r exp(j¢r)exp(]p19r0) = _{rr +ja)xl (Lr _err )} x

{(Isl exp(j(pl )exp(jpl¢01 ))]a)sl (%JLIV +

|:(Is2 eXp(j(p2 ) exp(jp2¢02 ))* eXp(jNyHyO ):| e [%) Ler}

(20)
By neglecting the rotor resistance matrix, which
can usually be done for well-designed BDFIMs, the

rotor current can be simplified to

Ir exp(jwr )exp(jplgro) = _{(Lr _Lr—r )}71 x

{(Isl exp (j% )exp(jpl¢01 ))(%j Lflr +

[(42 exp( . )exp(ipathy ) exp(JN,0, )J[%}L} (21)

Then, the torque equation can be simplified to
T, =(p+p,) L1, siny (22)

where Li,, is the mutual inductance between SW1
and SW2 through the intermediate action of the
rotor with short-circuited windings, which can be
expressed by

N, \[m _ Sy )
Lm—[Tj[zJLm(Lr L) [ 2)szr (23)

and
7:(]91%1 +¢1)+(pz¢oz +¢2)_N;ﬂr0 (24)

where y is the current angle.

Eq. (22) indicates that the torque of a BDFIM
with short-circuited rotor windings is proportional to
the amplitudes of the SW1 and SW2 currents, and the
torque angle. The torque angle not only depends on the
initial phase angles of the SW1 and SW2 currents, but
also the positions of winding axes of SW1 and SW2,
and the initial rotor position, when the rotor resistance
can be neglected.

The spiral vector diagram shown in Fig. 3 can
be further simplified to illustrate the torque
production due to the SW1 and SW2 currents, as
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shown in Fig. 4. The rotor winding resistance,
stator winding resistances, and leakage inductances
are neglected for simplified analysis, which is a
common practice in analyzing AC synchronous
machines. The upper and lower triangles represent
the voltage and current relations of SW2 and SW1,
respectively. By applying the law of sines, more
insights into the SW1- and SW2-related quantities
can be obtained. The area of the parallelogram is
proportional to the torque.

S (Lasxpleexplin, )| explii o)

Q

Jo1Ls llslexP(fq’l)exP(jpl(Pm)

(IszCXp(jfﬂz)eXP(JPQ%z)) exp(jN:6r0)

, Usiexp(j61)exp(jp,9o1)
Is1exp(jP1)exp(ip 891)

Tem™CArea

—ja)stz(132eXp(j(ﬂz)eXp(jpz%z))*exp(erG,o) —j@o Lo I1exp(j1)exp(ip 9o1)
Fig. 4 Simplified spiral vector diagram of BDFIM with

short-circuited rotor windings

This conclusion can be directly implemented in
finite element analysis to determine the torque-angle
characteristics, and the maximum torque occurs
around y=*n/2, as illustrated in Fig. 5, where “TR”
stands for transient solver and “QS” stands for
quasi-static solver. Without the developed spiral vector
model, the zero-crossing point and peak torque points
will be randomly positioned. It can also be seen that
with a smaller rotor resistance, the peak torque will be
larger. Regardless of the rotor resistance, torque-angle
curves from the transient solver will be distorted, but
curves from the quasi-static solver will always be
symmetrical.

The flux pattern will vary with changes in the
current ratios, i.e., 51/, leading to different levels of
saturation in the stator and rotor back irons, as shown
in Fig. 6, where F'; and F’ represent the per-pole MMF
of SWI1 and SW2, respectively, which depend on the
stator currents. When the per-pole MMFs of SW1 and
SW2 are the same, the
(p1tp2)-pole pattern. By contrast, when the per-pole

flux contour shows a

U =[Uﬂ exp(jo )exp(Jpdy) O (UszeXp(jpz%z))*exp(jN,é’,o)}T

MMF of SW2 is larger, the flux contour will be
dominated by the 2p,-pole pattern.
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(b) Neglecting the rotor resistance
Fig. 5 Finite element analysis predicted torque-current

angle curves
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Fig. 6 Field plots of the BDFIM

4.2 Singly-fed synchronous operation

In the singly-fed synchronous mode of operation,
SW2 is supplied by a DC current, and the previously

introduced equations can be simplified to

(25)
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* T
I= [le exp(j(pl )exp(jp1¢01) I, eXp(j¢r)exp(]p19ro) (Ixz eXp(jp2¢02 )) exp(jN,HrO ):| (26)
Z= presence of the short-circuited rotor windings because
— o (Nrj L 0 Cp is the'zoretically always below 1.0. The si.mpliﬁed
2 phasor diagram used for steady-state analysis of the
BDFIM in singly-fed h de is sh i
jo, ( m jLIIr v+ jo,(L-L.) jo, ( m, jLI2r . in singly-fed synchronous mode is shown in
2 2 Fig. 7.
L 0 0 r, |

(27)
The torque equation is the same as Eq. (22).
Rewriting Eq. (22) using the no-load flux linkage
produced by SW2, the torque will be
T, = (pl + p2)l//s2151 sin y (28)
where
l//s2 = LerISZ (29)
The active power delivered by SW1 can be
calculated by multiplying Eq. (28) by the rotor speed

P=oy,I siny (30)
Rewriting Eq. (30) with voltages instead of
currents, the power equation becomes similar to that of

a traditional wound-field non-salient-pole synchronous
machine is obtained as

EU
P="""ging
X (31)
where Eo=w 1y, is the no-load voltage, o is the power
Xs=(m1/2)a)1C12LmS1 1s the
reactance, and L, is the main self-inductance of SW1

angle, synchronous
without considering the influence of rotor loops. Ci; is
the conversion factor introduced by the rotor loops,

which can be expressed by

1 N,. _ S My )t
C12=1—[—](7jlﬂr(l4r Lr—r) (2 ijZr (32)

‘ms1

Eq. (31) indicates that a BDFIM with short-

circuited rotor windings operated in singly-fed
synchronous mode is equivalent to a wound-field
non-salient-pole synchronous machine. Its no-load
terminal voltage is proportional to the frequency of
stator currents and the flux linkage produced by the
SW2. The synchronous reactance can be calculated
from the conversion factor and the SWI1 main
inductance.

The synchronous reactance is reduced due to the

Fig. 7 Simplified phasor diagram

4.3 Comparison with synchronous machine

BDFIM  with

short-circuited rotor windings and a wound-field

A comparison between the

synchronous machine of the same geometry is made
here in terms of the per-phase flux linkage linked by
SW1, the back-electromotive force (back-EMF), and
torque per rotor volume. The ratios of flux linkage
(back-EMF, torque per rotor volume) between the
BDFIM and synchronous machine are tabulated in
Tab. 1.

Tab.1 Comparison of BDFIM and synchronous machine

Equal per-pole excitation MMF (PF is the power factor of SW1)

Ratio of per phase ~ Ratio of back-EMF at ~ Ratio of torque per rotor

flux linkage the same rotor speed volume
c, Clz[pl +[72] Clz(pl +p2]PFBDHM
V2 1 PE,

Equal overall excitation MMF (PF is the power factor of SW1)

Ratio of back-EMF at
the same rotor speed

Ratio of per phase
flux linkage

P ptp D+ Dy | Pl
C [1j C”[IZJ CIZ[IZJBD”M
123 P, P, PFg,

Ratio of torque per rotor
volume

To produce the same flux linkage in SWI, the
SW2 MMF of the BDFIM should be
p2/(C12Xp1) times that of the synchronous machine. For

overall

the investigated topology (p1=4, p»=2, Ci» calculated
from finite element model=0.495 8, C), calculated
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from analytical method=0.439 6), the consumed total
excitation MMF is nearly the same. If the saturation
effect is further taken into consideration, the flux
linkage ratio drops after the laminated core becomes

saturated, as illustrated in Fig. 8.

1L1r

0.9}

Ratio of per-phase flux linkage

07 I I I | | | )
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Current/p.u.

Fig. 8 Flux linkage ratios at different saturation levels

It can be concluded that in unsaturated and
low-saturated operating conditions, the investigated
BDFIM can achieve nearly the same torque as a
traditional non-salient-pole synchronous machine with
the same rotor volume and overall MMFs. However,
the excitation becomes ineffective when the stator
and/or rotor cores are heavily saturated. The overall
capability is relatively weak compared with the
traditional wound-field synchronous machine.

5 Prototyping and experimental validation

A scaled-down BDFIM prototype  with
spiral-loop rotor windings and a slip-ring doubly-fed
induction machine operated as a wound-field
synchronous machine were used to validate the
effectiveness of the developed model and correctness
of the theoretical analysis.

The two prototypes are shown in Figs. 9 and
10, respectively. Their specifications are listed in
Tab. 2. A spiral loop rotor was adopted instead of a
nested-loop one to simplify the fabrication of the
rotor winding. A spiral loop rotor is expected to
have similar characteristics to its nested-loop
counterpart, except the increased rotor resistance.
Phase A and phase B of the 3-phase SW2 were
connected in parallel and then connected in series
with phase C to form an equivalent DC winding in
singly-fed synchronous mode. The SW1 winding

served as the AC winding.

(b) Stator in the frame
Fig. 9 Photos of the 1.5-kW BDFIM

(a) Rotor

(b) Stator in the frame
Fig. 10 Photos of the 1.5-kW wound-field synchronous

machine (doubly-fed induction machine with the rotor winding

supplied by DC currents)

Tab.2 Ratings and specifications of the 1.5-kW prototype

Parameter Value
Rated power/kW 1.5
Maximum torque/(N « m), speed/(r/min) 21, 4000
Stator outer/mm, inner diameter/mm 182, 127
Air gap/mm, stack length/mm 0.35, 90
Stator/rotor slot number 45/36
Number of spiral loops 6
Turns per spiral loop 15
Rotor slot skewing angle /(° ) 8
Turns in series per phase of 8-pole winding (3-phase) 510
Turns in series per phase of 4-pole winding (3-phase) 255
Mechanical angle between phase A axes of SW1 and SW2/(° ) 0
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The unsaturated inductances were measured at
different rotor positions with an LCR meter at 50 Hz,
which is the rated frequency at the designed operating
point. In addition, because the rotor is stationary, a 50
Hz excitation to SWI1 and SW2 can provide a
relatively large slip frequency to reduce the influence
of the rotor winding resistance. To test the inductances,
the SWI1 terminals were reconnected in a similar
manner to the SW2 ones because the three phases
were star-connected and there was no accessible
neutral point. Phase A and phase B of SW1 were
connected in parallel and then connected in series with
phase C. The tested inductance waveforms are shown
in Fig. 11a.

The self-inductances of SW1 and SW2 are DC
values superimposed by some harmonic components.
The mutual inductance between SW1 and SW2 is rotor
position-dependent and varies sinusoidally when the
rotor spins at a constant speed. Based on the analysis
presented in Section 4, the mutual inductance between
SW1 and SW2 can be measured and used to
characterize the machine without knowing the detailed
mutual inductances between stator windings and rotor
loops, which cannot be measured directly in reality
because the rotor windings are closed. This feature
enables performance comparison between BDFIMs,
CDFIMs, and BDFRMs.

The measured open-circuit terminal voltages at
different speeds, which are a good measure of the
cross-coupling capability in voltage mode 331 for the
BDFIM prototype, slip-ring doubly-fed induction
machine, and cascade of two doubly-fed induction
machines, i.e., the CDFIM, are shown in Fig. 11b and
Fig. 11c.

N — & — L(SW1) meas.
300 — & — L(SW2) meas.
- —¥— L(SW1, SW2) meas.
£
3
8
E
=]
=

1
2.0 2.5 3.0

1 1
0 0.5 1.0 1.5

Mechanical angle/rad

(a) Inductance waveforms considering the influence
of short-circuited rotor windings

200
q —E— SWI meas. (SW2 excited)

1] .
E 150 —H— SW2 meas. (SW1 excited)
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(b) Open-circuit voltage for BDFIM
150q
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(¢) Open-circuit voltage for CDFIM and
slip-ring doubly-fed induction machine

Fig. 11  Test results of the scaled-down prototype

In the test, both stator windings were used as
3-phase windings. One of the stator windings was
supplied by a 50-Hz sinusoidal voltage source, and the
open-circuit line-to-line voltage of the other stator
winding was measured at different rotor speeds. When
SW2 was energized by the 50-Hz current, the
synchronous speed of SW2 was 1 500 r/min, making
the induced voltage in SW1 vary linearly. On the
contrary, when SW1 was energized by the 50-Hz
current, the synchronous speed became 750 r/min. As
the rotor speed approached 750 rt/min, the slip
frequency became zero and there was no current in the
spiral loops. Therefore, the measured line-to-line
voltage at 750 r/min was close to zero. Similarly, the
groove was also observed in the CDFIM, but at a
different speed. This groove did not exist in the
slip-ring doubly-fed induction machine.

To test the torque-angle curve, both stator
windings were used as 3-phase windings and supplied
by 50-Hz voltage sources. The phase sequence of one
of the stator windings must be reversed so that the
rotor speed can remain at zero. Then, the torque could
be recorded at different rotor positions. At least a
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range of 60 deg. (mechanical) was required to obtain
the full torque-angle curve.

6 Conclusions

A BDFIM with short-circuited rotor windings
was modeled using spiral vectors, based on which
finite element analysis was conducted to analyze its
performance. It was found that a BDFIM in singly-fed
synchronous mode is equivalent to a wound-field
non-salient-pole synchronous machine in terms of
torque/power-angle characteristics. Its performance
can be analyzed with methods similar to those of
conventional phasor theory, after the conversion factor
is introduced.

In wunsaturated and low-saturated operating
conditions, the investigated BDFIM can achieve
nearly the same torque as a traditional non-salient-pole
synchronous machine with the same rotor volume and
overall MMFs. However, the excitation becomes
ineffective when the iron core is heavily saturated. The
overall capability is relatively weak compared with
that of the traditional wound-field
machine. A more detailed comparison of BDFIMs,
CDFIMs, and BDFRMs based on unified spiral vector
models is underway and will be reported in the future.

synchronous
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