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Abstract: The Simplified Equivalent Circuit Mocel (SECM) is well established as a tool
for the performance analysis of the Brushlez=.Douw:;~Fed Induction Machine (BDFIM).
However, the SECM typically relies on a corsta .i-parameter approximation, which, in
theory, contradicts the machine's inherent valocity-dependent nature, given its typical
nested-loop rotor structure that couple: magnetically with a large portion of the air-gap
field harmonics' spectrum. Thio papes.investigates the physics behind this by directly
deriving its parameters from rigeros powzr-balance equations and a time-harmonic finite-
element model. The study 4centifies a self-compensating mechanism: although the
extracted rotor leakace reac.once and effective turns ratio exhibit significant variations
near the natural sreed, their combined interaction minimises the impact on terminal
quantities. Furtherni>re, the paper investigates the validity determinants of the constant-
parameter SECM in doc©!e-feed mode and explains the factors of the conditional accuracy.
Key words: Brushless machines, equivalent circuits, finite elements, induction machines,
synchronous machines.
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curl  Curl operator
grad  Gradient operator
RMS  Root mean square value

RPM  Revolutions per minute

1. Introduction

Previous research has established the optimal configuration for a brushless doubly-fed
induction machine (BDFIM) with a nested-loop rotor winding [1-6]. It is suitable for wind
power generation systems [7-9]. The commercial viability of this teai0logy has improved due
to clarifying its performance characteristics and resolving the == control-related issues [10,
11]. The 2T simplified single-phase steady-state equivalent Zircuit model (see Fig. 1) [1-5] has
been instrumental in driving this progress. The term "simdlifiea refers to the multi-loop, nested-
rotor winding design, which assumes a single loop per nesc In this paper, the model is referred
to as the SECM (Simplified Equivalent Circui*. Moac"): Other equivalent circuit models have
also been proposed [14]. Efforts have been madeto chhance the SECM to address core losses
[15, 16], although the fundamental form_is considered in this work. A review of equivalent
circuit models of BDFIMSs presentad ir.the literature, including models of various orders and
those that consider or neglect core Ins.2s, is provided in [18], along with an assessment of their
dynamic performance. All examiried mcdels depend on constant equivalent parameters.

Implementing SECMs-reiies won accurately determining its parameters, which poses
a significant challenge: Torie studies use the SECM without mentioning the method used to
obtain the parameters [12, 17.47]. The work [19] outlines the following techniques used for this
purpose:

i) The parameters are calculated using machine geometry data during the design stage.

ii)The parameters are estimated through curve fitting using data from steady-state
measurements of the terminal quantities.

iii) The parameters are obtained from numerical models and experimental tests.

In [20], the rotor winding parameters for the nested-loop design were obtained from the
finite element analysis results, although no details were provided about the latter. From the
earlier work of the same authors [19], it can be deduced that these parameters were determined,
assuming that the loops are connected in parallel and that the impedances of the loops can be
calculated separately. It was recognised that the rotor winding parameters and the effective rotor
turns ratio depend on the rotor speed. The results suggest that, from the viewpoint of RMS
values of the terminal quantities, this dependence is negligible within a typical operating
condition. Two analytical approaches for determining rotor parameters are outlined in reference
[21]. Work [22] presents an experimental method that uses only the terminal quantities, thus
eliminating the need for complex analytical models. The study formulated equations for the
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parameters of a modified SECM and conducted tests under both no-load and locked-rotor
conditions. The estimated parameters are favourably compared with those obtained through the
methods outlined in [19].

Existing methods, while useful, present certain limitations. Analytical techniques can be
complex and prone to inaccuracies, while experimental methods require physical prototypes and
extensive data processing. Consequently, a precise and direct method applicable at any stage of
design is highly desirable. Moreover, relying on terminal measurements and curve-fitting
methods can mask local electromagnetic interactions because, to minimise the squared error,
the parameters are averaged. The proposed FEM-based approach enables the isolation of
specific harmonic effects—such as the impact of differential leakage fluxes on rotor
impedance—which are analytically complex and experimentally challenging to separate from
other phenomena, like core losses. To address this need, this paper proposes a direct parameter-
extraction procedure based on power-balance equations and a time-harmonic finite-element
model described in [25, 26]. However, the contribution of ihis wsark extends beyond the
extraction methodology itself. It aims to investigate the physics underlying equivalent
parameters, specifically addressing how a constant-paiame*zi model effectively describes
a machine with inherently frequency-dependent rotor-paiamters. Specifically, this study:

i) ldentifies a self-compensating mechanism iri«olving the effective turns ratio varying
oppositely to the rotor impedance, which explains c»2.model's accuracy in single-feed operation
despite parameter variations.

ii) Identifies the factors affecting the onstant-parameter SECM accuracy in double-feed
mode in low- and high-power ranges.

The results are applicable to the stead'y-s:ate operation of a BDFIM with a nested-loop rotor
winding.

2. Framework of models
2.1. The SECM
Figure 1 shows the circuit diagram for the SECM and the nested-loop rotor winding of
a physical BDFIM.
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Fig. 1. The SECM: (a) Circuit diagram with parameters referred to the power winding side (' - denotes
reference from the rotor side, " - denotes reference from the control winding side); (b) nested-loop
winding of the physical rotor. The equivalent parameters are Rp and X, - power winding resistance and
leakage reactance, Xmp and Xmc - magnetising reactances, Rc and Xc - control winding resistance and
leakage reactance, and Rr and Xr are rotor winding resistance and reactance
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There are two fundamental frequencies for the stator windings: w, for the power winding
and w. for the control winding, and two rotor slips: sp, relative to the power winding, and s,
relative to the control winding:

sp = "L, D
S¢ = S )

pp and pc are the power winding and control winding pole-pair numbers, and «x is the rotor
angular velocity. Combining Formulas (1) and (2) gives the synchronous mechanical rotor

velocity
w. = wpt+wc . (3)

r PptPc

The natural angular mechanical velocity of the rotor is

— _“p . (4)

w, =
n PptPc

Figure 2 illustrates the convention used to relate the three-phase quantities to the dq
quantities. V, and V. represent the RMS pha.c.\oltayes of the power and control windings,
respectively. The voltages, currents, and equivalent parameters of the SECM are referenced to
the power winding side, using the effectiva turns*ratios in Table 1. The effective turns ratio, in
general, is the ratio of the magnituc'as ¢£the fundamental components of the air-gap magnetic
flux density of the stator winding ar.d vxe rotor winding, determined at unit currents [4, 14, 27].

y

ip

0%
power S

Fig. 2. Convention relating the three-phase and dq quantities; i, is, and ic represent the power winding
three-phase currents, while ia, ib, and ic represent the control winding three-phase currents, and é; is the
rotor angle. Transformations from phase to dq quantities for BDFIM are provided in [4, 5]
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The effective turns ratio from the control winding to the power winding, also referred to as
the rotor turns ratio, is [5]

— Nrp

nr - Nye ) (5)
where
BP‘|1 |=14

n,, & —1P7o” 6
P Brplip=1a’ ©)

B —
n.. clitl=1 4 . 7
"7 Breljni=1a )

B, and Bc are the magnitudes of the fundamental components of the air-gap magnetic flux
density developed by the power and the control winding, respectively. By, and B are the
components of air-gap magnetic flux density with pole-pair numhets'p, and pe, respectively.
Ratio (5) depends on the winding design in the stator and roiur, 2nd an optimal value for this
ratio exists, as noted in [6]. As demonstrated in [4], for e wa2ed-loop rotor winding design,
this ratio can only be approximately described by the-anahical expression. The imposition of
the unit rotor current on the rotor winding will be further explored. We will also indicate the
inconsistency in the approach relying solely on Fuimulas (6)—(7).

Next, there are electrical angles ¢, and ¢, (see Fig. 2), which are related to mechanical
angles 7, 0,., in Fig. 3 in the following wey:

W = A’pgr + bp, (8)
Dc = b;f’:‘ - (pp + pc)er + ppN +p, (9)

where 7 represents the in.¥*al angular position of the rotor in the finite element model, and y is
associated with the distribution of stator windings in a particular machine.

Table 1. Referring parameters of SECM to the power winding side [4]

Referred quantity or lumped parameter Reference
Power winding voltage and current v, - (111), I, (1/1)
Power winding resistance and leakage reactance R, (1/1), X,-(1/1)
Power winding magnetising reactance Xmp - (1/1)
Control winding voltage and current V.=V.'n., L .=1I/n,
Control winding resistance and leakage inductance R! = Rmn?, X! =Xmn?
Control winding magnetising reactance Xhe = Xppe - 12
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Rotor winding current Iy =1 nr_z}

The rotor winding resistance and leakage reactance R, =R, nﬁp, X, =X, nﬁp

The electromagnetic torque is calculated as [4, 5]

3P¢

)
Wr

T, =(1 —s,,)zﬁ+ (1-s,) (10)

where P, and F, are the active powers delivered to the rotor branch in Fig. 1 on the power and
control winding sides, respectively.

2.2. Finite element models

The finite element model used to extract the SECM parameters-is a nonlinear, steady-state,
frequency-domain, complex-valued model developed in [25]. The ¢-1) time-domain problem
was transformed into a frequency-domain problem using tha.ruwor slips. The model employs
a rigorous finite element formulation of the voltage-driven <ob’=m governed by the equation

—div(very (B')gradd’) = J, + o + o{s,wpd’ — ), (12)

where A’ is a modified complex magnetic vectcr pointial representing the algebraic sum of the
potentials associated with the fundamental time-harmonic of the rotating magnetic field
developed by the current densities of the two stator windings: J,, of the power winding and /. of
the control winding. Similarly, the cemplex voltage u is the sum of voltages across the rotor
bars, associated with these magne.™: fierds, and B’ = curl A". The complex current densities J,,
and J. associated with thesstator/.ower and control winding, respectively, and the voltage g_',
are determined from thie 2ouations of the coupled circuits considering stator and rotor winding
topological distributions. '1eeffective magnetic reluctivity v, is used to account for the
saturation of steel as described in [25, 26]. To solve the SECM parameter extraction problem,
the above model must be executed multiple times. It is convenient to consider this model as a
THFEM (Time-harmonic Finite Element Model) procedure that takes input data and computes
the output

machine geometry data,

I
» BDFIM operating mode,
YZ"C = THFEM material data, ’ (12)
e Vo, Ve, Or, 0p, ¢
where
r(% 21 *
T, = 25 [ R{BBs}do (13)

is the electromagnetic torque with r;, as the air-gap radius, Br and By as the complex magnitudes
of the radial and circumferential components of air-gap magnetic flux density, respectively. The
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parentheses in (11) enclose the input data, while the square brackets enclose the output data. An
additional static model called further STAFEM (Magnetostatic Finite Element Model) must
accompany this model. It implements a current-driven problem and can be described as follows:

—div(vesrgradA) = J, + . + ], (14)
Ny
n
XT ¢ machine geometry data
p

x, | = STAFEM JpsJerJr : (15)
Xnp distribution of frozen permeability from THFEM
ch

where J,, ] are the real-valued current densities associated with the stator power and control
winding, respectively, and J,. is the real-valued current densit associated with the rotor
winding. Model (13) does not compute a separate finite-element reluctance matrix; instead, it
uses one computed by the THFEM. This technique, known/as the-frozen permeability method
[28], enables the extraction of inductances while considering«iagnetic saturation. The current
densities in (15) can be taken from either real or imagina~components of the complex values
obtained from the THFEM.

3. Parameter extraction

3.1. Reference BDFIM

A summary of the referance pavsical BDFIM specification is presented in Table 2. Figure 3
displays the dq axes' J<catinn ¢»d the stator winding distributions over the machine cross-
section. To ensure synchrenisadon between the THFFEM and SECM, the angles 9 and ¢ in
(8)-(9) need to be determined based on the machine geometry, initial rotor angle, and stator
windings distributions across the stator slots.

3.2. Methodology

First, the parameters to extract are the effective turn ratios. Using definitions (5)—(7), a unit
current must be distributed over the rotor bars. It is assumed that the currents in all loops within
each nest have the same phase angle and that their sum equals 1 A. We examined two methods
for distributing the current through the rotor bars. Method 1 assumes that the current in each
loop is equal to 1/3 A, while in Method 2, the currents are proportional to the effective area of
the loop. For this machine, this reasoning yields the following current values: for Loop 1:
5/(1 +3+5) A, for Loop :3/(1 +3+5) A, for Loop 3: 1/(1 + 3 +5) A, as the ratio of effective
areas for the loops can be expressed by the ratio of their slot spans. The currents are distributed
over the bars, assuming there is no phase shift between the currents of the loops within the same
nest and that the currents circulate within the loops. The incorrect approach would be to enforce
the current distributions composed of the two spatial harmonics p, and pc, which would violate
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the physical paths of the currents determined by the bar connections. Figure 4 displays these
two distributions.

Table 2. Specification of the BDFIM under analysis

Parameter Value
Stator frame diameter and axial length 210 mm and 105 mm
Number of stator pole-pairs Power winding: pp = 2, control winding: pc = 4
Stator, rotor slot numbers 48, 36
Power_wmdlng nominal phage voltage, phase 230V, 230,200
resistance, and end-winding reactance
Control_ winding nominal pha_se voltage, phase J30V,.5.4 0,310,
resistance, and end-winding reactance
- . cop 1: .
Rotor end-winding resistances Loop 1_ 11512, 0.07uH
- Loop 2: 39 uQ, 0.04 uH
and inductance
Loop 3: 27 pnQ, 0.01 pH

Rotor end-ring sector resistance: ooonoo oonoo

power wir.ling
ontrol wi ding

Fig. 3. Cross-section of the BDFIM under study: (a) with stator and rotor windings distributions; (b)
magnetic field distribution at natural velocity corresponding to ext =0 and & =0

ir T T T T T T T

Current, (A)

\
Method 2

5 10 15 20 25 30 35
Rotor slot ordinal number

Fig. 4. Current distributions over rotor bars that correspond to the two methods
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We initially ran the THFEM at w, in single-feed mode, reducing the power winding voltage
to 75%of the nominal value. This was to ensure the measurements described later were taken
under conditions that minimise core losses and temperature rise in the rotor winding during the
experiment. In modelling, it was observed that increasing the voltage to 110% of the nominal
value had virtually no impact on the extracted rotor parameters. We performed this step solely
to determine the permeability distribution for the stator and rotor. Next, we ran a STAFEM
twice, applying unit currents to either the stator or the rotor windings, and considering the rotor
winding current distributions shown in Fig. 4. Bp, Be, Brp, Brc in (5)—(7) were determined from
the air-gap distributions of the radial components of magnetic flux density using FFT. The
results are presented in Table 3.

Table 3. Computed values of the effective turns’iatios

Method Nrp Nrc ! nr
1 77.46 10157, 0.76
2 60.82 84,91 071

Later, the values in Table 3 will be examir.cd.for accuracy. Before proceeding, it is crucial
to outline the methodology used to extract the remaining reactances. The leakage - X, and X
and the magnetising reactances Xmp and-Xmc art extracted using the following relationships.
Given the operating point, the THTEN: a5 executed, and next the STAFEM was executed
based on the permeability distributicn 1:om the THFEM. The stator reactances were determined
by alternately feeding phases "A: ar.d "a" with unit current, while the remaining phases and the
rotor winding were left open. The ycakage and magnetising reactances were calculated as [23].

Xp = (124l = 125] = 12¢]) + Xpe, (16)
Xe = wp(|al = 12p] = 12cD) + Xee, (17)

where 1 indexed by the phase label represents the phase magnetic flux and Xge, Xce the
reactances of the stator end-windings of the power and control windings, respectively [24]. The
magneting reactances were determined as follows:

KXmp = z(wpufll - |Xp - Xpe|)' (18)
Xme = %(wpllal - |Xc - Xcel)- (19)

The factor 3/2 is required due to the single-phase supply. The rotor winding parameters were
extracted using the power balance equations, based on voltages and currents obtained from the
THFEM. From Fig. 1, it can be deduced that for the active power delivered to the rotor winding
equivalent terminals, the following equations apply [2, 4, 5]

3-P,+3-P %3 |g'r|2R',$+ T,w,, (20)
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3:Q,+3-Q, %3 |',|"x", (21)

where the active powers are
B = R4}, (22)
Po= 2RI, (23)

and the reactive powers are
Qp = (%"}, (24)
Q = 25{k.17), (25)

where

I'y=l =52 or I =3k I (26)

All parameters of the SECM are now described..e.«cert for the resistances, which were
measured (see Table 3). The parameter extraction rcauires that the THFEM and STAFEM be
executed in a sequence, as shown in Fig. 5.

Set operating point,
Determine 1, 1) accoré 2 to'ciator windings'
data and initial ro »r position

— T
Ex=crac THeEM
s THrE

currents
pass stat. ated
reluctance 1, .atrix

Determine powers,
rotor winding current and
extract rotor parameters using
(20)-(26)

{ Rotor parameters ;

Execute STAFEM, extract stator
parameters using (16)-(19)

pass stator parameters

C Stator parameters ;

Fig. 5. Flowchart diagram illustrating the extraction of SECM parameters

3.3. Results

In Fig. 6, the results of a magnetisation test are presented for both stator windings. During
laboratory tests, the machine was operated at synchronous velocity of the stator windings, with
a proportional increase in voltage. The analysis using the THFEM assumed identical conditions.
Figure 7 compares the cascade characteristics obtained using the THFEM, SECM and
measurements at a 50 Hz supply. In method one (see Fig. 1(a)), the results less favourably

10
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correspond to those from the THFEM than in method two because the assumed rotor current
distribution is more specific to winding designs with bars connected in series. In method two,
the data obtained from the SECM closely resemble those of the THFEM, making it difficult to
discern any discrepancies; the value of n, = 0.71 in Table 3 appears correct. However, if n, is
constant, there is a difference between the rotor currents determined using both formulas in (26)
that reaches 5 % in relative values. This means that the inconsistency in rotor powers is even
higher, suggesting that n, cannot be accurately determined unless the equality constraint is
imposed on the rotor current. It can be deduced from Fig. 1(a) and (26) that this constraint is
equivalent to n, determined as current for both stator windings.

Magnetizing+Leakage
reactance, (02)
~ ®
=] =

® Determined from magnetizing t st ——— Computed by THFEM
i . . "

0 1 2 3 4 5
Magnetizing FMS current, (A)

Fig. 6. Variations of series connections of leakage and magnetising reactances versus magnetising

(27)

The variation of n, ver.us rotor speed, determined from (27), is shown in Fig. 8. The
observed frequency dependence is not substantial. However, it becomes crucial in fulfilling the
power balance equations, (20) and (21). Formula (27) also suggests a method to enhance
accuracy in experimental approaches, and that variation of n in the double-feed mode will differ
from that in Fig. 8.

The rotor parameters variations corresponding to the results in Fig. 7 are plotted in Fig. 9.
The variation of R, due to skin effect is clearly exposed by the main trend. The parameters
exhibit peaks at wn. To explain this phenomenon, from (20)—(25) and Table 2, one can deduce
that at natural speed, when Te = 0.

o

Power winding
RMS current, (A)
w

THFEM x  SECM+Method 2
- = = - SECM+Method 1 ®  Measurements ?
0 . L
0 500 1000 1500
;r-SD/:, (RPM)

11
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Jr-SOJ'w. (RPM)

o

(b)

0 500 1000 1500
w30/, (RPM)

©

Fig. 7. Characteristics determined in cascade mode for |Vp| = 172 V"RMS: (a) RMS phase current of the
power winding; (b) RMS phase current of the control wiriuing,==d (c) electromagnetic torque

(

Rily, = sy ilz.y lej Ny, (28)
' ~1, B
Xler = Sg_lrp |I |2}nrp - chng' (29)

The referred parameters agg:gate the variations of the non-referred parameters, the
variations of effective turpe’ retioang, and ny, and those of the magnetising reactance.

0.8 F T T T T —

Computed using (5)-(7) (Method 2 in Tab. 3) and STAFEM

0.75 / B

0.7 / ]

Computed using (27) and THFEM

n,

0.65 -

0 200 400 600 800 1000 1200 1400
w, - X (RPM)

Fig. 8. Variation of the effective turns’ ratio nr determined from (27) compared with that determined
according to Method 2 in Table 3, under the conditions in Fig. 7

Variations in rotor winding parameters with rotor speed were previously observed in [21];
however, they were considered relatively small and had a negligible impact on terminal
quantities. In contrast, the variations identified in this study are more pronounced and warrant
further explanation.

12
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At the natural velocity, the relative motion between the rotor’s spatial harmonics and the
control winding field vanishes. In the absence of control winding current, the counter-
electromotive force that typically suppresses differential leakage field harmonics (of orders
p, * k(p, + p.) Where k > is a natural number) is effectively absent. Consequently, these
harmonics - which couple solely with the rotor winding loops - allow their associated magnetic
energy to manifest as a localised increase in the rotor's leakage inductance. It is crucial to
emphasise that the magnitude of this phenomenon is closely tied to the specific slot combination
(48/36) and the geometry of the nested-loop winding, which can amplify certain spatial orders
of magnetic flux density. Ideally, a fully rigorous derivation would incorporate corresponding
variations into the magnetising inductances, which could potentially mitigate this increase by
aggregating in the variation of Xn (see Eq. (29)). However, such an extension would introduce
a level of complexity impractical for the proposed extraction procedure. This phenomenon also
accounts for the observed rise in rotor resistance, as the same spatial harmonics affect the skin
effect in the rotor bars.

The low impact of these variations on the terminal quantizies-san, in turn, be explained by
an observation that, in the single-feed mode, the equivaleiit 1azedance of the two branches on
the control winding side that can be expressed as

2 = 2 (R W e ), (30)
where || stands for the parallel conneciion, which is connected in series with the rotor
impedance.

Consider that, according to the fesuits in Figs. 8 and 9(b), at rotor speeds equal to 400 rpm
and 45 rpm, X, is equal to 5:25 v/ and 5.60 W, respectively, and n? to 0.71 and 0.69,
respectively. Note that refative Varidtion in X;. is nearly the same as minus relative variation in
Z!'. Thus, the rise in X, aixand v, is compensated by the drop in n2 (see Figs. 8 and 9(b)). This
reveals the self-compensating mechanism of rotor parameter variation in the SECM. Figure 10
provides experimental evidence supporting the existence of these parameter variations,
determined by combining laboratory measurements with THFEM computations. For this
analysis, the measured stator voltages, currents, power factor, and torque were utilised under
conditions corresponding to Fig. 7, along with the previously extracted X, X¢, Xpp, X Stator
temperature was monitored during the test, and the winding resistances were modified
accordingly. The variations of n, were calculated using (27), and subsequently, the referred rotor
parameters were derived via (20)—(26). It is important to note that while the trend of parameter
variations mirrors that observed in the FEM analysis (Figs. 8 and 9), the magnitudes of the peaks
differ. This discrepancy is attributed to an inherent limitation of the experimental extraction
procedure: it employs constant magnetising reactances determined from no-load tests, thereby
neglecting the specific impact of differential harmonics on these reactances discussed earlier.
Consequently, the experiment qualitatively validates the harmonic impact, although the
quantitative values are subject to this approximation. Additionally, the rotor resistance

13
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determined at w, is higher than the extracted value, which accounts for core losses, stray load
losses, and rotor temperature rise in the physical machine - factors not fully separated here.

35

Method 1

Method 2

R. (Q)
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|

25
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w - 30/, (RPM)

@
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1500

9

b)

. Method 1

_ Method 2

_ Formula (27)

1000
w, - 30/, (RPM)

(b)

'
0 500

1500

Fig. 9. Variations of rotor equivalent parameters versus . ator speed corresponding to the results in Fig. 7:
(a) equivalent referred resistance, ard (b) equivalent referred reactance

The variations in rotor paramewrs ni-the double-feed mode can be determined using the
same procedure; however, not at tlie operat'ng points where the powers or rotor currents are
zero. Therefore, a common practice is to use the constant parameters estimated in single-feed
mode in double-feed mode [2!1 However, we are aware that the impact of differential
harmonics flux depends A the control winding current, which varies widely during regular
operation; therefore, the roto. parameters will vary accordingly. When the rotor parameters are
constant, there will be no self-compensating effect described above, and the enforced

consistency of rotor current. The question arises as to what extent it affects the results.
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Fig. 10. Variations of parameters versus rotor speed determiiiea €-2.n experimental data under the
conditions in Fig. 7: (a) rotor winding referred reactance; (h) otor'winding referred resistance; (c) rotor
effective turns ratio; (d) statcr slot temperature

In Fig. 11, the analysis illustrates the variativris iri rotor parameters in the double-feed mode
at a specific operating point. We selected the spezd at which, given the power winding voltage,
the rotor current reaches zero for scme<anirol winding voltage value. In Figs. 11(b)-11(d), the
Fig. 5 procedure is used to extract the wotor parameters. The analysis carried out by varying ¢,
given |V, | and |V;|. As can be seen, «* sorne amplitude |V, |, the parameters cannot be determined
because the rotor current-appreachios zero. Under these conditions, for the SECM we used the
rotor parameters obtairiec by averaging the variations in Figs. 8-9 over the whole range of rotor
velocity, to obtain R, =240, X} =5.63 Qandn, = 0.71. To show the impact of n,
variation alone, the simulation is performed in Fig. 12(a)—(b), assuming a 5% spread of the rotor
parameters from the above values. The analysis of results in Fig. 12 shows that:

i) In the high-torque range, the SECM with constant, well-estimated rotor parameters shows
maximum differences of about 6% in torque and 15% in current relative to the THFEM
predictions. In this operating range, the terminal currents are determined mostly by the rotor
current. From (27), it can be deduced that a change in n, mainly affects the rotor currents, not
the magnetising currents. A decrease in n, is equivalent to a decrease in the terminal current
because a lower active component of the terminal current is required to produce the same torque,
and vice versa, an increase in n, increases this component. This shows that an incorrect
estimation of ny in the model leads to underestimation of the apparent power required by the
machine from the inverter in relative values equal to or greater than the change in ny.

ii) In the low-torque range, the SECM with constant well-estimated parameters resembles
the accuracy of the THFEM. In this range, the terminal current is determined mostly by the
magnetising current. The relatively low immunity of the terminal currents to the n, parameter
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variation results from the low value of the currents, rather than from the variation of the current
due to ny alone.
For example, the sensitivity of the current |Lv| ~ Iy, defined after [29] as
Spmp = I Olmp (31)

ny Ly Oy

is relatively high due to small I,,,,, although the first formula in Eq. (27) suggests % being

very small. Ultimately, it should be emphasised that this analysis is conducted primarily from
a theoretical and phenomenological perspective to better understand the impact of rotor current
inconsistencies. While it demonstrates that the constant-parameter SECM might benefit from
adaptive estimation to maintain absolute precision, this is largely an observational insight. For
the vast majority of practical engineering applications, the accuracy achieved by utilising
averaged parameters derived from single-feed operation is entirely s::*icient.
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Fig. 11. Variations of electromagnetic torque and rotor winding parameters in double-feed mode for
rotor speed equal to 400 RPM, |Vp| = 243 V RMS and |V¢| = 24, 48, 72 V RMS vs. control voltage
phase angle; thick grey line denotes stable operating region: (a) electromagnetic torque; (b) referred
rotor resistance; (c) referred rotor reactance; (d) effective rotor turns ratio
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Fig. 12. Variations of stator winding current vs. torque for different methods of computations compared
with measured values for rotor speed equal to 400 RPM, |Vp| = 243 V RMS, |V¢| = 72 V RMS: (a) power
winding RMS current; (b) control winding RMS current. Grey thick lines represent the SECM with
constant parameters, where the nr was varied by £5% from the value of 0.71

4. Conclusions

This paper establishes a direct link between the physical phenomena in a nested-loop rotor
BDFIM- captured by the time-harmonic finite element model - and its equivalent constant-
parameter circuit model. A parameter extraction methodology is proposed. The investigation
demonstrates that a self-compensating mechanism minimises the impact of frequency-
dependent rotor leakage reactance variations in single-feed operation, namely, when the rotor
reactance increases, the effective turns ratio decreases. This variation was attributed to
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differential leakage fluxes trapped in the nested-loop winding when the control winding current
is low. The study identifies a low-torque, low-power zone where inaccuracies in estimating the
effective turns ratio can lead to noticeable differences, due to the model's increased sensitivity
at low current. The research reconciles the computational and experimental domains, proposing
a formula for accurately determining the effective turns ratio and clarifying that measurement
techniques based on terminal quantities can mask the underlying physical variations confirmed
by the finite-element model, thereby filtering them out. These findings are particularly
representative of BDFIMs with nested-loop rotor structures and specific stator-to-rotor slot
number ratios. For other rotor winding designs or different slot combinations, the observed
parameter variations may be less pronounced. Thus, the analysis presented here serves as
a cautionary note rather than a universal rule.
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