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Analysis of Squirrel Cage Induction Machine
Based on the Magductance Modulator

Zhengzhou Ma

Peng Han ™, Zheng Wang

Abstract—In order to conduct an explicit analysis of the
induction machine (IM), the sole magnetic field parameter’s
description of short-circuited coils (SCC) modulator is crucial,
despite its absence in the literature. This article presents a novel
concept of introducing magductance into the SCC, thus
referring to the SCC modulator as the magductance modulator.
The modulation operator is completely studied from magnetic
field parameters, thereby adding in understanding the working
principle of IM. Expressions for the modulated magnetomotive
force (MMF) is elucidated specifically for the squirrel cage
induction machine (SCIM). Unique vector modulation to the
magductance modulator is unveiled. Then, the effects of
modulator parameters on machine performance are investi-
gated. The calculation process based on the proposed method
is illustrated in detail, with the key performance parameter
expressed. The proposed method is validated through
comparisons with finite element analysis (FEA) and experi-
mental results.

Index Terms—Induction machine (IM), magductance,
magnetic field modulation theory, vector modulation.

|. INTRODUCTION

NDUCTION machine (IM) with squirrel cage has been a hot

spot over the last decades due to the fact that it is the most con-
ventional ac electrical machine and offers significant advantages
over other counterparts, including reliability, mature, manufacture
convenience, and simple operation. The major methods to analyze
IM can be classified into two categories. The first method adopting
the equivalent electrical circuit is mostly applied [1], [2], [3], while
it cannot investigate the effect of structural parameters on magnetic
field directly. The second method combines the first one with
winding function [4], [5], [6], and the effect of rotor topology on
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performance is researched initially. Besides, the lack of expressions
for magnetic field exists in both methods, making them hard to
compare between different harmonics components directly.

The general airgap field modulation theory (GAFMT) for
electrical machines is a unified approach for modeling the torque
production and operation principle of different types of electrical
machines [7], [8], in which the contributions of magnetic field
harmonics to machine performance are available in mathemati-
cal expression perspective. Thus, the GAFMT provides a new
perspective for principle understanding and performance analy-
sis for different types of electrical machines. In the GAFMT,
there are three types of modulators, namely salient pole reluc-
tance (SPR), flux barriers (FBS), and short-circuited coils
(SCC). In analyzing the SPR and FBS modulators, their modula-
tion effects are clearly revealed by using the magnetic parameter
of permeance [9], [10]. Through investigating the conversion
factors, the modulator parameters, including the slotting depth
and pole arc coefficient, are analyzed and optimized [11]. Since
there lacks a magnetic parameter describing the modulation
behavior of SCC modulator, however, the modulated magneto-
motive force (MMF) was calculated indirectly by multiplying
the winding function with the induced current in the SCC modu-
lator [12]. The knowledge of SCC modulator mostly relies on
finite element analysis (FEA) [13], [14], [15] by now. As a con-
sequence, the IM’s working principle may still not be understood
from the view of magnetic field parameters explicitly.

Recently, a novel parameter for magnetism, named as mag-
ductance (or magnetic inductance), has been proposed to charac-
terize the closed conductive coil [16]. The traditional scalar
magnetic circuit theory with sole component of reluctance is
promoted to the vector one featured by reluctance and magduc-
tance, and the transformer is completely analyzed from mag-
netic field parameters. Considering the similar working
principles of transformer and IM, it is reasonable to introduce
the magductance into the IM analysis. With the aid of magduc-
tance, it is expected to clarify the modulation effect of SCC
modulator similar to that of SPR and FBS modulators.

Derived from above, this article aims to analyze the squirrel
cage induction machine (SCIM) by virtue of magductance. The
concept of magductance modulator is introduced into the SCC
modulator first, with its modulation operator studied completely
from magnetic field parameters. The modulated MMF then is
expressed. Unique vector modulation (reflected by magnetic
field conversion factor C,, and phase shift ¢) is revealed and
further analyzed. It is worth noting that the phase shift ¢
between source MMF and modulated MMF is capable of being
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Fig. 1. Equivalent the SCIM. (a) Electromagnetic structure. (b) Equiva-
lent vector magnetic circuit.

investigated intuitively through the proposed method. Effects of
modulator parameters on machine performance are investigated
consequently. Merits of the proposed method are summarized
by comparing with original GAFMT. The calculation process of
proposed method is illustrated in detail, and the calculated
results are verified by comparing with FEA results and experi-
mental ones. The calculated results prove the feasibility of pro-
posed method. More importantly, it makes another trial of
understanding the working principle of SCIM from a new per-
spective, and the analysis of SCC modulator may be illustrated
as similar as that of SPR modulator and FBS one.

Il. MAGDUCTANCE MODULATOR’S WORKING PRINCIPLE
A. Concept of Magductance Modulator

According to [16], a closed conductive coil can be character-
ized as magductance (or magnetic-inductance). The magduc-
tance represents the effect of a closed conductor coil on
hindering the variation of magnetic flux which flows through
the coil, and it is expressed as

L =N?/R (1)

where L is the magductance of the closed conductive coil. N is
the number of turns in the closed conductive coil. R is the resis-
tance of closed conductive coil.

The electromagnetic structure of SCIM is shown in Fig. 1(a),
where U, is the input voltage of stator winding, R, the stator
winding resistance, N; the stator winding’s number of turns, E;
the induced electromotive force (EMF) of stator winding, /; the
stator winding current, @, the amplitude of magnetic flux, R,
the airgap reluctance, R, the iron core reluctance, E, the SCC
induced EMF, I, the SCC current, R; the equivalent load resis-
tance of mechanical output power, and s the slip frequency.

The working principle of SCIM is similar to that of transformer
analyzed in [16]. Differences lie in:

1) In addition to the iron core reluctance, there adds R,

corresponding to the airgap in the SCIM.

2) The squirrel cage winding located at the rotor is

equivalent to be the magductance.

The equivalent vector magnetic circuit introducing the magduc-
tance is shown in Fig. 1(b), where w) is the electrical angular veloc-
ity of stator winding. Because the rotor rotates at slip speed relative
to the magnetic field established by stator winding, the current fre-
quency in the squirrel cage winding is slip frequency so;.

The MMF balance equation in the SCIM then can be
expressed as

F = 2Ry D + Rpe®py + jsco LD,
= RDy, + jsw; LDy, 2)

where R = 2R, + Rre.

From (2), the previous SCC modulator can also be referred to
as the magductance modulator, as it modulates the amplitude
and phase of source MMF established by stator winding.

B. Modulation Operator

The modulation behavior of magductance modulator can be
characterized by introducing the modulation operator. For the
sake of simplicity, some assumptions are made as follows.

1) The airgap of SCIM is uniform whilst no rotor eccentricity

exists, with Carter’s factor denoting the stator slotting effect.

2) The conductors in each stator slot is located at the mid-
dle point of slot opening.

3) The end effect from rotor end rings is considered
through calculating the equivalent magductance, and the
flux leakage from both sides of SCIM is not considered.

According to the linearity law of modulator [7], decompose
modulators in the SCIM, and the modulated MMF consists of
two parts. The first one is the MMF established by the rotor SPR
modulator. The second one corresponds to the MMF established
by the magductance modulator. The joint action of SPR modula-
tor and magductance modulator modulates the amplitude and
phase of source MMF.

The improved modulation operator by introducing the mag-
ductance modulator is expressed as

M(L)[f(¢.1)]

100~ L(r($)? (d‘f”)] [z gec

f(¢.1).¢€[0.27]—C°

3)

where f(¢, t) is the MMF established by stator windings. £(¢) is
the spatial distribution function of magductance modulator.
ArT(¢) is the permeance function of rotor SPR modulator [17].
L, and / are respectively the magnitude of £(¢) and Arr(¢). cs
is the mechanical radians occupied by magductance modulator.
Different from the original GAFMT where only the amplitude
modulation was considered, the magductance modulator also
modulates the phase as denoted by L(¢p)Arr(p)dRp, D/dt. If
L(¢p) = 0, i.e., no magductance modulator exists, the MMF is
solely established by stator windings, thus M(L)[f(¢, D] = f(p, 1).
If the magductance modulator works, i.e., £(¢) # 0, it will
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Fig. 3. Topology and parameters of the squirrel cage rotor. (a) Original
cage rotor. (b) Equivalent cage rotor.

modulate the amplitude and phase of MMF shown in Fig. 2. This
is why the previous SCC modulator is renamed as the magduc-
tance modulator. From this point of view, introducing the mag-
ductance enriches the original GAFMT from the scalar
modulation in amplitude to the vector one in both amplitude and
phase. Given that Azx1(¢) and f{¢p, t) are available, the expression
for L(¢) of squirrel cage is the key to calculating machine perfor-
mance and is illustrated next.

C. Calculation of Equivalent Magductance

Topology and parameters of the squirrel cage rotor are
illustrated in Fig. 3, where Ry, Ly, and [, are respectively the
original resistance, inductance, and current of rotor bar, R.,
L., and I, are respectively the original resistance, inductance,
and current of common end ring, R, L., and I, are respec-
tively the equivalent resistance, inductance, and current of
common end ring. Derived from above, identical current
flows through rotor bars that make up one magductance ele-
ment. However, for the squirrel cage rotor as shown in
Fig. 3(a), the current in the common end ring is not equal to
that in the attached rotor bars, i.e., Iy, # lom, Where m =1, 2,
3, ..., Nsc. Ngc is the number of rotor bars per pole-pair. At
this time, on the one hand, the resistance of rotor bar and
rotor end ring cannot be added directly for the sake of non-
identical current. On the other hand, the end effects from
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Fig. 4. Distribution of induced EMF and current in each bar of the squir-
rel cage rotor. (a) Induced EMF. (b) Current.

rotor end rings cannot be ignored because they also affect
SCIM performance [18], [19], [20], [21], [22]. The equiva-
lent electrical circuit method normally determines parame-
ters through experimental tests [18] to consider end effects.
With an advance in FEA, the parameters can also be deter-
mined from 2-D/3-D FEA [18], [19], [20]. In the winding
function method, it takes into account the end effects by vir-
tue of calculating the rotor end ring impedances in analytical
formulas or FEA results [21], [22]. To calculate the SCIM
performance accurately according to the magductance modu-
lator, the equivalent magductance should consider the com-
mon end ring as shown in Fig. 3(b), at this time there
satisfies Iy, = I'em, and the resistance of rotor bar and rotor
end ring then can be summed up directly.

The distribution of induced EMF, current on the rotor bar, and
magnetic flux density By, established by stator windings is shown
in Fig. 4, where ¢ is the spatial phase difference between the cur-
rent and B,,,. Because of the relative motion between B,, and rotor,
the induced EMFs in adjacent rotor bars have a phase shift

o = 2mp/Nsc 4)

where p is the pole pair numbers (PPN) of stator windings.

Because the structure of cage rotor is symmetrical, currents
flowing through adjacent rotor bars also differ by o electrical
angle, consequently the current flowing through the common
end ring is the difference of adjacent rotor bar currents. To
ensure that the output power is constant before and after modifi-
cation, the polygon impedance of common end ring is trans-
formed into star impedance as shown in Fig. 3(b)

R = Sl R
Sm{pm/INsc
L )

" 4[sin(pn/Nsc)])*
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At this time there is /'y, = I'em, and the equivalent resistance
R, and equivalent inductance L, of each rotor bar are
_ /
{ Ry = R, +2R]

. 6
L2=Lb+2Lé ©

As two equivalent rotor bars make up one magductance ele-
ment, the value of single magductance element £, is

N3

L= -
2 2 X (Rz +JSCO1L2)

@)

where N, is the number of turns of the squirrel cage.

As the value of resistance R, is much larger than that of
leakage inductive reactance sw;L,, R, is considered here,
and the denominator of (7) is reexpressed as 2 X R,. It is in
accordance with the original expression in (1). The spatial
distribution of xth magductance modulator is shown in
Fig. 5, where 7; is the span of single magductance modulator,
C5% is the electrical radian of the xth magductance modulator,
which is expressed by

C* = [(x — 1)21/Nsc — yin/p, (x — 1)2n/Nsc + yim/p]
®)
wherex=1,2, 3, ..., Nsc.
The distribution of magductance modulator £(¢) is the super-

position of magductance modulators corresponding to one
pole—pair and is expressed as

L) =" () = S 2NsenLasintnm) o g
x=1

—  mk;, ky;m

()]

From (9), it is available that by introducing the magductance
modulator, its expression is similar to that of SPR modulator
and FBS modulator. In addition, the magductance modulator is
closely linked with its material and structural parameters, i.e.,
Nsc, v;, and L. In terms of £, there is

_ plstk
Sbar

where p is the resistivity. [y is the stacking length. Sy, is the
cross-sectional area of single rotor bar. R, is proportional to the
end length between adjacent two rotor bars.

The spatial distribution of magductance modulator £(¢) is
illustrated in Fig. 6, taking a few Ngc (6, 12, 18, 22, and 26)
as cases, whose detailed descriptions will be available in 1),
Part A, Section III. It is noted that the variations of structural
parameters are considered here. On the one hand, from
Fig. 6, the peak value of magductance and its sinusoidal

Ry

(10)

0 9 180 270
Rotor position (elec. deg.)

360

Fig. 6. Spatial distribution of magductance modulator.

Fig. 7. Structure and field distribution of SCIM. (a) Machine cross-
section. (b) No—load flux lines/density distribution.

TABLE |
MAJOR PARAMETERS OF SCIM

Symbol Quantity Value
Nio Number of stator slots 30

Nsc Number of rotor bars 26

Yi Span of magductance modulator 0.5

p PPN of stator windings 1

K Slip frequency 0.03

Npn Number of turns per phase 185

R out Outer stator radius 105 mm
R in Inner stator radius 58 mm
R: ou Outer rotor radius 57.5 mm
R: in Inner rotor radius 24 mm
g Airgap length 0.5 mm
Lo Stacking length 125 mm
W Synchronous angular velocity 314 rad/s

degree increases with Ngc, preliminarily proving that a suffi-
cient value of Ngc facilitates improving the SCIM perfor-
mance which works in single harmonic component. On the
other hand, it also reflects that, with the aid of magductance,
the analysis of SCC modulator in the SCIM may be con-
ducted as similar as that of SPR modulator and FBS modula-
tor. As under this situation, the structural variation of SCC
modulator is contained in the £(¢).

D. Derivation of Modulated MMF in the SCIM

Derived from above, the modulated MMF can be expressed.
The SCIM investigated in the article is shown in Fig. 7, and
machine parameters are illustrated in Table I. For simplicity, the
modulation effect of rotor SPR modulator is seen as unit modu-
lation. Among the source MMF established by the stator wind-
ings, the primary p pole—pair harmonic component is solely
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considered. They are respectively expressed as

der() =22 (11)
8
where [l is the vacuum permeability. g is the airgap length.
S, 1) = Fsin(pp — scwnt) (12)
where
Nonkwln
| = e (13)
np

where m; is the number of phases of stator windings. k,, is the
fundamental winding factor of stator windings. I,, is the current
amplitude of stator windings.

Combining (3), (9), (11) with (12), the modulated MMF is

M(L)[f (¢ 1)] = (F1 = Cyp)sin(pd — soit = ¢)

+ ZCsumcos[(lec —p)p + swi1]
=1

+ CdifCOS[(lNSC —l—p)d) — swlt] (14)
=1
where C,p, Csum, and Cyi¢ are magnetic field conversion factors,
reflecting the modulation effect of magductance modulator.

Due to the modulation effect of magductance modulator,
in addition to the p pole—pair harmonic component, other
harmonic components are also generated whose values are
reflected by Cgun, and Cy;r. Because the SCIM performance is
mostly contributed by p pole—pair harmonic component, it is
investigated here. For p pole—pair harmonic component,
there emerges a phase shift ¢, which reflects the phase differ-
ence between modulated MMF and source MMF. The modu-
lated MMF is modulated by the SPR modulator and
magductance modulator jointly, and it is reflected by F; —
Cyp in (14). The magnetic field conversion factor C,, and
phase shift ¢ are respectively expressed as

B F125w; LoNscsin(yiln) uorelsi/ mgp*ly;
p=
\/12+[2S601£2Nscsin(’))il7t)Morglstk/ngpzlyi]2

¢@=arctan( 2sw1£2NSCsin(yiln)yorglslk/ngpzlyi).

C, (15)

(16)

From (15), when applying the magductance modulator, the
amplitude of p pole—pair harmonic component in the modulated
MMF is linked with the value of magductance. Likewise, the
phase shift ¢ is also linked with the magductance from (16).
When the rotor velocity varies from its synchronous angular
velocity 314 rad/s to O rad/s, ¢ theoretically will vary from 0
and finally close to 90°. If the magductance modulator doesn’t
work, there satisfies Cy, = 0 and ¢ = 0, and at this time, the
modulated MMF is equal to the source MMF. To conclude, it is
the effect of magductance modulator on source MMF that mod-
ulates the modulated MMF both in amplitude and phase.

lll.  IMPACT OF THE MAGDUCTANCE MODULATOR

As aforementioned, the magductance modulator shows unique
characteristics in modulating both amplitude and phase. The impact
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Fig. 8. Effect of Nsc on machine performance. (a) Average torque. (b)
Magnetic field conversion factor C,, and phase shift ¢.

of modulator on machine performance is investigated here, focusing
on analyzing the relationship between machine performance and
structural parameters. The average torque is selected as the target
performance.

A. Parameters Effects

1)  Number of Rotor Bars: The number of rotor bars Ngc is
linked with the modulation effect as can be seen from (15) and
(16). The comparisons of calculated average torque between
2-D FEA and the proposed method are shown in Fig. 8(a),
where the number of rotor bars varies and the cross-sectional
area of single rotor bar is fixed. It is noted that 2-D FEA is
applied in this section, and the differences in the end effect
between 2-D and 3-D FEA will be discussed later. The selected
two machine topologies are shown in Fig. 8(a) where the Ngc is
6 and 26. It’s also noted that effects of common end ring are
considered here.

Calculated torque results from the proposed method coincide
well with those from FEA. From Fig. 8(b), both of the magnetic
field conversion factor C,,, and phase shift ¢ are proportional to

Nsc. As illustrated in Table [I, the value of magductance
increases with Ngc, thus improves the modulation effect which
is reflected by C,;, and ¢.

2) Material Usage: To investigate the effects of material, in
the magductance modulator, the material of aluminum and cop-
per is compared here, with their conductivities respectively
being 23000000 and 58000000 S/m. Effects of material on
common end rings are also considered. The comparisons are
concluded in Table I11.

The torque when adopting copper is larger than that adopting
aluminum, and results from the proposed method coincide well
with FEA results. Meanwhile the phase shift ¢ adopting copper
is larger than that adopting aluminum, as it is proportional to the
value of magductance. Although copper is proven to be superior
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TABLE I
CALCULATED VALUE OF MAGDUCTANCE

_ The Value _ The Value
Nsc L@ of L(¢p) Q7Y B (mm) L, Q7 of L(¢) Q7Y
0 0 0 0 0 0
6 2731.67 8195 6 818.69 10642.92
12 2445.43 14672.56 10 1176.84 15298.87
18 2202.45 19822.1 14 1478.41 19219.35
22 2064.52 22709.7 18 1735.83 22565.8
26 1975.63 25683.26 22 1975.63 25683.26
30 1833.91 27508.65 28 2239.71 29116.22
TABLE Il
COMPARISON OF DIFFERENT MATERIAL
Compared Material Aluminum Copper
Magductance by the proposed method (Q ") 1975.63 4982.07
¢ by the proposed method (°) 55.58 74.76
Proposed method 259 52.76
Torques (N-m) FEA 24.96 50.58
Error (%) 3.77 4.3
36
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E27 A T—,
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Fig. 9. Effect of radial length h, on machine performance. (a) Average
torque. (b) Conversion factor C,, and phase shift ¢.

to improving machine performance, aluminum is mostly applied
for the sake of manufacture cost.

3) Radial Length: The effects of magductance modulator’s
radial length A, on machine performance are investigated. A
comparison is conducted between the average torque results and
radial length as illustrated in Fig. 9(a), where three machine
topologies with A, being 6, 22, and 28 mm are shown.

The calculated torques from proposed method coincide well
with FEA results. Besides, from Fig. 9(b), when A, increases
from 0 mm, the modulation effect of magductance modulator
reflected by C,, improves first and decreases later. The phase
shift ¢ is also affected by the modulation effect, thus showing
similar variation laws.

TABLE IV
SUMMARIES AND COMPARISONS OF THE TWO METHODS
Methods Original Magductance
GAFMT Modulator—based

Calculation process Indirect Explicit
Performance calculation V N
Amplitude modulation N N

Phase modulation X J

Parameters analysis X N
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Fig. 10.  Modulation behavior of magductance modulator.

B. Unique Characteristics of Magductance Modulator

Table I'V summarizes the characteristics of proposed method
based on the magductance modulator and that of original
GAFMT, with their comparisons concluded as:

1) The proposed method calculates SCIM performance
directly, whereas the original GAFMT calculated indirectly
by the multiple of winding function and induced current.

2) The unique phase modulation to SCC is revealed by the
magductance modulator. The magnetic field conversion
factor C,, and phase shift ¢ for p pole—pair are available
from (15) and (16). Simultaneous considerations of
amplitude and phase modulation are essential for an
accurate analysis of modulation effect. By contrast, the
phase modulation was not revealed effectively in the
original GAFMT to some extent, as it was covered in the
calculation process for modulated MMF.

3) With an introduction of magductance modulator, the
analysis of modulator’s parameters on modulation effect,
including the number of rotor bars, material usage, and
radial length, can be conducted accordingly. It’s similar
to that in the analysis of SPR and FBS modulator’s
parameters. In the original GAFMT, as the effect of
SCC modulator on machine performance was investi-
gated indirectly, the relationship between modulator
parameters and modulation effect may not be available
consequently.

The modulation behavior of magductance modulator is shown
in Fig. 10, in the case of SCIM analyzed in this article. When
the source MMF passes from the airgap to the magductance
modulator, it multiples the synergetic effect of SPR modulator
and magductance modulator to obtain the modulated MMF.
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| Calulate the spatial distribution of magductance modulator !
|l Specify the key machine parameters from the investigated SCIM '|
| L7 |
Magnetic I)‘ T hrak :' Calculate the value of x; magductance modulator £, from (4)—~(7), (10) l:
| v ]
: Calculate the spatial distribution function of magductance modulator :
Fig. 11.  Prototype and test rig of the SCIM. (a) Prototype. (b) Test rig. i L(4) by virtue of (8), (9) 1
... ; _______________ 1
=777 777" Calculate the modulated MMF 1

Different from the SPR modulator [9], [23] and FBS modulator
[24], [25] where both of them just modulate the amplitude of
source MMF, the magductance modulator also modulates the
phase, achieving the vector modulation effect as illustrated in
the last row of Fig. 10.

To conclude, by introducing the magductance modulator, the
contributions of proposed method lie in that: 1) It allows for a
chance of analyzing the SCIM performance intuitively in mag-
netic parameters, i.e. reluctance and newly proposed magduc-
tance. 2) The relationships between the modulator parameters
and machine performance are established directly, where the
effects of the former on latter are reflected by unique vector
modulation effect, i.e., Cy, in (15) and ¢ in (16). 3) The SCIM
performance can be calculated conveniently whilst maintaining
the calculation accuracy.

IV. CASE ILLUSTRATION

Section [II has proven the unique modulation characteristics of
magductance modulator. In order to verify the investigation above
and the feasibility of proposed method, in this section, the specific
case is illustrated in detail. The comparisons are conducted between
calculated results, FEA results, and experimental ones. Because the
SCIM is mostly applied for the motor mode, the output torque is
selected as the machine parameter to be compared.

The experimental study was conducted on a standard Y2
series SCIM. The machine is supplied by the voltage source
from power grid, in accordance with simulation condition in
FEA as well as calculated condition from the proposed method.
The prototype and test rig are shown in Fig. 11. Specific
machine parameters are illustrated in Table [, and the machine
works in the motor mode. The torque transducer is set up for tor-
que measurement. The magnetic powder brake is used for trans-
ferring the torque with the load connected.

Figure 12 illustrates the implementation flowchart of pro-
posed method. It contains three steps, i.e., calculate the spatial
distribution of magductance modulator, calculate the modulated
MMF, and calculate the machine performance. Their detailed
descriptions are as follows.

Step 1: Calculate the spatial distribution of magductance
modulator. According to the specifically machine geometric
parameters, calculate the spatial distribution of magductance
modulator £(¢) from the investigation above.

The geometric parameters of rotor side in the investigated
SCIM is shown in Table V. According to (10), the calculated
resistance of rotor bar Ry is 0.0561 mQ. The original resis-
tance of common end ring R, is 0.001 mQ. Derived from (5),
the equivalent resistance of common end ring R, is 0.018 mQ.

| Specify the original MMF f{4,) established by the stator windings :
and rotor permeance function Az1(#) of SPR modulator

] Invest gate the modulated MMF shown in (14) by virtue of modulation |©}
operator from (3), which is linked with f¢,), Arr(4) and L(¢)

| Quantify the modulation effect of magductance modulator from the |81
conversion factor Cy, in (15) and phase shift ¢ in (16)

Calculate the machine performance
I The modulated MMEF is the basis of machine performance calculation ':

v
l Detail description is available in [17] . |
End
Fig. 12.  Implementation flowchart of the proposed method.
TABLE V
GEOMETRIC PARAMETERS OF ROTOR SIDE
Segment Variable Value
Bar By 1 mm
By Bq, 5.5 mm
Hiy
By 3 mm
H,y
Hy Hy 0.5 mm
Hg, 1.3 mm
1B, Hg, 21.7 mm
End ring width 13.5 mm
End ring . .
End ring height 31 mm

According to (6) and (7), the value of single magductance
modulator £, is 1975.63 Q! when Ngc = 26. On the basis of
description above, plot the spatial distribution of magductance
modulator, and the result is illustrated in Fig. 6.

Step 2: Calculate the modulated MMF. Derived from the
modulation operator, additionally £(¢), it is essential to deter-
mine Ag(¢) and fl¢, f) respectively according to (I11) and
(12). For (12), the current amplitude of stator windings I, is
illustrated in Fig. 13. Then combined with £(¢), the modu-
lated MMF is calculated, and the magnetic field conversion
factor C,,, and phase shift ¢ are available.

According to the investigated machine whose parameters
are illustrated in Table I, from (15) and (16), the calculated
magnetic field conversion factor C,, and phase shift ¢ versus
slip frequency s are illustrated in Fig. 14. It can be seen that,
with an increase in s, the modulation effect of magductance
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Fig. 15.  Torque characteristic of the SCIM calculated from various meth-
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Fig. 14.  Cypand ¢ versus slip frequency s.

modulator increases and ¢ also keeps increasing. When s
approaches 1, ¢ is close to 90° and C,,, is close to 1. At this
time, it can be considered that most of MMF are modulated by
the magductance modulator. When the modulated MMF is
available, the machine performance can be calculated.

Step 3: Calculate the machine performance. Derived from
Step 2, when the modulated MMF is available, the machine
performance can be investigated from the description in [17].

The expression for average torque T, can be expressed as

1

. T ,uorélstk a > P
Tow =7 | 2 55 | s 07 pa

_ PUyTT gl

F{Cypcos(¢) (17)
where 7, is the airgap radius.

According to Step 2, with an increase in s, Cp,, and ¢ increase.
From (17), C;, and ¢ are linked with the value of T;yg. Tyyg 1S pro-
portional to C,, and unproportional to ¢ which is denoted by
cos(¢). Contrary influences of them two on machine performance
mean that there exists a critical slip frequency, which corresponds
to the maximum torque. The calculated results are compared with
the FEA and experimental ones as illustrated in Fig. 15, with vari-
ous torque results illustrated in Table VI. To investigate the end
effects more effectively, the 3-D FEA is also applied as illustrated
in Fig. 16. Besides, the torque results from the classical equivalent
electrical circuit method [1], [2], [3] are also calculated to be com-
pared with that from the proposed method.

The variation trend of average torque versus s is in accor-
dance with the theoretical analysis above. When s is small, tor-
que results from various methods are able to coincide well with
each other. With an increase in s, the effect of magnetic satura-
tion and magnetic flux leakage, etc., on machine performance

Fig. 16.  3-D FEA model of the investigated SCIM. (a) Machine topology.
(b) Mesh plot.

also increases correspondingly. Therefore, the calculated torque
results from proposed method are larger than those from other
results. Different from 3-D FEA that directly investigates the
end effects during the calculation process, the 2-D FEA consid-
ers the end effects from rotor end rings through introducing the
end ring impedances as lumped parameters into the calculation
process. It is available that the torque results from 2-D FEA are
larger than that from 3-D FEA. There is a better fit between
results from 3-D FEA and experimental measurements, com-
pared with that from 2-D FEA and experimental ones. It reveals
that the differences in end effects between 2-D FEA and 3-D
FEA inevitably have effects on SCIM performance. All of these
results are within the reasonable error range however.

A comparison of torque results from the electrical circuit
method and proposed method also reveals the effectiveness of
proposed method in analytical calculation. Similarly, the torque
results from winding function method [4], [5], [6] can also be
calculated to validate the proposed method. There is no doubt
that both the electrical circuit method and winding function
method are capable of calculating the machine performance
accurately. Compared with them, the proposed method allows
for a chance of calculating the machine performance directly in
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magnetic field parameters, understanding the SCIM working
principle from a new perspective, and conducting the analysis of
SCC modulator as similar as that of SPR and FBS modulator.

Besides, it should be noted that, not only the amplitude modu-
lation which is reflected by C,, but also the phase modulation
from ¢ should be considered in the calculation process of SCIM
machine performance.

V. CONCLUSION

This article introduced the magductance modulator into the
SCIM. The calculation method for magductance of the squirrel
cage was presented, taking the end effects into consideration. Its
modulation operator was expressed directly in magnetic field
parameters, i.e., reluctance and magductance. Unique vector modu-
lation was effectively illustrated, enabling the proposed method to
accurately evaluate machine performance and investigate the phase
modulation effect. It was found that the magnetic field conversion
factor C,,, and phase shift ¢ are closely associated with machine
performance. Furthermore, the proposed method allowed for a
comprehensive investigation of the effects of modulator parameters,
including the number of rotor bars, material usage, and radial
length. The analytical results obtained from the proposed method
coincided well with FEA ones. Thus, introducing the concept of
magductance modulator facilitated the analysis and optimization of
modulator parameters in a manner similar to the SPR modulator
and FBS modulator. The proposed method can be extended to other
SCIMs. While it should also be noted that the proposed method in
this article focused on the normal operation of SCIM, and the situa-
tion of rotor bar faults or end ring faults were not considered. In
addition to the SCIM, when considering the complex magnetic field
modulation behavior in the brushless doubly-fed IM, the chance of
introducing the magductance into the analysis of brushless doubly-
fed IM deserves to be further investigated.
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