Marquette University

e-Publications@Marquette

Electrical and Computer Engineering Faculty Electrical and Computer Engineering,
Research and Publications Department of
3-2020

Partially-Coupled d—g—0 Components of Magnetically-Isolated
FSCW IPM Machines with Open-End-Winding Drives

Fan Wu
Marquette University

Hao Ge
McMaster University

Ayman M. EL-Refaie
Marquette University, ayman.el-refaie@marquette.edu

Mohammad Farshadnia
University of New South Wales

Alireza Pouramin
University of New South Wales

See next page for additional authors

Follow this and additional works at: https://epublications.marquette.edu/electric_fac

b Part of the Computer Engineering Commons, and the Electrical and Computer Engineering Commons

Recommended Citation

Wu, Fan; Ge, Hao; EL-Refaie, Ayman M.; Farshadnia, Mohammad; Pouramin, Alireza; and Dutta, Rukmi,
"Partially-Coupled d—g—-0 Components of Magnetically-Isolated FSCW IPM Machines with Open-End-
Winding Drives" (2020). Electrical and Computer Engineering Faculty Research and Publications. 655.
https://epublications.marquette.edu/electric_fac/655


https://epublications.marquette.edu/
https://epublications.marquette.edu/electric_fac
https://epublications.marquette.edu/electric_fac
https://epublications.marquette.edu/electric
https://epublications.marquette.edu/electric
https://epublications.marquette.edu/electric_fac?utm_source=epublications.marquette.edu%2Felectric_fac%2F655&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=epublications.marquette.edu%2Felectric_fac%2F655&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/266?utm_source=epublications.marquette.edu%2Felectric_fac%2F655&utm_medium=PDF&utm_campaign=PDFCoverPages
https://epublications.marquette.edu/electric_fac/655?utm_source=epublications.marquette.edu%2Felectric_fac%2F655&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
Fan Wu, Hao Ge, Ayman M. EL-Refaie, Mohammad Farshadnia, Alireza Pouramin, and Rukmi Dutta

This article is available at e-Publications@Marquette: https://epublications.marquette.edu/electric_fac/655


https://epublications.marquette.edu/electric_fac/655

Marquette University

e-Publications@Marquette

Department of Electrical and Computer Engineering Faculty Research and
Publications/College of Engineering

This paper is NOT THE PUBLISHED VERSION.
Access the published version via the link in the citation below.

IEEE Transactions of Industry Applications, Vol. 56, No. 2 (2020, March-April): 1397-1407. DOI. This

article is © Institute of Electrical and Electronic Engineers (IEEE) and permission has been granted for

this version to appear in e-Publications@Marquette. Institute of Electrical and Electronic Engineers

(IEEE) does not grant permission for this article to be further copied/distributed or hosted elsewhere

without the express permission from Institute of Electrical and Electronic Engineers (IEEE).

Partially-Coupled d—g—0 Components of
Magnetically-Isolated FSCW IPM Machines
with Open-End-Winding Drives

Fan Wu

Department of Electrical and Computer Engineering, Marquette University, Milwaukee, WI

Hao Ge

McMaster Automotive Resource Centre, McMaster University, Hamilton, Canada

Ayman M. El-Refaie

Department of Electrical and Computer Engineering, Marquette University, Milwaukee, WI

Mohammad Farshadnia
School of Electrical and Telecommunication Engineering, University of New South Wales, Sydney,
Australia

Alireza Pouramin


http://doi.org/10.1109/TIA.2020.2964251
http://epublications.marquette.edu/

School of Electrical and Telecommunication Engineering, University of New South Wales, Sydney,
Australia

Rukmi Dutta

School of Electrical and Telecommunication Engineering, University of New South Wales, Sydney,
Australia

Abstract:

Fractional-slot concentrated winding interior permanent magnet (FSCW-IPM) machines have been
designed with very low winding mutual inductance for magnetic isolation features required for
improving their fault-tolerant capabilities. These magnetically-isolated FSCW-IPM machines no longer
adhere to the preconditions required for a conventional abc-to-dq0 transformation. As a result, it is
found in this article that d-, g-axes could couple with 0-axis in magnetically-isolated FSCW-IPM
machines. Considering the second-order reluctance component, this phenomenon leads to third-
harmonic injection in phase voltages during normal operation, which can be cancelled out in terms of
line-to-line voltage for Y-connected three-phase system. However, for open-end-winding machine
drives without winding neutral point constraint, these voltage harmonics will show up in the winding
voltage waveforms. Study shows that the amplitudes of these extra harmonics are determined by both
saliency ratio and zero-axis current. The bandwidth of the proportional integral (Pl) current regulator
as well as switching frequency should be carefully determined to be able to take into account the
major harmonics injected in phase voltages. Experimental verification on a 12-slot/10-pole prototype
machine with spoke PMs has been carried out to show the impact of this phenomenon.

SECTION I. Introduction

Fractional-Slot concentrated winding (FSCW) permanent magnet (PM) synchronous machines have been
receiving great interest for safety-critical applications attributable to their advantages in terms of magnetic,
electric, thermal, and physical isolation features [1], [2]. Basically, for most of FSCW-PM machines having a slot
per pole per phase (SPP) number of less than 1/2, especially for those with single-layer windings, the mutual
inductance is negligibly small. Fig. 1(a) shows a three-phase 12-slot/10-pole all-teeth-wound FSCW interior
permanent magnet (IPM) machine. By adopting the specific winding distribution, the flux generated by one
phase tends to passes through the four teeth wound by four coils from the same phase rather than couple with
other phases, as illustrated in Fig. 1(b). As a result, the mutual inductance for this type of machine is fairly small.
Even with a high magnetic saturation design, the mutual inductance of a three-phase 12-slot/10-pole all-teeth-
wound FSCW-surface permanent magnet (SPM) machine prototype is less than 3% of its self-inductance [3].

In [4], a study shows that the mutual inductance of a three-phase 12-slot/10-pole alternate- teeth-wound FSCW-
SPM machine prototype can be a few thousandths of its self-inductance (measured by an LCR meter). Moreover,
there are persistent attempts to reduce the mutual inductance to even lower levels [5]. In this regard, simplified
analyses generally assume that the mutual inductance between phases is zero.



(b)
Fig. 1. 12-S/10-P all-teeth-wound FSCW-IPM machine. (a) Cross section. (b) Flux line produced by phase A
winding.

Dynamic winding inductance as a function of machine rotor position and current excitation is of paramount
significance for precise evaluation of machine performances like torque, losses, current ripple, etc. [6]. Through
closed-form method or finite element (FE) simulation, the dynamic winding inductance can be predicted with
acceptable accuracy [7]. The method proposed in [8] adopts a magnet-frozen-permeability approach for
inductance calculation in a PM machine. Computationally-effective analytical methods, such as magnetic
equivalent circuit model, sample function method, vector diagram, etc., are used in analysis of winding
inductance [9]-[10][11]{12]. In [13], Terzic et al. provide a comparison of experimental methods in terms of
measuring flux linkage and inductance.

Combined with IPM rotor, FSCW machines become even more appealing due to their additional merits of field-
weakening capability and possibility of utilizing reluctance torque [14]-[15][16]. In addition, rotor PMs of SPM
machines are rather vulnerable to demagnetization in case of winding short-circuit fault, compared to IPM
machines and flux switching machines [17], [18]. Adopting an IPM design and reducing PM usage can have a
significant impact on improving the reliability of the FSCW-PM machine drive system.

Conventional direct—quadrature—zero (d—g—0) transformation from a coupled 3-phase reference frame (usually
referred to as “a—b—c” reference frame) to a decoupled d—g—0 reference frame is based on the assumption that
the mutual inductances should be non-zero in a PM synchronous machine. In addition, the amplitude of the
second-order components of winding self-inductance (Ls,) and mutual inductance (Ms,) should be

identical (Lg; = Ms,) [18]. These assumptions have been theoretically proven to be true for distributed-winding
(DW) IPM machines. However, the magnetically-isolated FSCW IPM machines no longer adhere to these
assumptions, which could lead to different results after applying conventional d—g—0 transformation.

The objective of this article is to investigate the influence of negligible winding mutual inductance on the field-
oriented control of FSCW-IPM machines, highlighting its impact in both pre- and postfault operations. For fault-
tolerant machine drives, the two key requirements are low mutual coupling between phases for fault isolation,
and access to winding neutral point that can enable postfault operation. Thus, this article is focused on as
follows.

1. FSCW-IPM machines with SPP lower than 1/2 and with low mutual inductance between phase windings.
2. Machine drives without a neutral point constraint (open winding or semiopen winding).

This article is organized as follows. Section Il theoretically describes the partially-coupled phenomenon in a
magnetically- isolated FSCW-IPM machine. Section Il provides detailed derivations showing its impact on open-
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end-winding machine drives. In Section IV, FE analyses of a three-phase all-teeth-wound 12-slot/10-pole FSCW-
IPM machine have been conducted as verification of the analytical and numerical results. Section V covers
experimental results and discussions on a prototype machine. Finally, conclusions are drawn in Section VI.

SECTION II. Partially-Decoupled d-g-0 Transformation

For a three-phase PM machine designed with a salient rotor, the flux linkage equation of phase A winding is
given as follows:

Yy = Lyglsinwt + Myglsin(wt — 120°)
+MyIsin(wt + 120°)
= (Lgo + Ls,sin260)Isinwt
+(—=Myo + Ms,sin2(0 + 120°))
X Isin(wt — 120°) + (—Mjy,
+M;,sin2(0 — 120°))Isin X (wt + 120°)
(1)

where Ly, is self-inductance of phase A winding; M5, M, denote mutual inductance between phases A and B,
phases A and C, respectively; Lg, and L, denote the average (dc) component and the second order component
of self-inductance of phase A winding, respectively; Mg, Mg, denote the average component and the second-
order component of mutual- inductance, respectively; I is the amplitude of phase current; w is angular
frequency of phase current; and & is the angle between d-axis and the axis of phase A winding. Specifically, 8 =
wt.

In DW-IPM machine, it has been shown that the second order components of self- and mutual-inductance are
equal

Mg, = Lg,.
(2)

Assume thati; = 0, wt = 8, then (1) turns into
3
Yy = (Lgo+ Mgp)Isinwt + ELszlsin(ZH — wt)
3
= (Lgo + Mg + ELsz)Isinwt

(3)
which means that winding inductance is constant (independent of position angle 8).

However, mutual inductance between different phases is negligibly small for an alternate-teeth-wound FSCW-
IPM machine. Therefore, assume that Mgy, Mg, = 0, (1) can be written as

Yy = (Lgo + Lg,sin20)Isinwt
(4)

in which winding inductance is variable rather than constant (dependent on position angle ).


https://ieeexplore.ieee.org/document/#deqn1
https://ieeexplore.ieee.org/document/#deqn1

Fig. 2 shows a standard a—b—c reference frame and rotating d—q coordinate. Mathematically, the d—g—0
transformation can be regarded as diagonalization of stator winding inductance matrix. By applying the
classical d—g—0 transformation matrix given as

cos6 —sin6 1
C = |cos(8 —120°) —sin(6 —120°) 1
cos(@ +120°) —sin(6 +120°) 1

(5)

Fig. 2. Representatives of d-g-0 transformation in a three-phase IPM machine.

Winding inductance in d—q—0 reference frame is obtained
Lg4 0 —L, sin 360
Lago = C7'LsC = |0 L, L, cos 36
—Lpsin38 Lpcos360 L
(6)

where d-axis inductance Ly = Lgg + 0.5Lg5; g-axis inductance L; = Lgo — 0.5Lg,; zero-axis inductance Ly, =
Lgo; coupled inductance Ly = 0.5Ls,; and stator inductance matrix in a—b—c system is shown in unnumberd
equation at the bottom of this page.
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Lgo + Lsysin26 0 0
L,=|0 Lgo + Lg,sin2(6 —120°) 0
0 0 Lso + Lg,sin2(0 + 120°)

As can be seen from (6), although d-axis and g-axis components remain decoupled (if cross coupling can be
neglected), d-/g- axis and zero-axis are coupled. This phenomenon is referred to as “partially-coupled d—g—0
components” in this article. Since d-axis and g-axis are decoupled, conventional field-oriented control still works.

SECTION lll. Influences of Partially-Coupled d—-g—0 Components on Machine
Drives Without Neutral Point Constraint

Before further discussions, it should be clarified that: in order to keep a three-phase machine running in case of
one-phase open-circuit, the sum of currents in the remaining two phases should not be zero. In other words, the
invertor should be able to get access to the winding neutral point, such that the phase current can be flexibly
manipulated. Basically, this is achieved by adopting cascaded full-bridge topology, three-phase four-leg topology
or delta-connected winding topology [20], as shown in Fig. 3(b)—(d). It should be noted that, in any of these
three topologies, the third voltage harmonic will not be automatically cancelled out.

Fig. 3. 3-ph. VSIs and windings without neutral point constraint. (a) Open three-phase windings. (b) Cascaded
full-bridge topology. (c) three-phase/four-leg topology. (d) Delta-winding.

For prefault operation, the sum of symmetrical three-phase currents yields to ia+ib+ic=0. Therefore, zero
sequence current i0=0. Based on (6), flux linkage in d-g-0 reference frame is represented by
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Ya Laiqg + qum
lpdqo = l/)q = quq
Yo —(Lasin360)ig + (La cos 36)i,
(7)

where i, is d-axis current; i, is g-axis current; ¥, (with constant value) is flux linkage produced by rotor PMs.
Then, voltage equation in d—g—0 reference frame can be calculated using Park's equation [19]

(vd = %(Ldid +W,,,) — Lyiqw — Rsig
=L, C;i: + d:l;';m — Lqiqw — Rgig
v, = %(Lqiq) + (Lgig + ¥pm)w — Rsi,
1 =L, % + (Lgig + Wpm)w — Rsi

d
vo = (—Lasin30iy + Lycos30i,)

di
= 3wl cos(3wt) iy — Ly sin(3a)t)d—:

di
—3wL,sin(3wt) iy + Lp cos(3wt) d_tq

(8)
where RS is stator per-phase winding resistance. (8) can be further simplified as
Vg = —Lqiq(,() - RSid
Vg = (Ldld + LPpm)a) — Rgi,
Vo = 3wLA[cos(3wt) iy — sin(3wt) iq]
(9)

By applying inverse transformation from d—q—0 reference frame to a—b—c reference frame, the voltage
expressions of phases A, B, and C are obtained as Eq. (10), shown at the bottom of the next page.
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(10)

|

va
Up
vC

Vo

Vg coswt —sinwt — Rgiy
] =C? [174 = [Cos(wt —2n/3) —sin(wt —2m1/3) 1‘ (Ldld + m)wr Rsi,

cos(wt +21/3) —sin(wt +21/3) 1| _31,[sin(Bwt) iy + cos(Bet) i ]

— i —_
coswt(—Lqiqwr — Rsid) — sina)t[(Ldid + ‘Ppm)a)r RSlq 3L, ’ld + iZ sin (Bwt + arctan lZ>

cos(wt — 2m/3) (—Lqiqwr — Rsid) — sin(wt — 21/3) [(Ldid + ‘Ppm)a)r — Rsiq]

[
—3L, ’ld + iZ sin (Swt + arctanlq)
d

cos(wt + 2m/3) (—Lqiqwr — Rsid) — sin(wt + 21/3) [(Ldid + ‘Ppm)a)r — Rsiq]

[
—3L, ’ld + iZ sin (Swt + arctanlq)
d




As can be seen in (10), the zero-axis voltage component will be injected into the A-, B-, and C-phase voltages as a

third-harmonic component, of which the amplitude and phase angle are expressed as 3Lx ’iﬁ + ig and

arctan (ig/ig), respectively. Since Ly = 0.5Lg; (Lg; is the second-order component of winding self-inductance,
which reflects the rotor reluctance component), the amplitude of the injected third harmonic voltage is actually
determined by rotor magnetic reluctance and stator current limit. In a Y-connected three-phase winding system,
this third harmonic will be cancelled out in terms of line-to-line voltage. That is why these harmonics have not
been accounted for in existing FSCW-IPM machine drives. However, in the cascaded full-bridge topology, three-
phase four-leg topology or delta-connected winding topology, these third harmonic components will show up in
the line-to-line voltages.

SECTION IV. Finite-Element Analysis

A three-phase 12-slot/10-pole all-teeth-wound FSCW-IPM machine with spoke-type PMs is designed and studied
through ANSYS Maxwell 2D. The machine has been optimized for a wide constant power speed range. Besides, a
tradeoff study on characteristic current, efficiency, torque ripple, and material cost has been conducted in [21].
The key parameters of the designed machine are given in Table | while the machine cross section is shown

in Fig. 4.

TABLE | Key Parameters of the FSCW IPM Machine

Parameters Units Value

outer diameter of stator | mm 152

inner diameter of stator | mm 90

airgap length mm 0.6

tooth width mm 14.62

magnet shape mm 4 (height), 17 (length)
magnet remanence T 1.104 (N35EH@100°C)
stator yoke thickness mm 7.0

slot opening mm 5.04 (width), 2.09 (height)
bridge thickness mm 1.0

current density Aims/mm? | 5.7

slot fill factor % 48

rated torque Nm 5.11 @ 1155 r/min

Fig. 4. Cross-section (1/2 module) of the three-phase 12-slot/10-pole FSCW-IPM machine with spoke PMs.
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The unsaturated (under no load condition) phase inductance waveforms within a single electric cycle are shown
in Fig. 5. Key findings include the following.

1.

Under no load condition, mutual inductances between phases are negligibly small (avg: 0.86 mH)
compared to winding self-inductances [avg: 12.08 mH, refer to Fig. 5(a)]. In addition, both second and
fourth-order harmonics can be observed in the spectrum of self inductances.

Mutual inductances between d-axis/qg-axis and 0-axis can be observed from Fig. 5(b), which feature
significant third-harmonic components.

Under unsaturated condition, there are neither cross coupling between d-axis and g-axis nor harmonics
shown in the waveform of d-/g-/0-axis inductances.

T T T NN
leemcal dege S p— Flacarcd dogre

] ih;

Fig. 5. Unsaturated inductance matrix of the 12-Slot/10-Pole FSCW-IPM machine in both abc and dqO reference
frames. (saliency ratio: 1.176). (a) Inductance matrix in abc reference frame. (b) Inductance matrix in dq0
reference frame.

Fig. 6 shows the inductance matrixes in full-load condition (speed: 1155 r/min, torque: 5.11 N-m). The
inductances are calculated by inductance matrix computation function using incremental method in the ANSYS
Maxwell 2D transient analysis. The dynamic curves of phase winding inductances are extracted for an electric
cycle (10.4 ms at 1155 r/min) in order to analyze harmonic distribution. The winding inductances are shown in
the a—b—c reference frame first [see Fig. 6(a)] and then transformed into the d—g—0 reference frame

[see Fig. 6(b)]. The average value and important harmonics are specified for each curve. Key findings are

summarized as follows.

1.

Compared with the unsaturated condition, the winding inductances consists of slightly higher even
harmonic components while the mutual inductances go up a little bit.

As can be seen from Fig. 6(b), the even harmonics in phase windings result in the sixth harmonics in d-
, G-, and 0-axis inductances.

Cross coupling between d-axis and g-axis slightly goes up as well for load condition compared to no load
condition.
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Fig. 6. Load inductance (Excitation: sinusoidal cur'rent 8.17A,y = 17.8°, speed: 1155 r/min, T,;,, = 5.11N -
m, AT /T,,, = 2.49%, and saliency ratio: 1.215). (a) Inductance matrix in abc reference frame. (b) Inductance
matrix in dq0 reference frame.

Figs. 7 and 8 show the phase voltage waveform and spectrum with rated load, in which iy = --2.5Aand i, =
7.78A. In order to filter out the influence of PM-generated back electromotive force (EMF), the phase voltage
due to the armature-reaction is obtained by subtracting the back EMF, as shown in Fig. 7. As can be seen

in Fig. 8, the armature-reaction voltage contains significant third, fifth, ninth and other odd harmonic
components. The second-order self-inductance component can only lead to third- and fifth-phase voltage
harmonic. Other harmonic components are due to the fourth-order self-inductance components. By using
similar approach to that illustrated in Section Il, if the fourth-order self-inductance component is taken into
account, (6) can be modified as

L, 0 Lacos36
Lag = 0 L, —LAsin36
Lpacos38 —Lasin360 Ly
r L L L 7
%cos69 —%sin69 %cos%
L L L
+ —%sin69 —%cos69 %sinSH
L L

i %COS39 %sinSH 0 ]

(11)
where Lg, is fourth-order self-inductance component due to rotor saliency.
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Fig. 7. Waveforms of phase A voltages after subtracting the back EMFs (Excitation: sinusoidal current 8.17 A, y =
17.8° and speed: 1155 r/min).

60 -
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> 40
30 -
Enzo-:
< 10 4

Ist: 60.3

V)

itude

3rd: 12.9 7

04

T .
0 2 4 6 8 10 12 14

T
16 18 20

Fig. 8. Spectrum of phase A voltages after subtracting the back EMFs (Excitation: sinusoidal current 8.17 A, y =
17.8°, and speed: 1155 r/min).

As can be seen in (11), the sixth-order harmonic components are introduced in d- and g-axis self and mutual
inductances. For the coupling terms between d-, g-, and 0-axis, extra third-order harmonic components are also
introduced. This effect is shown in Fig. 6(b) as well.

SECTION V. Experimental Verification

Figs. 9(a)—(c) demonstrates the stator assembly, rotor assembly of the protype machine, as well as the
experimental setup. In order to reduce eddy current losses, the rotor magnets are segmented into three pieces
as shown in Fig. 9(b). The prototype machine is coupled with a load motor (Kollmorgen motor) while the
MATLAB/Simulink machine control model is downloaded to a dSpace DS1103 workstation for rapid control
prototyping. The stator windings of the prototype machine are configured as Y-connected or open-end windings.
A standard three-phase half-bridge inverter is used for the Y-connected- winding configuration while a full-
bridge inverter comprises 12 switches is used to supply the open-end-winding configuration.
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(c)
Fig. 9. Prototype machine and experimental setup. (a) Stator assembly. (b) Rotor assembly. (c) Experimental
setup.

Fig. 10 shows the back EMF waveform at 600 r/min. The testing results align well with the finite element analysis
(FEA) results. Also, the third- harmonic component (amplitude: 1.45 V) is only 5.7% of the fundamental
component (amplitude: 25.16 V).
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Fig. 10. Back EMF and spectrum. (a) Back EMF. (b) Spectrum of FEA and measured back EMFs.

Fig. 11 shows the winding current waveforms at 1155 r/min (corner speed), 1 hp (maximum power). At the same
operating point, the test is implemented using both Y-connected winding [see Figs. 11(a) and (b)] and open-end
winding [see Figs. 11(c) and (d)]. The pulsewidth modulation (PWM) switching frequency is 10 kHz for all tests
while the dc-bus voltage is 150 Vdc. As can be seen from Fig. 11, winding current ripple of the open-end winding
configura tion is higher than that of the Y-connected winding. However, these current ripples are mainly due to

high-order harmonics.
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Fig. 11. Winding current waveforms at 1155 r/min with Y-connected winding and open-end winding. (a) current
waveform in phases A and B (Y-connected winding). (b) d-axis and g-axis current (Y-connected winding). (c)
Current waveform in phases A and B (open-end winding). (d) d-axis, g-axis, and 0-axis current (open-end
winding).

Accordingly, winding voltage waveforms and spectrums using Y-connected winding and open winding are shown
in Figs. 12 and 13, respectively. For the Y-connected winding configuration, the third-harmonic voltage accounts
for ~13.6% (1155 r/min, 5.1 N-m, Fig. 12(b)] of the fundamental component. However, these third-harmonic
components are cancelled out at line-to-line voltage. For open-end winding configuration, the third-harmonic
voltage accounts for ~17.8% (1155 r/min, 5.1 N-m, Fig. 13(b)] of the fundamental component, which is higher
than the results of the Y-connected winding.
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Fig. 12. Winding voltage waveforms at 1155 r/min with Y-connected winding. (a) Phase voltage waveform
(red: V; and green: V},). (b) Fast Fourier transform (FFT) of (a).
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Fig. 13. Winding voltage waveforms at 1155 r/min with open-end winding. (a) PHASE voltage waveform (red: V;

green: Vy; and blue: 7). (b) FFT of (a).

Fig. 14 shows the 0-axis, d-axis and g-axis voltages. The operating point at 1155 r/min, 5.1 N-m with open end
windings is taken as an example. As can been seen in Figs. 14(a) and (b) that the 0-axis voltage contains the third
harmonics, of which the amplitude is 26.1 V. The average values of d-axis and g-axis voltages are -68.6 and 28.3
V, respectively. According to (9), the predicted d-, g-, and 0-axis voltage can be obtained by
( . . Rs=0

Vg = —Lgiqw — Rsiy = — 61.5[V]

Rg=0

LV, = (Laiq + Wym)® — Rsiy, ~ 28.2[V]

k Vo = 3wl, /ifi +i2 = 15.8[V]
(12)

where iy = --2.91A; i, = 7.28A (testing results); o = 2mf = 604.75 rad/s; inductances are based on FE
results (see Fig. 6): Lg, = 2.22mH, Ly = 0.5Lg; = 1.11mH; Ly = 11.52mH, L, = 14.0mH. It shows that the
measured g-axis voltage value matches well with theoretical results while there is a ~10% difference between
measured d-axis voltage and its FEA result. Therefore, the L, inductance is modified based the testing

results: Ly = 15.6mH. Accordingly, Ls; = 3.71mH while Ly = 0.5Lg; = 1.85mH.
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Based on the updated machine parameters, the 0-axis voltage is given as
— P2 2
Vo = 3wl /ld + 5 = 26.5[V].

The modified 0-axis voltage (26.5 V) aligns well with the testing result (26.1 V). The difference between
predicted and measured results is due to third-harmonic back EMF, cross coupling and stator resistance, which
are ignored in (12) for simplicity. This well proves that the third harmonic component is due to rotor saliency
under the condition of fairly low winding mutual inductances.

(13)

While the showcased machine is a relatively small one, the following discussions are extended to cover the
impact of this phenomenon for other machine design / operating conditions:
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A. Impact on High-Speed Open-End-Winding Machine Drives

In order to have sinusoidal winding current profile, third harmonics will be injected in phase voltages. The PWM
switching frequency should be high enough to provide sufficient bandwidth for the extra time harmonics
injected in phase windings. In this article, the electrical frequency of the third-harmonic component is 288.75 Hz
at 1155 r/min while the switching frequency is 10 kHz which is high enough to deal with the third harmonics.
However, this could be a challenge for a high-speed machine design of which the electrical frequency is very
high. With few switching times during each electric period, it is expected that more current harmonics and
higher current ripple can be observed.

Since the saliency ratio of magnetically-isolated FSCW-IPM machine is low, the amplitude of the third-harmonic
voltage is mainly determined by winding current amplitude as well as electrical frequency. That is to say, the
third harmonics have a bigger impact in high-speed, high-current machine designs.

B. Impact on Unbalanced Operation

Open-end-winding machine drives are fault-tolerant when losing one of its three-phase windings by adjusting
the amplitude and phase angle in the remaining two phases [22]. For postfault control, 0-axis current iy is
obviously non zero. The flux equation in d—g—0 reference frame is then given by

Ldld — LA sin360i, + ¥y,
Yaqo = q T Lacos30i

—LA sin 391d + L cos30i, + Lyiy
(14)

Assume that phase C winding is open-circuited, remediation currents in d—g—0 and a—b—c reference frames yield
to

Igcos0 —1;sinf + iy =i,
Iy cos(6 —120°) — I, sin(0 — 120°) + iy = i}
Iz cos(8 +120°) — I, sin(6 + 120°) + i

Il
e

(15)

Then, remediation currents in phases A and B can be represented by id and iq currents

{ia = V3lysin (6 + 60°) + V31, cos (6 + 60°)
i, = V3I;sin 6 + \/§chos 6.
(16)

By applying Park's equation and neglecting stator winding resistance (Rs = 0), voltage equation in d—qg-0
reference frame is given by (17). Eventually, (18) is obtained by applying the inverse transformation (C?)
(see (17) and (18) shown at the top of the next page). As can be seen in (18), the third- and fifth-harmonic
components are injected into phase voltages in postfault operation.

A detailed study has been conducted in ANSYS Maxwell 2D. Current excitations in the remaining two phases are
shown in Fig. 15 while Fig. 16 shows the torque profile. By increasing the current by a factor of 1.732, the
average torque of the machine is 0.97 p.u. while the torque ripple is 0.54 p.u.
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As can be seen in Fig. 17(a), due to lower saturation level, the self-inductance of the open-circuited phase C
(12.13 mH) is higher than that of the other two phases (~11 mH). In addition, more harmonics can be observed
for the postfault inductance, which results in severe distortion in the dg0 inductance matrix [see Fig. 17(b)].
Phase voltage waveforms and spectrums are shown in Fig. 18(a) and (b), respectively. As can be seen

in Fig. 18(b), the third- and fifth-harmonic components account for 0.19 p.u. and 0.14 p.u., respectively. The

third harmonic is comparable to healthy operation

while the value of the fifth harmonic is much higher than

healthy operation (0.033 p.u. in Fig. 8). These harmonics should be considered when designing the bandwidth of

the drives
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Wy [I2+13 I, I,
—{[cos (Zwt — 2m/3 — arctan 1—)] +3 [sin <4wt +2n/3 + arctan1—>l} — wl4l,

2 q q
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[vq] = {wlLy ’Iﬁ +I§
Vo —{[cos(

Id . 2T Id
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q 3 q

I I
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Fig. 17. Load inductance (excitation: sinusoidal current 14.15 A, y = 10.5°, and speed: 1155 r/min, T,,, = 0.97 per
unit, AT /T,,, = 56.1%, saliency ratio: 1.157). (a) Inductance matrix in abc reference frame. (b) Inductance

matrix in dq0 reference frame.
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Fig. 18. Voltage waveform (Excitation: sinusoidal current 14.15 A, y = 10.5°, speed: 1155 r/min). (a) Phase
voltage profile. (b) Spectrum of (a).

SECTION VI. Conclusion

This article investigates the coupling between d-/g-axis and 0-axis components in a magnetically-isolated three-
phase FSCW-IPM machine without neutral point constraint. Key insights are summarized as follows.

1. Coupling between d-/g- axis and zero-axis is due to negligible mutual inductance and rotor saliency,
which can generally be observed in many of the FSCW-IPM machines when SPP # 1/4 or %.

2. Considering only the second-order harmonic component of winding self inductance, the third harmonic
is introduced in the coupling terms of d-/g-axis and 0-axis, which finally results in the third-order phase
voltage harmonics.

3. In case of a magnetically-isolated FSCW-IPM machines with Y-connected winding, the third harmonic
can be cancelled out in terms of line-to-line voltage.

4. For fault-tolerant drives without the neutral point constraint, harmonics should be taken into account in
the feedforward block of closed-loop control to improve the performance of the current regulator. The
parameter of the proportional integral (Pl) current regulator should be carefully tuned as well to allow
sufficient bandwidth for the extra time harmonics injected in phase windings;

5. Harmonic components are determined by saliency ratio. Although the FSCW-IPM machine generally
exhibits poor saliency (1.215 for the machine studied in this article), the IPM design is still of interest for
metrics, such as PM protection against demagnetization, and high speed operation without requiring a
retaining sleeve.

6. Mutual inductance has been neglected in theoretical derivations. However, the mutual inductance
cannot be completely ignored in a real machine model. For the specific design investigated in this article,
the mutual inductance is significant due to local saturation.
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7. Magnetic saturation and winding open-circuit result in more harmonics and parameter imbalance. The

proposed analytical method can be extended to account for the complex harmonics in a real model.
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