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ABSTRACT

OPERATION OF INTERIOR PERMANENT MAGNET SYNCHRONOUS
MACHINES WITH FRACTIONAL SLOT CONCENTRATED WINDINGS
UNDER BOTH HEALTHY AND FAULTY CONDITIONS

By

Shanelle Nicole Foster

Design for fault tolerance and early detection of insulation failure are critical for automo-
tive and aerospace applications to ensure passenger safety. Permanent magnet machines can
be designed to better withstand stator insulation failures. In this work, the performance of
three fault tolerant fractional slot concentrated winding machine designs experiencing stator
winding insulation failure are evaluated. Two of the machines are designed with double-layer
windings and one with single-layer. The single-layer fractional slot concentrated winding de-
sign is shown most reliable; however this design has the worst torque performance. A ripple
reduction control technique is developed based on an analytical description of torque. This
technique is shown to improve the torque performance of the single-layer fractional slot de-

sign.

Fault tolerant design alone does not provide high reliability since thermal stress from
aging, overloading, cycling or fast switching of the inverter causes most stator insulation
failures. Early detection of incipient stator winding faults could avoid catastrophic machine
failure, allow implementation of mitigation techniques to continue operation, reduce the
occurrence of secondary faults and allow adequate time to plan maintenance. In this work,
two of the machines designed were manufactured with windings that allow the introduction of

faults with three severity levels and varying degrees of incipient faults. Through a parametric



identification method, the characteristic flux linkages of the machines are extracted under
both healthy and faulty conditions. It is shown that incipient stator windings faults are
reflected in the machine’s characteristic parameters. These parametric changes are reflected
in the phase voltage for current-controlled applications. Incipient stator winding faults can

be detected online, if accurate knowledge of the healthy machine parameters is available.
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Chapter 1

Introduction

Permanent magnet synchronous machines are appealing for aerospace and hybrid/electric
transportation applications due to their many advantages over other machine designs, such
as higher efficiency, higher power density and faster dynamics in a compact package. How-
ever, permanent magnet machines are subject to electrical, magnetic and mechanical failures.

These failures are a challenge because the rotating magnets cannot be turned off.

In aerospace and automotive industries a very high importance is placed on passenger
safety. Machine failures in these industries put human lives at risk [1]. For this reason,
high reliability and robustness are required of permanent magnet synchronous machines.
Machines used in aerospace and automotive applications must have a low possibility of
failure as well as continue to operate or fail safely in the event of a failure. Technology has

advanced the reliability of electrical machines; however, machine failures still occur.

1.1 Objectives and Contributions

Stator winding failures are among the most common. About 35% of electrical machine
failures are stator related. 70% of the stator related failures are due to failures in the in-
sulation [2]. Low probability of stator winding failure together with the ability to continue

operating if the winding insulation fails can be accomplished through fault tolerant machine



design. According to [3], the turn-to-turn short-circuit in a single phase is more severe than a
phase-to-phase short-circuit. For this reason, the authors conclude that a double-layer frac-
tional slot concentrated winding permanent magnet synchronous machine design is as reliable
as a single-layer. In this work, the reliability of both a double- and single-layer fractional

slot concentrated winding interior permanent magnet synchronous machine is compared.

Both the double- and single-layer fractional slot concentrated winding designs options
offer advantages. The primary difference is two phases share a stator slot with double-layer
windings. The MMF sub-harmonics in double-layer windings typically have lower ampli-
tude. However, in single-layer windings, the MMF consists of the main and sub-harmonics
which lead to unbalanced magnetic loading of the rotor resulting in saturation, decreased
average torque, unbalanced pull forces and high torque ripple. The advantage of selecting
the double-layer winding design is reduced sub-harmonics and losses. Single-layer fractional
slot concentrated windings provide the best isolation between phases; however, the inherent
characteristics of this design negatively impact the machine performance. In this work, a

control technique is developed that improves the machine performance by reducing torque

ripple.

Permanent magnet synchronous machines are typically modeled in the two-axes syn-
chronous frame of reference. DQ theory assumes sinusoidal MMF'; however, the arrangement
of fractional slot concentrated windings produces a non-sinusoidal MMF. According to [4],
the DQ model remains reliable. Self- and cross-saturation are non-linear effects that have
been proven important for development of high performance permanent magnet synchronous

machine controllers. In [5], it was determined that cross-coupling is not significant in perma-



nent magnet machines with fractional slot concentrated windings. The frozen permeability
method was utilized to prove that the classical d-q model of permanent magnet synchronous
machines is accurate when fractional slot concentrated windings are used. In this work,
the cross-coupling parameters of both double- and single-layer fractional slot concentrated

winding interior permanent magnet synchronous machines are evaluated.

The need for fail-safe operation of permanent magnet synchronous machines in applica-
tions requiring high reliability has prompted development of techniques for detecting incip-
ient faults. Without knowledge of degrading stator winding insulation, a stator inter-turn
short could develop and lead to catastrophic failure. It is desired to detect the insulation
degradation during normal machine operation to avoid these failures. In this work, use of
extracted machine parameters to monitor the condition of the stator winding insulation is
evaluated. Degrading insulation leads to variations in the machine characteristic parameters;
the flux linkages will change as the fault progresses. It is well known that the use of accu-
rate machine parameters for control improves a machine’s operating performance. Accurate

knowledge of the parameters is also useful for condition monitoring.

The contributions of this work are:

e Development of an analytical expression of torque developed by permanent magnet
synchronous machines with fractional slot concentrated windings, including permeance

variations.

e Development of a control technique for reducing torque ripple in permanent magnet

synchronous machines with fractional slot concentrated windings.



e Demonstrating that indicators of incipient stator winding faults are present in the d-
and g-axis flux linkages of permanent magnet synchronous machines with fractional

slot concentrated windings.

1.2 Organization

In Chapter 2 stator winding insulation stator winding insulation failure in permanent mag-
net synchronous machines with sinusoidally distributed windings is examined. An analytical
model of a permanent magnet synchronous machine with stator winding insulation failure
is presented. Additionally, a finite element model is used to evaluate the machine’s per-
formance when a turn-to-turn short-circuit is present. Chapter 3 describes techniques that
are available for improving permanent magnet synchronous machine reliability. Designs for
two fractional slot concentrated winding interior permanent magnet synchronous machine
designs are presented in Chapter 4. One machine is designed with double-layer windings,
while the other with single-layer windings. Experimental setup and characterization results
are provided. Additionally, a finite element model of the fault tolerant machine designs
is used to evaluate the machine characteristic inductances and machine performance under
stator inter-turn failure. Chapter 5 presents an analytical description of torque including
the sources of torque ripple. A technique for reducing torque ripple is presented in Chapter
6. In Chapter 7 the finite element and experimental parameters of the two fault tolerant
design under incipient fault conditions. Finally, conclusions and anticipated future work are

presented in Chapter 8.



Chapter 2

Stator Winding Insulation Failure

Permanent magnet machine failures include core insulation degradation, stator winding or
insulation failures, electrical trips, demagnetization of the magnets, bearing failures and
loss of stator/rotor mechanical integrity. Root causes of these failures have been identi-
fied as defective design/manufacturing, defective materials/components, incorrect installa-

tion/operation, ambient conditions, fatigue/stress and debris/corrosion [6].

The stator of a permanent magnet machine can experience faults in both the winding
and core. Root cause analysis of failed stators has shown that thermal deterioration of
the insulation, short/long term electrical stress on the insulation, mechanical stress induced
by vibration of the winding, dirt or moisture contaminating the winding and manufactur-
ing/design flaws (i.e., loose bracing for the end winding, slack in the core laminations, slot

wedges and joints) lead to faults in stators [6,7].

Stator winding failures are among the most common in electric machines [1,6-9]. Most
winding faults are caused by insulation deterioration, resulting from thermal stress due to
aging, overloading or cycling. Also, demagnetization of the magnets, even partially, causes
current to flow in the stator windings that exceed the ratings and degrade the winding insu-

lation. Degradation of the insulation, as shown in Figure 2.1, could result in a turn-to-turn



Figure 2.1: Stator Winding with Damaged Insulation. (For interpretation of the references
to color in this and all other figures, the reader is referred to the electronic version of this
disseration.)

short-circuit which increases the current flowing in that phase and the amount of heat gen-

erated.

Turn-to-turn short-circuit faults are among the most common faults occurring in electrical
machines. This fault could permanently demagnetize the magnets by producing a magnetic
field intensity that exceeds the coercivity of the magnets. High temperature could increase
the fault severity, leading to phase-to-phase or phase-to-ground faults. Due to heat, short-

circuit faults progress quickly and can lead to a fire.

A turn-to-turn short-circuit generates a circulating current which increases temperature.
The heat can lead to insulation of other turns failing, a phase-to-phase short-circuit or even
phase-to-ground short circuit. The circulating current also affects the performance of the

permanent magnet synchronous machine. The machine model is useful for identifying how



stator turn-to-turn short circuits affect the permanent magnet synchronous machine perfor-

mance.

In this chapter both an analytical model and a finite element model of permanent magnet

synchronous machines with stator inter-turn faults are examined.

2.1 Analytical Model of PMSM with Stator Inter-turn

Faults

Several authors have used equivalent circuit models to study the effects of inter-turn winding
faults [10-12]. The equivalent circuit model of a permanent magnet synchronous machine
with an inter-turn winding fault in one phase is shown in Figure 2.2. The fault is modeled
as a resistance, Ry, across a portion of the series connected phase a winding. The machine
equations provide an indication of how the fault affects the machine performance. Total
phase a voltage, Equation (2.1), is the sum of the voltages across the healthy, v,7, and faulty,
V42, portions of the winding. The healthy and faulty portions of the phase are identified
as aj and ag, respectively. Their voltages are described in Equations (2.2) and (2.3) where
Ts1,52 are the resistances of the healthy and faulty portions of the phase a winding, i, is the
phase a current, iy is the fault current and A1 452 are the flux linkages of the healthy and
faulty portions of the phase a winding. Voltages of phase b and ¢, v, and v, are described
in Equations (2.4) and (2.5) where 7 is the phase resistance, ij, and i. are the phase currents

and A\ps and Aqs are the flux linkages. The phase back-EMFEs are e,41, €452, €ps and ecs.

Vg = Vgl + Vg2 (2.1)
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Figure 2.2: Equivalent circuit model of winding with inter-turn fault

>\asl

Vgl = Tslla + di + €asl
o . . )\as2 o .
UGQ_TSQ(ZG+Zf)+ dt +6a32— _Rfo
. dAps
Up = Tty + =+ Cbs
. d\
Ve = Tsle + Wcs + €cs

(2.2)

(2.4)

(2.5)

Assuming that each phase has the same number of conductors, Ng and the windings are

sinusoidally distributed, the MMF's for all of the phases can be described, where Ny 4, N,

and N are the number of conductors for each phase. The number of conductors involved



in the fault is Ng 49 and Ny 41 is the number of healthy phase a conductors, ¢s is the stator

angular displacement.

Ns,a = Ns7b = Ns,c = Ns
Ns,a = Ns,al + Ns,a? = Ny
MMF,s = MMFasl +MMFa32

N,
MMF,s = ST’alia COoSs (¢s)

Nsa2,. .
MMF, s = ‘;’a (ia + i) cos (¢s)

2
MM Fy, = —2iy cos (¢s — %)
N, 2

(2.6)

(2.7)

(2.8)

(2.10)

(2.11)

(2.12)

1, the ratio of faulted turns to total turns, can be used to describe the number of turns

involved in the fault as shown in Equations (2.13) to (2.15).

_ Ns,a2
N

(2.13)



Ny a2 = N (2.14)

Nsa1 = (1 — p)N; (2.15)

The flux linkages are described in Equations (2.16) to (2.19) as functions of self and mutual

inductances.
Aas1 = Lalatia + Lata2(ia +if) + Lapip + Latcic (2.16)
Aas2 = La2atia + La2a2(ia +if) + Laopipy + Lacic (2.17)
Abs = Lparia + Lpa2(ia + i) + Lypiy + Lpcic (2.18)
Aes = Leatia + Lea2(ia +if) + Leyiy + Lecic (2.19)

The phase back-EMFs are described in Equations (2.20) to (2.22) where Ap, is the perma-

nent magnet flux linkage, the rotor speed is w, and the rotor position is 6,.

as = €qsl + €qs2 = WrApmcosty (2.20a)
eas1 = (1 — p)wrApmcosty (2.20b)
Cas2 = HUWr Apm oSOy (2.20¢)
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eps = WrApmcos(Oy — ?) (2.21)
27
Ces — WT)\meOS(er + ?) (222)

The machine inductances can be described from the airgap flux densities.

B="NnmF (2.23)
g

Self inductance of the healthy and faulty portions of phase a, L,1,1 and Lgo,.2, are shown
in Equations (2.24) and (2.25), where L;, and Ly, are the leakage and magnetizing in-
ductances, respectively. The mutual inductances between the healthy and faulty portions,
Lg142, of phase a is shown in Equation (2.26). Self inductance of phases b and ¢, Ly, and
Le¢e, are shown in Equation (2.27). Mutual inductances between phases b and ¢, L. and
L, are described in Equation (2.28). Mutual inductances between the healthy portion of
phase a and the other two phases, L, and Ly, are described in Equation (2.29). Mutual
inductances between the faulty portion of phase a and the other two phases, L, and Lg2c,

are described in Equation (2.30).

Lata1 = (1 - N)Q(Lls — L) (2.24)

La2a2 = #2(Lls — L) (2'25)

11



La1a2 = Lg2a1 = _N<1 - ,U)Lm (2.26)

1
Lye = Loy = _iLm (2.28)
1
La1p = Lpar = Late = Lear = —5(1 = p) Lm (2.29)
1
La2b = Lpa2 = La2c = Lea2 = _éﬂLm (2.30)

As shown in Equations (2.24) to (2.30), turn-to-turn faults in the stator winding will be
reflected in the machine characteristic inductances. Since the flux linkages are functions of

the inductances, they are also affected by turn-to-turn faults.

The open-circuit voltage of healthy permanent magnet synchronous machines is sim-
ply produced by the magnet flux. Equations (2.2) to (2.5) can be used to evaluate the
open-circuit voltage for a permanent magnet synchronous machines with turn-to-turn short

circuits.

di

Vgl = La1a2d_if +(1— N)UJT‘)\])MCOSQT
y (2.31)
=—u(l — M)Lmd—tf + (1 = p)wr Apmcosty
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dif
Va2 = La2a2— + pwr Apmcosty

dt b (2.32)
i
— 2Ly — Lm)d—{ + pr Apmcosty
di 2w
vy = Lba2d_tf + wrApmcos(0r — ?)
, (2.33)
= L B mcos(6, — 2
T T pftmgy T Apm oSt =g
di 2
/UC — Lca2d_f + wr)\meOS(ch —I— —’n—)
t 3 (2.34)
——EL dﬁ—i—w)\ cos(6 +2—7T)
= 2,“ m= o rApm T 3

The circulating current, due to the turn-to-turn short-circuit, affects the open-circuit voltage
as shown in Equations (2.31) to (2.34). Evaluation of the equations indicates that this effect

can be minimized by reducing the mutual inductance.

The machine torque can be evaluated through the energy stored in the coupling field.
Assuming a linear magnetic system, the energy stored in the coupling field is described
in Equation (2.35).

1 . .. . 1 . .
Wy = ELalalzoz2 + La1a2ia(ta + 1f) + §La2a2(za + Zf)2

. . N 1 )
+ Laipiaiy + Lagp(ia + Zf)lb + éLbbzbZ (2.35)

+ Loiciate + La2c(za + Zf)Zc + Lpetptc + §L00202
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The machine torque can be calculated by Equation (2.36). The circulating current also

affects the machine torque.
oWy

T=p 2. (2.36)

2.2 Finite Element Model of PMSM with Stator Inter-

turn Faults

The effects of stator inter-turn faults, described analytically in Section 2.1 can be veri-
fied through finite element analysis. A 2 slot per pole per phase PMSM with sinusoially
distributed windings was modeled in finite element. Design parameters for the model are
provided in Table 2.1. The geometry of both the healthy and faulty cases are shown in Fig-
ure 2.3. The red regions in the stator slots of Figure 2.3b, represent the turns involved in the
short-circuit. The primary difference between the two models is the circuit, shown in Fig-
ure 2.4. The circuit for the faulty model has two additional coil conductors in the phase
where the fault is introduced. One of the additional coil conductors has a resistor connected
in parallel to simulate the fault severity. The region associated with this coil conductor is
red in Figure 2.3b. The other coil conductor simulates the healthy turns of the faulty phase

that share the slot with faulted turns.

The torque due to the interaction between the permanent magnets in the rotor and the
stator slots, or cogging torque, was evaluated using finite element. The cogging torque is
shown in Figure 2.5.

The open-circuit voltage for the healthy machine model is shown in Figure 2.6. The

faulty machine model is used to evaluate the open-circuit voltage for different number of

14



(b) Faulty

Figure 2.3: FEA geometry of PMSM with 2 slots per pole per phase:(a)healthy (b)faulty.
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Number of stator slots 24
Number of poles 4
Coil Pitch 150°(5 slots)
Number of turns per coil 32
Number of turns per slot 64
Stack Length 2mm
Maximum Current 18Arms
Stator Line Voltage 480V
Maximum Power 10kW

Table 2.1: Design Parameters of PMSM modeled in FEA

= o1
% ) Dmm DE
= o/ YV o}

hH
i 0 0

(b) Faulty

Figure 2.4: FEA circuit model of PMSM with 2 slots per pole per phase:(a)healthy (b)faulty
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Figure 2.5: Cogging Torque of Healthy PMSM with 2 slots per pole per phase (finite element
results)

turns involved in the slot. The effect of the short-circuited turns is apparent in the open-
circuit voltage, as expected from Equations (2.31) to (2.34). The open-circuit voltage of the
faulty machine with a short-circuit involving a single-turn, 10% of the turns in the slot and
20% of the turns in the slot are shown in Figures 2.7 to 2.9. This effect is due to the current
circulating in the shorted turns, shown in Figures 2.10 to 2.12. The circulating current is
more than 9 times higher than the motor’s maximum current given in Table 2.1, in each case.
Torque ripple also increases as the number of turns involved in the short-circuit increases,

as summarized in Table 2.2.
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Figure 2.6: Healthy back-EMF of PMSM with 2 slots per pole per phase (finite element
results)
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Figure 2.7: Back-EMF of PMSM with 2 slots per pole per phase and a single turn in a slot
short-circuited (finite element results)
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Figure 2.8: Back-EMF of PMSM with 2 slots per pole per phase and 10% of turns in a slot
short-circuited (finite element results)
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Figure 2.9: Back-EMF of PMSM with 2 slots per pole per phase and 20% of turns in a slot
short-circuited (finite element results)
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Figure 2.10: Circulating current due to a single turn in a slot involved in a short-circuit
(finite element results)
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Figure 2.11: Circulating current due to a 10% of the turns in a slot involved in a short-circuit
(finite element results)

20



40

200

o

Current (A)

0 50 100 150
position (degrees)

Figure 2.12: Circulating current due to 20% of the turns in a slot involved in a short-circuit
(finite element results)
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Figure 2.13: Torque of healthy PMSM with 2 slots per pole per phase (finite element results)
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Figure 2.14: Torque of 2 slots per pole per phase PMSM with a single turn in a slot short-
circuited (finite element results)
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Figure 2.15: Torque of 2 slots per pole per phase PMSM with 10% of turns in a slot short-
circuited (finite element results)
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Figure 2.16: Torque of 2 slots per pole per phase PMSM with 20% of turns in a slot short-

circuited (finite element results)
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’ Machine Condition \ Circulating Current \ Torque Ripple ‘

Healthy 11.99%
Single-Turn 163.61 A5 14.33%
10% Turns 273.61 A, ms 32.21%
20% Turns 174.75Ams 52.65%

Table 2.2: Circulating current in a PMSM designed with sinusoidally distributed windings
under short-circuit faults. Torque ripple as a percentage of the average torque in a healthy

machine.
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Chapter 3

PMSM Reliability

One approach to improving machine reliability is through design. Permanent magnet syn-
chronous machines can be designed to better tolerate stator winding inter-turn short-circuits.
Machines designed to tolerate failures are called fault tolerant machines. However, designing
for fault tolerance alone will not provide the desired level of reliability for ensuring passenger
safety. Accurate detection and diagnosis of a pending fault would provide an additional level

of reliability.

This chapter introduces available techniques for improving reliability through design and

fault detection.

3.1 Fault Tolerant Design

Stator inter-turn short-circuits in permanent magnet machines can experience high values
of circulating currents in the shorted turns magnitudes above the machine rated current.
The circulating current results in higher temperatures. In [7] the authors state that the
winding degrades twice as fast as under normal operating conditions for every 10°C' above
the insulation rated temperature. With increased winding temperature a turn-to-turn short
circuit may advance to include additional turns or even lead to a secondary fault, i.e., phase-

to-phase short, phase-to-ground short or even demagnetization.
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The authors of [13] identify requirements for fault tolerant permanent magnet syn-

chronous machines. The requirements include considerations for:

1. Number of phases

2. Limiting of fault currents

3. Magnetic isolation between phases

4. Thermal isolation between phases

5. Physical isolation between phases

The first requirement listed, increasing the number of phases, reduces the fault current by
minimizing the coupling between the magnet flux and stator windings. Meeting the second
requirement reduces the effect that an inter-turn short-circuit has on the open-circuit voltage

and torque. According to [14], using additional phases provides a few benefits.

e Lower amplitude of torque pulsations

e Lower stator current per phase without increasing the voltage per phase

e Higher torque per amp for the same volume machine

However, machines with more than three phases are overrated to provide the desired
operation in case of failure, in which case the failed phase is disconnected. The tradeoff for

complexity, F', is a function of the number of phases, m, as shown in Equation (3.1). [15].

F=-"" (3.1)



The fault tolerance of permanent magnet machines with more than three phases has
been demonstrated by several researchers [14-20]; however, these machines are more com-
plex to control and require additional power electronic components. Machine reliability is
high priority for aerospace and automotive applications; however, cost of manufacturing is
also a priority. The cost associated with the complexity may not be as appealing for mass

production in these industries.

In [13,21], inter-turn short-circuits sharing a stator slot were examined. It was determined
that the circulating current opposes the air-gap flux and increases the slot leakage flux in
[21]. The authors show that by modifying the stator tooth shape, the slot leakage inductance
increases resulting in reduced short-circuit current. Stator winding configuration also affects

the phase inductance and can be used to effectively limit the short-circuit current.

3.2 Stator Winding Configurations

There are two categories of stator winding configurations: overlapping and non-overlapping
end-windings [22], shown in Figures 3.1 and 3.2, respectively. The categories are distin-
guished by the end-windings. Windings in the overlapping end-windings category have
different phases in close proximity of each other; the configurations are distributed or con-
centrated. Distributed windings, shown in Figure 3.1a are arranged to produce a sinusoidal
MMEF'. Concentrated windings, shown in Figure 3.1b are wrapped around a tooth. In this

category, concentrated windings have 1 slot per pole per phase.

Windings in the non-overlapping end-windings category are arranged such that different
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(b) Concentrated

Figure 3.1: Overlapping Winding Category - (a)Distributed and (b)Concentrated
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phases do not touch. This winding configuration has less than one slot per pole per phase
and is called fractional slot concentrated windings. The configurations are concentrated,
wrapped around a single tooth, and are arranged as either double- or single-layer. In the
double-layer windings, every tooth is wound, as shown in Figure 3.2a. Single-layer windings

have every other tooth wound, as shown in Figure 3.2b.

The characteristics of fractional slot concentrated winding machines make them a viable
solution for applications requiring fault tolerance [23]. Designs with fractional slot concen-
trated windings provide magnetic, thermal and physical separation of phases.Single-layer
windings eliminate the possibility of overlapping between end windings of different phases.
This lends to low mutual coupling between phases and provide better thermal isolation since
different phases do not share stator slots. The low mutual coupling indicates that the short

circuit current in one phase will not affect the other phases.

3.3 Effects of Winding Configurations

The MMF of permanent magnet synchronous motors with different winding configurations
are shown in Figures 3.3a and 3.3b. Due to the arrangement of the windings, the over-
lapped distributed windings, shown in Figure 3.1a, produce a nearly sinusoidal MMF' as
shown in Figure 3.3a. The arrangement of the non-overlapped double-layer windings, shown
in Figure 3.2a, produces a less sinusoidal MMF as shown in Figure 3.3b. The fractional
slot concentrated winding MMF contains extra harmonic components when compared to an
integral slot distributed winding, as shown in Figure 3.4. The MMF harmonics also create

flux in the machine that induce voltages at fundamental frequency in the windings.
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(b) Single-layer

Figure 3.2: Non-overlapping Winding Category - (a)Double-layer and (b)Single-layer
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As with conventional machine analysis, the winding function can be used to calculate the
self and mutual inductances of fractional slot concentrated windings; however, the effect of
the harmonics must be considered. In [24] it is stated that in fractional slot concentrated
winding machines saturation influences both the d-and g-axis inductance more than in dis-
tributed windings. It is also noted that higher order harmonics in the mutual inductance
affect saliency. In [25], there are four components of leakage inductance, Ly, presented that
should be considered when evaluating winding configurations. Equation (3.2) describes the

total leakage inductance due to the winding configuration.

1. Airgap leakage inductance, Lg
2. Slot leakage inductance, Ly,
3. Tooth-tip leakage inductance, L;

4. End winding leakage inductance, Ly,

The airgap leakage component is described in Equation (3.3) is a function of the machine
geometry. The permeability of air, pug, the number of phases, m, the effective airgap
length, 6, the machine diameter, D, the effective core length, I/, and the slot permeance

factor, A\ are all used to calculate the airgap leakage component.

2 o0 2
e (—p) ) (—V ) (3.3)
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Figure 3.3: MMF of different winding configurations - (a)Distributed windings with 2 SPP
and (b)Fractional Slot Concentrated Windings with %S PP
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Figure 3.4: MMF harmonic spectrum of different winding configurations - (a)Distributed
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The slot leakage inductance, in Equation (3.4) is significantly higher in fractional slot
concentrated winding machines when compared to machines with distributed windings [26].
For this reason, an accurate estimation of the slot leakage inductance is suggested, including
mutual slot leakage for double-layer windings.

dm

Ly, = a,uol/Nzx\u (3.4)

According to [26], the tooth-tip, in Equation (3.5), and end leakage, in Equation (3.6)

inductances are negligible.

4
Li = — gl A\gN2 (3.5)
Q
4m
Ly = 5qN2uozwAw (3.6)

As described in [27], joule loss for one phase, shown in Equation (3.7), is a function of the
average conductor length, L, the slot fill factor, ¢y, and the winding factor, k. Fractional
slot concentrated windings can also have a low winding factor which leads to higher heat
generation, iron saturation and lower efficiency.

L
Pwinding = CfK_—wg (3~7)

The MMF harmonics that are asynchronous with the rotor, v # p, induce current in
the rotor. In [28], it is stated that due to the higher wavelength of subharmonics, the flux
lines enter deeply in the rotor, implying that subharmonics lead to higher rotor loss. The

subharmonics also lead to an increased torque ripple, as concluded in [29].
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Several authors have presented design techniques for reducing losses and torque ripple.
The authors of [30] demonstrate in finite element that by using a different number of turns
for each coils side and adding flux barriers to the back iron of every other slot the magnet
and iron loss associated with fractional slot concentrated windings is reduced. In [31], two
stators with the same slot per pole per phase combination shifted by an electrical angle will
cancel harmonics that contribute to rotor loss. The authors of [32] develop an analytical
expression of torque neglecting permeance variations. They conclude that selecting stator
windings with an odd number of slots per pole pair reduces the torque ripple. In [33], the
torque expression developed in [32] is used to demonstrate the the number of stator and
rotor slots used in the machine design affect the losses and torque ripple. The authors of [34]
add slits on the g-axis of the rotor surface and modify the stator tooth face to reduce the
torque harmonics. The addition of flux barriers and stators provide for more complex man-

ufacturing.

The MMF harmonics of fractional slot concentrated windings contribute extra stator
leakage inductance; this however, may be helpful in reducing current for field weakening and
reducing short-circuit current. As presented in [35], a fault tolerant PMSM design should
have high magnetizing inductance to limit short-circuit current. Fractional slot concentrated

windings offer other advantages.

e A reduction in the volume of copper in the end region

e A reduction of the joule loss in the end region due to the shorter end turns

e Reduced mutual coupling between the phases because no tooth carries coils for more
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than one phase
e Higher slot fill factor
e Reduced cost because the manufacturing is simplified
e Lower cogging torque, due to the higher cogging torque frequency, f.

The cogging torque frequency is described as frequency, f, multiplied by the least common
multiple of the number of poles, where p is the number of pole pairs, and the number of
stator slots, @), as shown in Equation (3.8). Higher cogging frequency yields lower cogging

amplitude.

fe=LCM(2p,Q)f (3.8)

3.4 Stator Winding Failure Detection

Machine reliability can also be improved through accurate detection and diagnosis of pending
stator winding inter-turn faults. Stator winding inter-turn faults lead to unbalanced air gap
voltages and line currents, increased torque pulsations, decreased average torque, increased
losses, reduced efficiency and excessive heating. Stator inter-turn faults are effectively im-
balances reflected in signals. However, these signals may be stationary, cyclostationary,

non-stationary or even buried in a machine-borne noise.

Condition monitoring is a means of measuring signals and through analysis extract a
detection and diagnosis of a fault. Techniques have been developed to diagnose faults from

various measured signals, including stray flux, air gap flux, rotor field voltage, torque and
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stator current. These techniques can be separated into two categories: 1) intrusive and 2)
non-intrusive. Intrusive techniques require additional equipment whereas non-intrusive tech-
niques do not. The goal of condition monitoring is to diagnose the machine with minimal
measurements. Inter-turn short-circuits can be detected in torque, air-gap flux and stator

currents, to name a few.

The voltage reference has been used as a fault indicator. A turn-to-turn fault in one
winding has been shown to reduce the number of effective turns in that winding. This para-
metric variation is reflected at the voltage references. The difference between the non-fault
and fault voltage references indicates a fault when the preset threshold is exceeded. The

fault estimation threshold may vary since the voltage reference is speed and load dependent

[36).

The negative-sequence voltage component has also been used to diagnose stator winding
faults. One disadvantage is the zero-sequence voltage component measurement requires ac-

cess to the machine neutral [37].

Stator turn-to-turn faults can increase slot leakage flux and decrease the main air gap
flux [37]. The torque is also affected by the increased slot leakage flux [21]. In refer-
ence [38] the permeance network is used to identify the inductances of a surface mounted
permanent magnet machine, including the effects of saturation and leakage. The authors
validate their results through comparison to finite element analysis finding good accuracy
for use in a machine model. Under fault, the inductances are no longer only functions of the

number of turns and slot geometry but dependent on the location of the fault in the slot [39].
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Machine parameters have been used in [40-42] to detect inter-turn short circuit faults.
In [40] the authors present a scheme for estimating the winding resistance and rotor flux
linkages by injecting a short pulse in the d-axis current. The authors validate that their
method can detect changes in the winding resistance due to heat; however, state that the
scheme is suitable for monitoring non-salient pole permanent magnet synchronous machines.
In [41] the recursive least squares algorithm and the Extended Park model are used to
estimate the machine parameters. The authors show that winding short circuit faults can be
detected through variations in the estimated parameters. The parametric variations indicate
the number of turns involved in the short circuit. In [42], a parametric model of a 5-phase
permanent magnet machine is used to detect winding short circuit faults from the second-
order harmonic of the g-axis current. The authors of [41,42] both validate their methods

through simulation for short-circuit winding faults.

The time between a single inter-turn short circuit and catastrophic failure of the machine
is short. Catastrophic permanent magnet machine failure can be avoided if a degrading stator
winding insulation was detected during normal operation. Detecting the degradation prior

to the existence of a turn-to-turn short circuit would allow for timely maintenance and repair.
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Chapter 4

Design and Analysis of Fault Tolerant

Machines

Challenges with fractional slot concentrated windings include high harmonic content in the
MMEF distribution, the production of losses in the rotor, unbalanced saturation that leads
to torque ripple, high slot leakage inductance and high acoustic noise for some slot/pole
combinations. It is shown in [35] that through careful selection of the slot/pole combination

the rotor losses, torque ripple and acoustic noise can be reduced.

The most common slot per pole per phase selections are % and % According to [11],
% slot per pole per phase is a good selection for reduced rotor losses in both double and

single-layer windings. However, % slot per pole per phase machines may have high torque

ripple. 2 slot per pole per phase machines may have lower cogging torque and torque ripple.
5 y gemg

In this chapter two fractional slot concentrated winding interior permanent magnet ma-
chines are designed with the most common slot per pole per phase selections, % and % The
% slot per pole per phase machine is designed with double-layer windings and the % slot

per pole per phase with single-layer windings. Experimental characterization and finite el-

ement results are presented for both machines. It is shown through finite element analysis
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that single-layer fractional slot concentrated windings with null mutual inductance provide

highest reliability at the cost of machine torque performance.

4.1 Tools

4.1.1 Star of Slots Theory

The star of slots theory presented by Bianchi [35] is a tool used to design permanent magnet
machines with fractional slot concentrated windings and evaluate the machine performance.
The star of slots is a complex representation of the main EMF harmonic induced in the
coil side of each slot of the machine, drawn only for the left-hand coil sides. The machine
periodicity, ¢, is the greatest common divisor of the number of stator slots, @), and the

number of pole pairs, p, as shown in Equation (4.1).

t = GCD(Q,p) (4.1)

Q

¥ spokes form the star of slots and each spoke contains t phasors. Equation (4.2) is used to
examine the feasibility of a certain slot/pole combination. The winding is considered feasible
if the number of spokes per phase, g, is an integer. The number of spokes is determined
by the number of stator slots divided by the product of the number of phases, m, and the
machine periodicity.

Q
=—¢€N 4.2
dph + ( )

The angle between the phasors of adjacent slots, ag, is the electrical angle in Equation (4.3).

The angle between adjacent spokes, a,p, is the electrical angle in Equation (4.4). A phase
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contains the phasors of opposite sectors each covering . radians, rotate both sectors by Zmﬁ

radians to identify other phases.

of = % (4.3)
2t
o= 21 (4.4

The star of slots can also be used to analyze the harmonic content of the EMF waveform
and the air-gap MMF distribution. If % is even, the main winding distribution will only
include harmonics of odd order; however, if % is odd, the main winding distribution will
include both even and odd order harmonics. Additionally, if the number of spokes per phase
is even, there is an even number of EMF phasors to sum and the main distribution factor,

kg, is found by Equation (4.5). If the number of spokes per phase is odd, the distribution is

given by Equation (4.6).

kq= g (4.5)
h Aph,
- sin (=57)
T
g = o0 (o) (4.6)
d . Ozph
qphsm(T)

The coil span angle, oy, and pitch factor, kp, are described by Equations (4.7) and (4.8),

respectively.
2
o = qu (4.7)
kp = sin (‘%") (4.8)

40



The main winding factor, ky, is given by Equation (4.9).

kw = kghy (4.9)

A high winding factor does not guarantee desirable machine performance because if all coil
sides of one phase are on the same side of the machine, the winding will produce unwanted

unbalanced magnetic pull resulting in noise.

The star of slots theory also provides a means of transforming a double-layer winding
to single-layer and evaluating its performance, simply by removing all of the even phasors
from the star of slots; however, there are a few constraints, both geometrical and electrical.
The two geometrical constraints are 1) Q must be even to maintain symmetry between the
phases and 2) the coil throw must be odd so that each slot contains only one coil side. The
electrical constraints can be divided into two categories: even and odd periodicity. If the
periodicity is even, the transformation is always possible; however, the harmonic content and
winding factor are determined by % The evaluation of the harmonic content and winding
factor for the transformation to a single-layer can be described by several cases, as shown
in Table 4.1.

The star of slots theory provides a method for designing a machine with null mutual
inductance. In double-layer windings, the ratio of stator slots to periodicity must be an even

number. Single-layer windings will have null mutual inductance when the ratio of the slots

to twice the periodicity is even.
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Case # | Periodicity % % Distribution Harmonic Order | Distribution Factor
1 even odd even & odd same
2 even even | even odd increase
3 even even | odd even & odd same
4 odd even | odd odd same
5 odd even | even even & odd increase

Table 4.1: MMF harmonic order and distribution factor for transformation of double-layer
winding to single-layer winding for various cases based on machine periodicity and number
of stator slots.

4.1.2 Software

Two software packages were used to design and analysis the permanent magnet synchronous
machines with fractional slot concentrated windings: SPEED and Flux2D. SPEED, a lumped-
parameter model, has a graphical interface that was used to design the stator laminations,
define the stator windings and analyze the resulting MMF harmonic content and winding
factors. Flux2D, time-dependent nonlinear finite element method with circuit coupling, was
used to analyze torque, voltage, current for each machine design. This finite element soft-
ware was also used to analyze iron loss, eddy current loss in the magnets and copper loss.
The iron loss calculations, both eddy current and hysteresis, were computed from Bertotti

coefficients. Flux2D magneto-static simulations were used to calculate inductances.

4.2 Double-layer PM Machine Design

An available 4-pole neodymium iron boron permanent magnet rotor was used to design a
double-layer % slot per pole per phase machine. Star of slots theory was applied to select

the number of stator slots and examine the MMF harmonic content and the winding factor.
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6

Figure 4.1: Star of slots for double-layer %S PP PM machine

The star of slots evaluation is shown in Equations (4.10) to (4.16) and Figure 4.1.

Q=6 (4.10)
p=2 (4.11)
m =3 (4.12)
t=GCD(Q,p) =2 (4.13)
dph = % =1, feasible (4.14)
ag = % = 2% (4.15)
Oph = % = %ﬂ (4.16)

Since % is odd, the main winding distribution will contain both even and odd harmonic
orders. This also indicates that mutual inductance is a factor. It is observed that there

are no sub-harmonics present, since ¢t = p. The winding factor calculations are shown
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Design Parameter Value Design Parameter Value
Stator Diameter 182.03mm Magnet Type NdFeB N38EH
Rotor Diameter 98.34mm Winding Type Double-layer Concentrated
Stack Length 2mm Number of Turns 152 turns per coil
Number of Stator Slots 6 Stator Line Voltage 480V
Number of poles 4 Maximum Current 18A,ms
Air gap length 1mm Maximum Power SEW

Table 4.2: Double-layer % SPP machine design parameters.

in Equations (4.17) to (4.20).

ky = Sin'(%z —1 (4.17)
Gph Sin(~")
- 2”51/‘1 _ 2?” (4.18)
ky = sin(22) = ? (4.19)
hw = kphkg = V3 (4.20)

2

An outline of the machine is shown in Figure 4.2 and machine design parameters are
given in Table 4.2. The stator and rotor of the manufactured prototype are pictured in

Figures 4.3a and 4.3b, respectively.
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Figure 4.2: Double-layer %SPP PM machine laminations
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(a) Stator (b) Rotor

Figure 4.3: Manufactured parts of % SPP PM machine - (a)Stator and (b)Rotor with NdFeB
magnets-N38EH nickel coated

4.3 Single-layer PM Machine Design

A prototype single-layer % slot per pole per phase machine was designed. Star of slots
theory was applied to examine the MMF harmonic content and the winding factor. The star

of slots evaluation begins with the double-layer design as shown in Equations (4.21) to (4.26)
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Figure 4.4: Star of slots for double-layer %SPP PM machine

and Figure 4.4.

Q=12 (4.21)
p=>5 (4.22)
t=GCD(Q,p) =1 (4.23)
dph = Qo 4, feasible (4.24)

P mt ’

2mp 5w

2t

Since % is even, the main winding distribution will contain only odd harmonic orders

and the design yields null mutual inductance. The winding factor calculations are shown
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in Equations (4.27) to (4.30).

sin(5-) sin(f)
kg = m) — 0.966 (4.27)
quhsin(aLQh) 2sin({y)
2m o
ky = sm(‘%”) = 0.966 (4.29)
ko = kpkg = 0.933 (4.30)

L Q Q

, ¥, o7 are all even, according to Table 4.1 the harmonic orders remain unchanged how-
ever, the distribution factor increases which yields a higher winding factor, shown in Equa-
tions (4.31) and (4.32). The change in the distribution factor is a result of removing half of
the phasors, as shown in Figure 4.5. The winding harmonics include sub-harmonics, since

t # p, with magnitudes higher than the main harmonic.

Lo _sin(gy) (@) (4.31)
47 Db . Ophy  sin(E) '
TSZTL(T> 6
kw = kpkg = 0.966 (4.32)

An outline of the machine is shown in Figure 4.6 and machine design parameters are given
in Table 4.3. The stator and rotor laminations of the resulting prototype are pictured in

Figures 4.7a and 4.7b, respectively.
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3

Figure 4.5: Star of slots for single-layer %S PP PM machine

Design Parameter Value Design Parameter Value
Stator Diameter 220mm Magnet Type NdFeB N38EH
Rotor Diameter 138mm Winding Type Single-layer Concentrated
Stack Length 2mm Number of Turns 150 turns per coil
Number of Stator Slots 12 Stator Line Voltage 480V
Number of poles 10 Maximum Current 18 Arms
Air gap length 1mm Maximum Power 3.8kW

Table 4.3: Single-layer % SPP machine design parameters.
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(a) tator | . (b) Rotor

Figure 4.7: Laminations for % SPP PM machine - (a)Stator and (b)Rotor
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4.4 Experimental Characterization

Permanent magnet synchronous machines are typically modeled in the two axes synchronous
frame of reference. DQ theory assumes sinusoidal MMF; however, the arrangement of frac-
tional slot concentrated windings produces a non-sinusoidal MMF. According to [4], the
DQ model remains reliable. Self- and cross-saturation are non-linear effects that have been
proven important for development of high performance permanent magnet synchronous ma-
chine controllers. The d- and g-axis model, including self- and cross-saturation, is given in

by Equations (4.35) to (4.37).

Adlig, iq) = Lq(iq)iq + Laq(id,iq)ig + Apm (4.33)
va = Rsig + [La(ia) 7 + Lag(ia, iq) 7] — welLq(iq)ig + Lga(ia, iq)id]
e (4.35)
dAd(zdv ZQ)

= Rgig + 7t — weAq(ig; iq)

) N /) o dig N NG
Vg = Rsiqg + [Lq(zq)d_f + Lyalig, lq)% + we[Lq(ig)iq + L (i, iq)iq + Apm] (4.36)

ANy (ig, i o

3p

T==
2

[Nalia, iq)ig — Aq(id, ig)id] (4.37)
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In [5], it was determined that cross-coupling is not significant in permanent magnet machines
with fractional slot concentrated windings. The frozen permeability method was utilized to
prove that the classical d-q model of permanent magnet synchronous machines is accurate
when fractional slot concentrated windings are used. It was concluded that cross-coupling
in fractional slot concentrated winding permanent magnet machines is negligible, implying

that the simplified model in Equations (4.40) to (4.42) provides sufficient accuracy.

Ailiq) = Lq(ig)iq + A\pm (4.38)

Aqliq) = Lq(iq)iq (4.39)

vg = Rsig — welLq(iq)iq

(4.40)
vg = Rsiq + we[Lq(iq)ig + Apm)
(4.41)
3p N N
T = 7P\d(ld)zq — Aqliq)id] (4.42)
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FSCW Torque
PM Transducer

Rectifier Inverter

Figure 4.8: Experimental setup
4.4.1 Experimental Setup

The permanent magnet synchronous machines with fractional slot concentrated windings
were individually mounted on an Emerson 20hp DC dynamometer to extract characteristic
parameters, as shown in Figure 4.8. A PCB torque transducer is connected between the
dynamometer and the machine under test. The machine under test is connected to an APS
inverter, equipped with current sensors for each phase and a voltage transducer for the DC
link. The inverter DC link is connected to an uncontrolled rectifier. The inverter gate driver
is connected to an ESI controller board equipped with a Texas Instrument DSP. The DSP’s
controller area network is used to transmit and receive data from a PC running LabVIEW.
An Agilent oscilloscope is used to monitor the phase current measured with an LEM current

transducer.

The machine characteristic inductances for both the double-layer % slot per pole per phase

and single-layer % slot per pole per phase designs are experimentally extracted to evaluate
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the significance of the cross-coupling terms [43]. A two step process is used to acquire the

machine characteristic parameters.

1. Experimental Data Acquisition

2. Experimental Data Processing

4.4.2 Experimental Data Acquisition

The experimental setup is shown in Figure 4.9 is used to acquire the data required for extract-
ing the machine’s characteristic inductances. The dynamometer controls the speed of the
motor under test. The AC currents and DC voltage are fed back for control. The Texas In-
strument floating point DSP is flash programmed to control the machine current. Controller
area network (CAN) is used to transfer the machine variables required for characterization
from a DSP to a computer running a LabVIEW virtual instrument. The LabVIEW virtual
instrument is used to transmit the desired current magnitude and angle, as well as save data
to the computer hard disk. As shown in the permanent magnet synchronous machine model
including cross-coupling terms, shown in Equations (4.35) and (4.36), the variables required

to extract the machine characteristic inductances are:
e Phase Voltage
e Phase Current
e Rotor Position
e Machine Speed

The phase voltage is estimated instead of using voltage transducers. This is as accurate

as measuring, since DSP internal variables are used to perform the estimation [43]. Current
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Figure 4.9: Experimental setup for collecting data to extract the machine characteristic
inductances.

transducers provide phase current measurement. An optical rotary position encoder is used
for position feedback and speed calculation. The encoder must be aligned to the rotor
magnet axis in software. The motor’s open circuit voltage is used for alignment [43, 44].
After verifying proper rotor alignment, the current command is set to 0/90°A and the

variables are recorded. This process is repeated for all of the I3/6°A combinations shown

in Table 4.4.

4.4.3 Experimental Data Processing

The acquired data is processed off-line to extract the flux linkages, which inherently include
self- and cross-saturation effects. The acquired data during 0/90°A command is processed

first to extract the permanent magnet flux linkage, Ayp,. The fundamental component of the
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Is | 90° | 100° | 110° | 120° | 130° | 140° | 150° | 160° | 170° | 180°
5A
104
15A
20A
25A

Table 4.4: Table used for data acquisition.

estimated voltage and the position are used to determine the d- and g-axis components, v,

and vy. Manipulating Equation (4.36) with i3 = 0 and ¢; = 0 results in Equation (4.43).

Apm = —L (4.43)

The d- and g-axis flux linkages are determined from the data acquired for each current
command. Phase resistance is measured using a multimeter. Solving Equations (4.35)

and (4.36) in steady-state for d- and g-axis flux linkages result in Equations (4.44) and (4.45).

o vg — g R
Nlia,iq) = 1= (4.44)
i X idR — U4

The inductances in Equations (4.33) and (4.34) are calculated using Equations (4.46)

to (4.49).

Lqliq) = Aa(ia,0) = Apm (4.46)

td
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Lq(iq) = i (4.47)
Lagiriq) = Aalig,0) qu)\d(idaiq) (4.48)
qu(ida iq) _ )‘Q(()? if]) _ )‘(](id> i(]) (4'49)

td

4.4.4 Experimental Results

The dynamometer rotated the double-layer % slot per pole per phase machine at 700rpm

during the data acquisition process. The extracted flux linkages are shown in Figures 4.10
and 4.11. The single-layer % slot per pole per phase machine was rotated by the dynamometer
at 300rpm. The resulting flux linkages are shown in Figures 4.13 and 4.14. These experi-
mental flux linkages were used to determine the torque-speed characteristics of each machine
at rated current and voltage. The resulting torque-speed envelopes are shown in Figure 4.12
for the double-layer % slot per pole per phase machine and Figure 4.15 for the single-layer %

slot per pole per phase machine.

The extracted inductances of the double-layer % slot per pole per phase design are shown
in Figures 4.16 and 4.17. The single-layer % slot per pole per phase design extracted induc-
tances are shown in Figures 4.18 and 4.19. It is noted that cross-coupling is significant and

should not be neglected.
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Figure 4.11: Experimental Q-axis Flux Linkage of % SPP PM Machine
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Figure 4.13: Experimental D-axis Flux Linkage of % SPP PM Machine
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Figure 4.14: Experimental Q-axis Flux Linkage of % SPP PM Machine
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Figure 4.15: Experimental Torque-speed envelope for % SPP PM Machine
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Figure 4.17: Experimental Q-axis Inductance of % SPP PM Machine
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Figure 4.18: Experimental D-axis Inductance of % SPP PM Machine
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4.5 Finite Element Analysis

Finite element analysis of both healthy machines was completed to analyze the cogging
torque, back-emf, torque ripple and g- and d-axis inductances. As expected, cogging is lower

in the % slot per pole per phase design, shown in Figure 4.20.

The open-circuit voltage of the double-layer % slot per pole per phase design and the
single-layer % slot per pole per phase design are shown in Figures 4.21 and 4.23, respectively.
Higher order harmonics are present in the open-circuit voltages of both designs as shown
in Figures 4.22 and 4.24.

The double-layer % slot per pole per phase permanent magnet design delivered more torque
than the single-layer % slot per pole per phase design on average. The % slot per pole per
phase design delivered an average 55Nm with a 10Nm ripple, shown in Figure 4.25, whereas
the % slot per pole per phase design delivered an average 34Nm with a 10Nm ripple, shown

in Figure 4.26.

The inductance of the double-layer design was also calculated from finite element data,
including self-saturation only. The results are shown in Figure 4.27. Inductances of the
single-layer % slot per pole per phase permanent magnet machine design are shown in Fig-
ure 4.28. Iron permeability was confirmed as an inductance factor using the single-layer
machine finite element model. A second model of the machine was developed describing
a constant permeability for both the stator and rotor iron. The resulting inductances are

shown in Figure 4.29.
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Figure 4.20: Double-layer % SPP and Single-layer % SPP PM Machine Cogging Torque (finite

element results).
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Figure 4.21: Double-layer % SPP PM Machine BackEMF (finite element results).
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Figure 4.22: Harmonic Content in Double-layer % SPP PM Machine.
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Figure 4.24: Harmonic Content in Single-layer % SPP PM Machine.
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Figure 4.25: Double-layer % SPP PM Machine Torque (finite element results).
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Figure 4.26: Single-layer % SPP PM Machine Torque (finite element results).
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Figure 4.27: Double-layer % SPP PM Machine Inductances (finite element results).

0.08}

o
o
<2

R

Inductance (H)

o
Q
N

OO

5 10 15 20 25
Current (A)

Figure 4.28: Single-layer % SPP PM Machine Inductances (finite element results).
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Figure 4.29: Inductance of single-layer FSCW PMSM with iron having constant permeability
(finite element results)

4.6 Performance with Stator Inter-turn Failure

The addition of inter-turn short-circuits of varying number of turns to the finite element
models revealed that the circulating current due to a short circuit in the single-layer machine
design is highest for a single-turn fault, as reported in [45]. However, the circulating current
due to a short-circuit across 10% of turns in the double-layer machine design is highest.
The back-emf of the machine with inter-turn faults was also analyzed using finite element.
The back-emf of the non-faulted phases in double-layer winding machine was affected by the
inter-turn faults, however, not in the machine with single-layer windings. The torque ripple

was found to increase with number of turns involved for both designs.

4.6.1 Double-layer % SPP PM Machine

The open-circuit voltage of each phase is affected by the current circulating in the shorted

turns, shown in Figures 4.30 to 4.32. As the number of turns increases, the voltage of the
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Figure 4.30: Circulating Current in Double-layer % SPP PM Machine with Single-Turn
Short-Circuited (finite element results).

Torque Ripple Fault Current
Machine Condition (Nm) (Arms) | Average (A)
Healthy 10
Single-turn Short-Circuited 11.13 106.88 1.26
10% Turns in Slot Short-Circuited 46.11 125.79 72.38
20% Turns in Slot Short-Circuited 50.59 72.42 45.82

Table 4.5: Comparison of Torque Ripple and Current Circulating in Windings of Double-
layer % SPP PM Machine Due to Short-Circuited Inter-turns.

faulted phase reduces, as shown in Figures 4.33 to 4.35. The torque ripple increased as
the number of turns involved in the short increased, as shown in Figures 4.36 to 4.38. The
average torque of a healthy machine is 55 Nm and the rated current is 18 Arms. The effects

of a shorted turn on the machine torque and the current flowing in the faulted phase is shown

in Table 4.5.
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Figure 4.31: Circulating Current in Double-layer % SPP PM Machine with 10% of Turns in
Slot Short-Circuited (finite element results).
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Figure 4.32: Circulating Current in Double-layer % SPP PM Machine with 20% of Turns in
Slot Short-Circuited (finite element results).
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Figure 4.33: Open-Circuit Voltage in Double-layer % SPP PM Machine with Single-Turn
Short-Circuited (finite element results).
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Figure 4.34: Open-Circuit Voltage in Double-layer % SPP PM Machine with 10% of Turns
in Slot Short-Circuited (finite element results).
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Figure 4.35: Open-Circuit Voltage in Double-layer % SPP PM Machine with 20% of Turns
in Slot Short-Circuited (finite element results).
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Figure 4.36: Torque of Double-layer % SPP PM Machine with Single-Turn Short-Circuited
(finite element results).
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Figure 4.37: Torque of Double-layer % SPP PM Machine with 10% of Turns in Slot Short-
Circuited (finite element results).
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Figure 4.38: Torque of Double-layer % SPP PM Machine with 20% of Turns in Slot Short-
Circuited (finite element results).
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Figure 4.39: Circulating Current in Single-layer % SPP PM Machine with Single-Turn Short-
Circuited (finite element results).

4.6.2 Single-layer % SPP PM Machine

The open-circuit voltage of the faulted phase is affected by the current circulating in the
shorted turns, shown in Figures 4.39 to 4.41. The open-circuit voltage of the non-faulted
phases is not affected. As the number of turns increases, the voltage of the faulted phase
reduces, as shown in Figures 4.42 to 4.44. The torque ripple increased as the number of turns
involved in the short increased, as shown in Figures 4.45 to 4.47. The average torque of a
healthy machine is 35 Nm and the rated current is 18 Arms. The effects of a shorted turn

on the machine torque and the current flowing in the faulted phase is shown in Table 4.6.
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Figure 4.40: Circulating Current in Single-layer % SPP PM Machine with 10% of Turns in
Slot Short-Circuited (finite element results).
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Figure 4.41: Circulating Current in Single-layer % SPP PM Machine with 20% of Turns in
Slot Short-Circuited (finite element results).

76



|
! |

—Phase A

Voltage (V)

\
---Phase B
Phase C
< NV
-4 ‘ ‘ ‘
0 100 200 300
position(degrees)

Figure 4.42: Open-Circuit Voltage in Single-layer % SPP PM Machine with Single-Turn
Short-Circuited (finite element results).
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Figure 4.43: Open-Circuit Voltage in Single-layer % SPP PM Machine with 10% of Turns in
Slot Short-Circuited (finite element results).
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Figure 4.44: Open-Circuit Voltage in Single-layer % SPP PM Machine with 20% of Turns in
Slot Short-Circuited (finite element results).
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Figure 4.45: Torque of Single-layer % SPP PM Machine with Single-Turn Short-Circuited
(finite element results).
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Figure 4.46: Torque of Single-layer % SPP PM Machine with 10% of Turns in Slot Short-
Circuited (finite element results).
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Figure 4.47: Torque of Single-layer % SPP PM Machine with 20% of Turns in Slot Short-
Circuited (finite element results).
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Torque Ripple Fault Current
Machine Condition (Nm) (Arms) | Average (A)
Healthy 10.66
Single-turn Short-Circuited 11.42 93.75 1.72
10% Turns in Slot Short-Circuited 27.56 30.18 12.88
20% Turns in Slot Short-Circuited 27.75 15.85 7.65

Table 4.6: Comparison of Torque Ripple and Current Circulating in Windings of Single-layer
% SPP PM Machine Due to Short-Circuited Inter-turns.

4.7 Reliability and Performance of PM Machines De-

signed with FSCW

A finite element model of a double-layer % slot per pole per phase PM machine, using the
same rotor and stator laminations as the single-layer described in Section 4.6.2, was analyzed
to determine if mutual inductance is the largest contributor to the magnitude of the circu-
lating current and torque ripple. According to the star of slots theory the double-layer % slot
per pole per phase design has null mutual inductance because % is even. The circulating
currents in the double-layer design are shown in Figure 4.48. The torque ripple associated

with insulation failures in this design are shown in Figure 4.49.

Results indicate that mutual inductance affects the magnitude of circulating current
produced as a result of short-circuited inter-turns; however, the number of layers used in
the fractional slot concentrated winding is also a factor. Double-layer windings, even those
designed with zero mutual inductance according to the star of slots, yield higher circulating
current except in the case of a single-turn short, as shown in Table 4.7. Single-layer fractional

slot concentrated winding designed with null mutual inductance provide increased reliability.
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Figure 4.48: Circulating current in short-circuited turns of double-layer % SPP PM (finite

element results).

Figure 4.49: Torque for double-layer % SPP PM with short-circuited turns (finite element

results).
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Number in Slot Short-Circuited

Machine Design | Single-Turn | 10% Turns | 20% Turns
Double-layer % SPP 5.94 6.99 4.02
Double-layer % SPP 4.8 3 1.58
Single-layer  SPP 5.21 1.68 8

Table 4.7: Circulating Current in PM Machines Designed with Fractional Slot Concentrated
Windings as a Factor of Rated Current.

Machine Condition
Number in Slot Short-Circuited

Machine Design Healthy | Single-Turn | 10% Turns | 20% Turns
Double-layer % SPP | 18.18% 20.55% 83.84% 91.98%
Double-layer % SPP | 14.53% 19.78% 51.48% 56.4%
Single-layer % SPP | 30.21% 32.36% 78.1% 78.63%

Table 4.8: Torque Ripple in PM Machines Designed with Fractional Slot Concentrated
Windings as a Percentage of Average Torque.

This increased reliability is achieved with a compromise in machine performance. The
torque ripple of the healthy single-layer machine with zero mutual inductance is 30% of
the average torque produced, as shown in Table 4.8. Additionally, higher average torque
is achieved with double-layer windings. Higher average torque and lower torque ripple are
achieved with double-layer windings. Double-layer windings with null mutual inductance
provide higher reliability and less torque ripple when more than one turn is involved in a

short.
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Chapter 5

PMSM Torque Ripple

The high harmonic content in the stator MMF distribution is attributed to the torque ripple
associated with single-layer fractional slot concentrated windings permanent magnet syn-
chronous machines; however, there are four sources of torque ripple in permanent magnet
synchronous machines. These sources are the harmonics in the stator MMF distribution, the
harmonics in the rotor MMF distribution, the variations in permeance due to stator slotting

and the variations in permeance due to rotor slotting.

In this chapter, analytical descriptions of each source are developed for a permanent mag-
net synchronous machine with a single-layer fractional slot concentrated winding. Finally,

an analytical description of the torque is presented for the single-layer design.

5.1 Stator MMF Distribution

The stator magnetomotive force (MMF') distribution is directly related to the stator winding
configuration. A simplified description of the single-layer fractional slot concentrated winding
is shown in Figure 5.1. In this figure the phase a coil conductors are represented as a single
conductor in a slot, neglecting the presence of teeth. The direction of the current flowing in
the conductor is denoted by ®, out of the page, and ®, into the page. The resulting MMF

can be approximated as a square-wave, as shown in Figure 5.2 with amplitude equivalent to
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Figure 5.1: Simplified phase A winding distribution of single-layer fractional slot concen-
trated winding design
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Figure 5.2: Square-wave approximation of the single-layer fractional slot concentrated wind-
ing design stator phase A MMF distribution

the product of the number of turns per slot, N, and the phase current, i,s. The trigono-
metric Fourier series of the square-wave function is shown in Figure 5.3 and Equation (5.1).
The MMF of phases B and C are offset by 120°, as shown in Equations (5.2) and (5.3).
Three phase balance currents are described in Equations (5.4) to (5.6). The resulting stator

MMF is shown in Equation (5.7).

oo

MMFys(¢s) = >

v=1

e sin () 1 = con )] cos () (5.1)

MMFy, (¢5) = i 2Nt i (y%) [1 — cos (v7)] cos (y (gbs - 2%)) (5.2)

VT
v=1
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Figure 5.3: Trigonometric Fourier series of the single-layer fractional slot concentrated wind-

ing design stator phase A MMF distribution
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Qes(t) = fcos(wrt + 0+ 2%) = fcos(per o+ 2%)
00 R
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5.2 Rotor MMF Distribution

The MMF of the rotor is directly related to the rotor configuration. The amplitude of the
magnetomotive force of permanent magnets is given by the product of the coercive field
intensity of the permanent magnets, H., and the magnet thickness, t,,, as shown in Equa-
tion (5.8). In surface mounted designs, the flux density on the rotor surface is equivalent to

that on the magnet surface; however, this is not true for interior permanent magnet designs.

In [46], the open-circuit flux density on the rotor surface for interior permanent magnet
machines with multiple magnets per pole is described analytically with a lumped magnetic
circuit model. The reluctances in the model are calculated using the geometry of the rotor
configuration. It is desired to describe the MMF and describe the permeance, separately.
According to [47,48], the flux density on the rotor surface, By, for buried magnet designs is
proportional to the the flux density on the magnet surface, B),, neglecting the magnet flux
leakage. The constant of proportionality is the ratio of the total magnet width used in one
pole, wmpp to the pole-arc in meters, 7, as shown in Equation (5.9). This same constant of

proportionality is used to describe the MMF on the rotor surface, Equation (5.10).

B, =mep (5.9)
T

F, = Ymep g (5.10)
T
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Figure 5.4: Single-layer Fractional Slot Concentrated Winding Rotor Configuration

The amplitude of the MMF for the %SPP rotor configuration shown in Figure 5.4,
where rectangular magnets are used to populate the slots, can also be described with Equa-
tion (5.10). The rotor MMF can be approximated as a square-wave approximation. The
amplitude of the square-wave is determined by the angular position along the rotor. Above
the magnets in each pole-arc the full amplitude of the MMF is assumed, as shown in Fig-
ure 5.5 for one pole pair. The trigonometric Fourier series of the square-wave function is

shown in Figure 5.6 and Equation (5.11).

e.¢]

MMF; (¢r) = Z % sin (np%) [cos (nm) — 1] cos (npor) (5.11)
n=1
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Figure 5.5: Square-wave Approximation of the single-layer fractional slot concentrated wind-
ing design rotor MMF distribution over one pole pair
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Figure 5.6: Trigonometric Fourier series of the single-layer fractional slot concentrated wind-
ing design rotor MMF distribution
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5.3 Air-gap Permeance Variations Due to Rotor Slot-
ting

The rotor configuration of the single-layer fractional slot concentrated winding design is
shown in Figure 5.4. The slots in the rotor laminations lead to variations in the permeance.
In [47,48], the permeance function due to rotor slotting is described through the magnetic

reluctance with the following assumptions:
e the stator is a slotless
e the flux excited by the current sheet flows radially in the air-gap
e there are only two flux paths, through

1. the rotor iron only

2. the center of the rotor pole

Following the same assumptions, with the inclusion of the infinite permeability of the
stator and rotor iron, the reluctance variations due to the rotor slotting can be described
as a square-wave function of the rotor angular displacement, shown in Figure 5.7. The
reluctance over the magnet pole-arc, R, is described in Equation (5.12), where hg is
the height of the slot. The reluctance over the remaining pole-pitch, R;.,,, is described
in Equation (5.13). The square-wave function is described using the trigonometric Fourier

series, shown in Figure 5.8 and Equation (5.14).

Ryole = —+ — (5.12)
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Figure 5.7: Square-wave Approximation of Reluctance Variation Due to Rotor Slotting in
Singlelayer Fractional Slot Concentrated Winding PMSM

Riyon = 9 (5.13)
Ko
00
T 2 .
Ry (Qbr) = Riron+ 7__ (Rpole - Riron) + Z 71'_,% S (lipT) [Rpole - Riron} cos (I{QPQST) (5-14)
p k=1

5.4 Air-gap Permeance Variation Due to Stator Slot-
ting

It is well known that the air-gap permeance varies due to the presence of slots in the stator.
Carter’s coefficient is conventionally used to account for the reduction of flux due to the
stator slotting. As described in [25],Carter’s coefficient, k¢, is multiplied by the physical

measure of the air-gap, ¢, to find an equivalent air-gap length, g., which is constant,as
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Figure 5.8: Square-wave Approximation of Reluctance Variation Due to Rotor Slotting in
Singlelayer Fractional Slot Concentrated Winding PMSM

shown in Equation (5.15).

ge = keg

(5.15)

An analytical description of the variations in the air-gap permeance due to stator slotting

is desired. The authors of [47,48] describe a technique for including the effect of stator slotting

in the permeance function. The magnetic reluctance is used to form a permeance function

that captures the variations due to the stator slotting.

assumptions are made:

e the rotor is slotless

In this technique the following

e the flux excited by the magnets flows radially in the air-gap

e the flux excited by the magnets flows along a circular path around the slot opening to

the stator tooth
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The length of the path from the air-gap around the stator tooth is described in Equa-

tion (5.16), where r is the radius from the stator tooth.

1

The reluctance variations due to stator slotting are described for the %SPP machine
design following the same assumptions made in [47,48], with the addition of infinite per-
meability of the stator and rotor iron. The radius around the stator tooth is assumed %
the width of the stator slot opening, wg,. The reluctance under a tooth is given in Equa-
tion (5.17). The reluctance under a slot opening is given in Equation (5.18). A square-wave
function is used to describe the reluctance variations around the stator periphery. This func-
tion is shown in Figure 5.9 for one slot pitch, 75. This square-wave function is described by

the trigonometric Fourier series is shown in Equation (5.19) and Figure 5.10.

9
Ry = = 5.17
Al (5.17)
1 (27 (3wso
Rep= 2L+ - (r (b)) (5.18)
0 Ho
Ri(09) = = (R + Ragting) + > = sin (xQL) [Bs — Roolcos (sQ0s) (519
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Figure 5.9: Square-wave approximation of Reluctance variations due to stator slotting over
one slot pitch
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5.5 Air-gap Flux Density

Air-gap flux density is the product of the air-gap MMF, MM Fy(¢;), and the air-gap per-
meance, Ag(¢r), as shown in Equation (5.27). The total air-gap MMF is the sum of the
contributions from the stator, Equation (5.20), and rotor, Equation (5.21), as described

in Equation (5.22).

MAME (5) = 3 3]y\:il o <V%) [1 — cos (vm)] cos (véy + (v — p)by — 6)
Vozol (5.20)
= Z MM Fgy cos (vor + (v — p) 0 — )
v=1
MMF, (¢r) = Z %Tﬁ sin <77pg> [cos (nm) — 1] cos (npdy)
77;1 ! (5.21)
— Z M M Fyycos (npéy)
n=1
MMFy(¢r) = —MMFs (¢) + MMF, (¢r)
(5.22)

(0.¢]
= Z —MM Fgyy cos (ngy + (1 — p)Or — &) + MM Fyycos (npgr)
n=1

The total air-gap permeance function is described as the inverse of the total air-gap re-
luctance variation, shown in Equation (5.26). The total air-gap reluctance variation is the
sum of the reluctance variations due to rotor and stator slotting. However, since the reluc-

tance variation due to rotor slotting assumed a smooth stator, it accounts for the reluctance
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below a stator tooth. For this reason, the reluctance under a stator tooth is subtracted from
the the stator slotting contribution to the air-gap reluctance variations. The total air-gap

reluctance is described in Equation (5.25).

Rs (¢7") = Ti (Rtwt + Rsowso) + Z % sin (RQ%> [Rt - Rso] COs (/?Q (¢7‘ + 97"))

S

N r=l (5.23)
= Ryo+ Y Raxcos (kQ (¢r + 0))
k=1
T > 2
Ry (¢r) = Ripon + P (Rpole - Riron) + Z P sin (kpT) [Rpole - Riron] cos (K2per)
p k=1

oo
- R’I"O + Z Rfr/@ COS (K/de)'l“)

k=1

(5.24)

Ry (¢r) = (Rs(¢r) — Re) + Ry (or)

O
= Rso — Rt + Ry + Z Ry cos (KQ (¢r + 0r)) + Ryy cos (k2pdy) (5.25)

k=1
= Ry + Y Rencos (kQ (ér +0r)) + Ry cos (2poy)
k=1
1
AQ(¢T> =
By(or
g0 )OO 26
= AgO + Z Agy cos (KQ (¢ + 0r)) + Apy cos (K2poy)

k=1
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Bg (ﬁbr) - MMFg (¢r) Ag (¢7‘)

00 00
= Z Z {AgOMMFm cos (npdr) — Ago MM Fyy cos (ndr + (1 — p)fr — 0)
K=1n=

—

Ao MAET0 o (5 — mp)o -+ 5Q8Y) + cos (502 + ) + 506y
BB [t (5 — m)on + (5@ — 1+ )01+ )
+ 008 ((KQ + )y + (KQ + 1= )6, )| (5:27)
S o (2 — w)pe) + con (52 + m)po)
- w [COS ((k2p — n)¢r — (n — p)br +9)

+ cos ((k2p + n)ér + (n — p)b0r — 5)] }

5.6 Analytical Torque Expression

Torque is described in Equation (5.29) where L is the motor stack length and r,_;4 is the

inner radius of the stator. Total air-gap flux density, By(¢r) is shown in Equation (5.27).

The linear current density, Ks(¢;) is described in Equation (5.28). The integrand, shown

in Equation (5.30), is only non-zero when the coefficient of ¢, is equal to zero. The conditions

for non-zero torque are shown in Equation (5.31).

Ks (¢or) = Z ,/if«Vt]d sin (u%) [1 — cos (vm)] cos (v + (v — p)Br — 9) (5.28)
v=1 st
2m
7= 1r gy [ By (0) K (6r) don (529
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ale S MMF,,Kg,
By(ér)Ks(pr) = ZZZ{ 2 B ! [COS((UP_V)QS (v —p)br +0)
r=1n=1vr=1
+ cos ((np +v)or + (v — )by — 5)}
AgoMMFopKgy
B 2
+cos((n+v)or + (n+v—2p)o, — 25)}
ASHMMFT”I]KSV
* 4

+ cos ((kQ —np + v)pr + (kQ + v — p)bBr — 9)

[cos (n—=v)or + (n—1)0r)

[COS ((kQ —np —V)¢r + (KQ — v + p)by + 5)

+ cos ((kQ +np — v)dr + (KQ — v + p)Or 4 6)

+cos ((kQ +np + v)or + (KQ + v — )by — 5)]

ASK}MMFSTIKSV

- : [cos ((5Q — 1= V) + (KQ — 1 — v+ 2p)6, +20)

+ cos (kQ —n+ v)dr + (kQ — 1 +v)0;) (5.30)
+ cos ((kQ +1n — v)dr + (kQ +1 —v)0y)

+cos ((kQ +n +v)or + (kQ +n+v — 2p)0r — 20)

AT‘HMMFTHKSZ/
+ 4

+cos ((k2p — mp + v)¢r + (v — p)0r — 0)

[COS ((k2p —mp — v)pr — (v — )by +0)

+ cos ((k2p +np — v)¢r — (v = p)Or +0)

+ cos ((k2p + np + v)¢r + (v — p)br — 0)

4

+cos ((k2p —n +v)dr + (v —n)0r — ) + cos ((K2p + 1 — v)pr + (1 —v)0y)

cos ((k2p —n—v)gr + (2p —n — 1) + )

+cos ((k2p +n +v)or + (v + 1 — 2p)0r —25)}}
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(
np=v
np=v and k=17
np=v and Kk = n(p—1)
np=v andk = 77(12;17)
np=v and k= n@;;l)
T#0 (5.31)
n=v
_ _ nlp=1)
n=v and k= 0
n=v andk = Tl(lgl)
n=v and k= 77(1;;1)
_ )
n=v andk = v

The resulting torque expression is shown in Equation (5.32).
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AgoM M Fry K gy cos (—(np — p) by + 6)

o0
—7rL7"S id {Z

n=1

* 2

cos (—(np — p)0r + 0)

1) MM FspKspp

+ A p—1y MM Fpry Ky cos (np — p)Or — 5)]
(5.32)

- Arn(p—i—l) MM Fey K sy cos ((2p —n — np)by + 9)
2p

+1) MM Fpp K cos (—(n — p)Or + 9)
2p

B Arn(p—l) MM FepKsnp cos ((n — np)0r)
ol

)MMFmKsn cos ((n —p)br — 9)

}

The analytical expression given in Equation (5.32) was simulated with MATLAB. The

n(p—1
2p

p

MATLAB FSCW machine model includes the first two non-zero harmonic interactions be-
tween the rotor and stator, n = 1&3, as shown in Equation (5.33) at 300rpm. The results
of the analytical model at two current levels are compared to the torque produced at the
same current levels in the finite element model of the single-layer 55 PP machine. As shown

in Figures 5.11 and 5.12, Equation (5.32) closely approximates the finite element results.
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Figure 5.11: Simulink model of analytical torque expression

3
A
T= WLT?—z‘d{ ZMMFW?KSW cos (—(np — p)Or +9) | Ago + %
= (5.33)
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Figure 5.12: Simulink model of analytical torque expression
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Chapter 6

Torque Ripple Reduction Control

The single-layer fractional slot concentrated winding design provides the best isolation be-
tween phases. In the event of a stator winding inter-turn short circuit, the single-layer design
best limits circulating current. This winding configuration provides highest reliability; how-
ever, the torque ripple associated with this design is undesirable, nearly 30% of the average

torque.

In this chapter, a permanent magnet synchronous machine controller is modified to in-
clude torque ripple estimation. The estimation is used to decrease the torque ripple of
the single-layer fractional slot concentrated winding design. The losses associated with this

controller are also evaluated.

6.1 PMSM Controller Development

Two regions of operation can be defined by the torque speed curve of the permanent magnet

synchronous machine, shown in Figure 6.1:
1. the region below base speed or the constant torque region

2. the region above base speed or the field weakening region
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Figure 6.1: Permanent magnet synchronous machine regions of operation defined by the

torque speed curve.

In the constant torque region, the maximum current, I, is the only restriction because

the induced voltage remains below the maximum. In this region, the angle at which the

current is applied, J, remains constant.

determine the current angle, §, in this region, shown in Equation (6.5).

T=2
2

)

[)\pm + (Ld — Lq) Limaz COS (5)} I gz sin (0)
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Equation (6.3) is applied to Equation (6.4) to

(6.3)



o+ Vo 8 (L — L) B
4 (Lg— Ly) Imaz

d =cos™ (6.5)

Once the machine exceeds base speed, entering the field weakening region, the induced
voltage reaches the maximum voltage, Vinqz, requiring that the magnet flux is controlled to
restrict the voltage. Control of the magnet flux is achieved through adjustments in the angle
at which the current, Iy, is applied. Substituting Equations (4.35) and (4.36) for maximum
current (I;nqz) into the maximum steady-state voltage equation Equation (6.6), neglecting

the resistive drop. Applying the quadratic equation results in Equation (6.7)

2 V2
—2L g \pmImaz £ \/ (2LgApmImaz)” — 4z (Lg — Lg) (Lg I2 00 + )\%m — _Zlézx)
(&

1

5— _
- 2 (L?i B Lg) I%mx

(6.7)

The model-based torque controller is shown in Figure 6.2. The performance of this control
algorithm is directly dependent on the accuracy of the parameters. The machine parameters
are included in the controller as piece-wise approximations. In this controller, the d- and g-
axis inductances of the single-layer %S PP machine found in finite element are separated into
three sections to develop the piece-wise approximations, as shown in Figure 6.3. Inductances
in section I and II are described as linear functions of current. In section III, the inductances

2nd

are described as -order polynomials. As shown in Figure 6.3, these function closely

approximate the inductances.
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Figure 6.2: PMSM model-based controller
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Figure 6.3: Comparison of finite element single-layer % SPP PMSM inductances to piece-wise
approximation.
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6.2 Torque Ripple Estimation

The analytical description of torque given in Equation (5.32) can be divided into two com-

ponents:
e DC Torque Component
e Torque Ripple Component

The DC component of torque is shown in Equation (6.8). All other values of 7, v and &

contribute to torque ripple as shown in Equation (6.9).

A
Tpe = ﬂLT?_id{MMFHKSp cos(9) {Ago + TTI]

o0
- ZAgOMManKsn (6.8)
n=1

(0.¢]
1=9,9,
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* 2

cos (—(np — p)br +0)

o
1
Z 3 A p—1)y MM Fpp Ky cos ((np — p)0r — 5)]

n=39,15"L ° Q@

oo
1
Z I Arn(pﬂ) MM FgpKspp cos ((2p — n — np)fr + )

n=5,15,25 - L T (6.9)
T Arn(erl) MM Fry Ky cos (—(n — p)fr + 0)
2p
=N L p—1y MM Fey Ky cos ((n — np)0r)
TT

+ Arn(p—l) MM FypK gy cos ((n — p)0r — 9)
2p

The largest rotor MMF component beyond the fundamental that contributes to the

— A n MM Fgy Ky cos ((2p — 2)0p + 6)
p

torque ripple is the 3rd harmonic, as shown in Figure 6.4. This harmonic interacts with both
the 3"% and 15" harmonic of the linear current density to produce torque ripple. Only using
the 3"% harmonic of the rotor MMF in the ripple estimator, ripplecalc, shown in Figure 6.5,
the torque ripple is estimated for a 35Nm torque command, from the current command and
rotor position. The peak-to-peak amplitude is approximately 7Nm. This nearly 70% of the
torque ripple found with finite element for the same torque level. Finite element verified that
the frequency of the torque ripple is a spatial quantity, as shown in Figure 6.7, the period

of the torque ripple is not affected by machine speed.
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Figure 6.4: Magnitude of rotor MMF harmonic components in single-layer % SPP PMSM
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Figure 6.5: Estimated torque ripple for 35Nm command in single-layer % SPP PMSM
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Figure 6.7: Finite element torque ripple at varying speeds and torques
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Figure 6.8: Torque ripple estimator

6.3 Ripple Reduction Technique

A priori estimation of torque ripple can be used to reduce torque ripple. In the PMSM
controller presented in Section 6.1, 77 and i4 are determined from the PMSM model in Equa-
tion (6.4). The estimation of torque ripple can be implemented on-line with current, rotor
position and the torque command, as shown in Figure 6.8. The PMSM model in Figure 6.8

is populated with ideal inductances.

The torque ripple estimation can be used to modify the torque command as shown
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Figure 6.9: Torque ripple compensation controller

in Figure 6.9. This technique generates sinusoidal d- and g-axis current commands. This
technique was verified in Simulink using the model shown in Figure 6.10. The resulting

reduction is shown for a 10 Nm command in Figure 6.11

6.4 Finite Element Results

The ripple compensation controller, shown in Figure 6.9 was implemented with the single-
layer % SPP machine model in finite element. The torque ripple estimation only includes the
contribution from the 3"% harmonic of the rotor MMF. The results are shown for the 10Nm,
20Nm and 35Nm cases in Figures 6.12 to 6.14. A priori estimation of reduced torque ripple
in the single-layer design by as much as 70%, see Table 6.1. The frequency of the torque
ripple increased in some cases, however the amplitude is reduced. The increased frequency

is a result of remaining higher order harmonic content.

This technique increase the harmonic content of the current commands, which may result
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Figure 6.10: Simulink model of torque compensation

Torque Torque Ripple Percent
Command Without With Change
(Nm) Compensation | Compensation | (%)

10 1.53 453 -710%
20 4.11 1.44 -64.96%
35 10.59 3.92 -62.98%

Table 6.1: Change in torque ripple due to implementation of the ripple compensation control
on % SPP PM machine.
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Figure 6.11: Torque for 10Nm command with and without the torque ripple compensation

controller.
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Figure 6.12: Finite element results 10Nm torque command with and without the torque
ripple compensation controller.
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Figure 6.13: Finite element results 20Nm torque command with and without the torque
ripple compensation controller.
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Figure 6.14: Finite element results 35Nm torque command with and without the torque
ripple compensation controller.
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Torque Loss Type
Command [ron
(Nm) Magnet | Copper | Hysteresis | Eddy Current
10 0% +.5% +3% +2%
20 +2% | +1.5% +.5% +3%
35 +15% | +8% 0% +4%

Table 6.2: Change in machine losses due to implementation of the ripple reduction control
on % SPP PM machine.

in higher losses. The losses associated with the decreased torque ripple were evaluated in
finite element. Magnet losses increase by as much as 15% at high torque, as shown in Ta-
ble 6.2.; however, the ripple compensation control is effective for reducing torque ripple in

the single-layer % SPP machine design.
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Chapter 7

Detection of Stator Winding
Insulation Degradation in Fault

Tolerant PM Machines

Most winding faults are caused by insulation deterioration, resulting from thermal stress due
to aging, overloading, cycling or fast switching of the inverter, which implies that designing
fault tolerant machines will not eliminate winding fault occurrences. Deteriorated winding
insulation will lead to an inter-turn short circuit overtime, without corrective measures. The
time between a single inter-turn short circuit and catastrophic failure of the machine is short.
Without knowledge of degrading stator winding insulation, a stator inter-turn short could
develop and lead to catastrophic failure. Catastrophic permanent magnet machine failure
can be avoided if degrading stator winding insulation is detected during normal operation.
Detecting the degradation prior to the existence of a turn-to-turn short circuit would allow

for timely maintenance and repair.

Off-line techniques for detecting insulation degradation are commonly implemented as
part of the machine’s preventive maintenance schedule. The surge test, DC conductivity

test, insulation resistance test, DC/AC HiPot test and the polarization index test are exam-
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ples of off-line techniques used to check health of stator winding insulation [2].

In this chapter, the effect of degrading insulation on the machine performance is evalu-
ated. Parametric changes due to degraded insulation is demonstrated. Extracted machine
parameters are used to identify a means to monitor the condition of the stator winding in-

sulation.

7.1 Winding Insulation Degradation and Machine Per-

formance

The open-circuit voltage is affected as winding insulation degrades, even before the presence
of a short-circuit. The changes in open-circuit voltage are directly related to the circulat-
ing current. Varying the fault resistance in the finite element model simulates insulation
degradation. Machine speed and the number of turns in which the insulation has degraded
affect the magnitude of the circulating current, as shown in Figures 7.1 and 7.2. The shape
of the open-circuit voltage deformation is consistent regardless of machine speed, as shown
in Figures 7.3 and 7.4. However, the number of turns with degraded insulation determines

the level of deformation, or the harmonic spectrum, as shown in Figures 7.5 to 7.7.

As with shorted inter-turns, the machine torque ripple increases with the number of turns
with degraded insulation, shown in Table 7.1. The ability to detect that the winding insu-
lation is degrading during machine operation offers opportunity to mitigate the fault and

maintain decent machine performance.
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Figure 7.1: Circulating Current in Single-layer %SPP Permanent Magnet Synchronous Ma-

chine with Single-turn Insulation Degraded at Different Speeds - (a)200 rpm (b)300 rpm
(¢)400 rpm (finite element results)
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Figure 7.2: Circulating Current in Single-layer %SPP Permanent Magnet Synchronous Ma-
chine with Insulation Degraded in Different Number of Turns at 300 rpm - (a)Single-turn in
Slot (b)10% Turns in Slot (¢)20% Turns in Slot (finite element results)
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Figure 7.3: Open-Circuit Voltage (at Different Speeds) in Single-layer %SPP Permanent
Magnet Synchronous Machine with the Insulation on a Single-turn in a Slot Degraded -
(2)200 rpm (b)300 rpm (c¢)400 rpm (finite element results)

Figure 7.4: Open-Circuit Voltage (at Different Speeds) in Single-layer %SPP Permanent
Magnet Synchronous Machine with the Insulation of 20% of the Turns in a Slot Degraded -

(2)200 rpm (b)300 rpm (c¢)400 rpm (finite element results)
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Figure 7.5: Open-Circuit Voltage in Single-layer %SPP Permanent Magnet Synchronous

Machine with Insulation Degraded in Different Number of Turns at 300 rpm - (a)Single-turn
in Slot (b)10% Turns in Slot (¢)20% Turns in Slot (finite element results)
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Figure 7.6: Harmonic Spectrum of Open-Circuit Voltage in Single-layer %SPP Permanent
Magnet Synchronous Machine with Insulation Degraded Across a Single-turn in a Slot
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Figure 7.7: Harmonic Spectrum of Open-Circuit Voltage in Single-layer %SPP Permanent
Magnet Synchronous Machine with Insulation Degraded Across 20% of Turns in a Slot

Machine Condition
Number in Slot Short-Circuited

Machine Design | Healthy | Single-Turn | 10% Turns | 20% Turns
Double-layer % SPP | 18.18% 19.5% 19.67% 20.55%
Single-layer 2 SPP | 30.21% | 31.29% 31.4% 32.17%

Table 7.1: Torque Ripple in PM Machines Designed with Fractional Slot Concentrated
Windings with Degraded Insulation (As a Percentage of the Average Torque of a Healthy
Machine).

7.2 Experimental Setup and Results

It is observed in [39] that the location of the shorted turn in the slot affects the magnitude

of the circulating current. It was shown that shorted turns nearest the slot opening develop

the highest short-circuit current. For this reason, the windings of the double-layer % and

single-layer % slot per pole per phase permanent magnet machines were designed to allow for
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Figure 7.8: Winding Schematic of Double-layer %SPP PM Machine Prototype

introducing faults of varying severity in a slot nearest the air gap, as shown in Figures 7.8
and 7.9,respectively. The leads of several turns are separate coils brought out of the housing
to allow the introduction of a single-turn fault, a fault involving 10% of the turns in the slot

and a fault involving 20% of the turns in the slot.

The resistance of a single turn of the winding for each design was estimated using Equa-
tions (7.1) and (7.2) where p is the resistivity of copper, L is the length of a turn (estimated
using the machine geometry) and A is the estimated cross-section of the wire. Both stators
were wound with 4 parallel 22AWG wires. The resistance of a turn for both machine designs

is shown in Table 7.2.
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Figure 7.9: Winding Schematic of Single-layer %SPP PM Machine Prototype.
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Machine Design Turn Resistance
Double-layer % SPP 3.7m{2
Single-layer % SPP 3.06mS

Table 7.2: Resistance of a Single Turn for Both Machine Designs

Rwire = 7 (7~1)
R..:
Riyrn = ’LZZ?”@ (7.2)

Varying the number of turns involved in the fault is accomplished by connecting a resistor,
as shown in Figure 7.10. The level of insulation degradation is controlled by the value of the
resistor connected. The experimental setup used to characterize the machines with insulation
degradation is shown in Figure 7.11. The insulation degradation connector includes a LEM

current transducer for monitoring the circulating current due to the fault on the oscilloscope.

The experimental procedure described in Section 4.4.2 is repeated for both machines
under various inter-turn fault conditions. Both a %Q and zleQ resistor are used to simulate
insulation degradation. The experimental data processing method described in Section 4.4.3
is modified slightly. It was shown in Sections 4.6 and 7.1 that the open-circuit voltage is af-
fected by circulating current due to the fault so the permanent magnet flux is not calculated
from the open-circuit voltage in the faulty cases. The permanent magnet flux calculated

with the healthy machine acquired data instead.
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Figure 7.11: Experimental Setup
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The circulating current and resulting flux linkages for the double-layer % and single-layer
% slot per pole per phase machine varying the number of turns with degraded insulation
were evaluated. As indicated by finite element analysis, circulating current is a function of

the number of turns with degraded insulation and the machine speed.

It is shown in Figures 7.12 to 7.23 that the insulation degradation was reflected in the
extracted flux linkages. The effects of saturation in the d- and g-axis flux linkages of the
double-layer % slot per pole per phase machine change as the insulation of more turns de-
grade. Insulation degradation in the single-layer % slot per pole per phase machine also
affects saturation in both the d- and g-axis flux linkages. The resulting flux linkages reveal

a means for early detection of incipient stator inter-turn faults.

7.3 Online Detection of Winding Insulation Degrada-
tion

The parametric changes due to degrading winding insulation result in variations in the esti-
mated voltage. The % slot per pole per phase design voltage variations, in an electrical cycle,
observed in finite element are shown in Figure 7.24. Voltage variations in an electrical cycle
for the % slot per pole per phase design are shown in Figure 7.25. The changes due to the
insulation on a single-turn degrading doesn’t vary much from the healthy voltage; however,

this is a result of the low value of circulating current.

Degrading insulation leads to variations in the machine characteristic parameters; the flux
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Figure 7.12: Double-layer % SPP PM Machine with Insulation on a Single-turn

Degraded(%Q) (experimental results).
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Figure 7.14: Double-layer % SPP PM Machine with Insulation on 10% of turns in a slot
Degraded(%Q) (experimental results).

129



%
X
%

9%

%

5

O
%%

20

1
Angle—(degs)

()

0

%
2

100

()

5
XK
S5
%%
SR
(55
5%
00000

Figure 7.15: Double-layer % SPP PM Machine with Insulation on 10% of turns in a slot

Degraded(zl{Q) (experimental results).
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Figure 7.16: Double-layer % SPP PM Machine with Insulation on 20% of turns in a slot
Degraded(%Q) (experimental results).
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Figure 7.17: Double-layer % SPP PM Machine with Insulation on 20% of turns in a slot

Degraded(zl{Q) (experimental results).
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Figure 7.18: Single-layer % SPP PM Machine with Insulation on a Single-turn Degraded(%Q)

(experimental results).
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Figure 7.19: Single-layer % SPP PM Machine with Insulation on a Single-turn Degraded(iﬂ)
(experimental results).
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Figure 7.20: Single-layer % SPP PM Machine with Insulation on 10% of turns in a slot
Degraded(%Q) (experimental results).
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Figure 7.21: Single-layer % SPP PM Machine with Insulation on 10% of turns in a slot
Degraded(zl{Q) (experimental results).
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Figure 7.22: Single-layer % SPP PM Machine with Insulation on 20% of turns in a slot

Degraded(%Q) (experimental results).
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Figure 7.23: Single-layer % SPP PM Machine with Insulation on 20% of turns in a slot
Degraded(zl{Q) (experimental results).

138



100~ ‘ ‘
— Healthy j
“ - - -Singleturn”|
E >0 —10%
o
g 0 ¥
o _
> [
-50r
0 50 100 150

position (degrees)

Figure 7.24: Phase voltage of Double-layer % SPP PM Machine with Varying Number of
Turns Having Degraded Insulation from Finite Element Simulation.
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Figure 7.25: Phase voltage of Single-layer % SPP PM Machine with Varying Number of
Turns Having Degraded Insulation from Finite Element Simulation.
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linkages will change as the fault progresses. It is well known that the use of accurate machine
parameters for control improves a machine’s operating performance. Accurate knowledge of
the parameters is useful for more than control. Monitoring the condition of the winding
insulation can be accomplished online, if accurate knowledge of the machine parameters is
available. The machine model populated with accurate parameters together with measured
phase currents and machine speed provide voltage estimates, Equations (4.35) and (4.36).
Circulating current in windings with degraded insulation affect the machine parameters,
which will be reflected in the voltage estimations. The ability to detect that the winding
insulation is degrading during machine operation offers opportunity to mitigate the fault
and avoid machine failure, thereby increase machine reliability. Additionally, early detection
of winding insulation deterioration should reduce the occurrence of secondary faults and

provide opportunity for planned maintenance.
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Chapter 8

Conclusion

Fractional slot concentrated windings can be designed to provide thermal, magnetic and
physical isolation between phases; however, machine performance is a direct trade-off. Single-
layer fractional slot concentrated windings provide the best isolation between phases; how-
ever, the inherent characteristics of this design negatively impacts the torque performance,
due to the high ripple. In this work, a torque ripple compensation technique was developed

to improve the torque performance of this reliable design.

An analytical torque expression was developed in this work. The resulting torque ex-
pression was divided into DC and ripple components. The ripple component was used as an
a priori estimator of torque ripple calculated from the current command and rotor position.
The estimated torque ripple was used to modify the torque command effectively decreasing
the ripple torque contributed by the harmonic of the rotor MMF with highest magnitude.
Finite element results demonstrated that the torque ripple can be decreased by as much
as 70% with the technique. It was shown that the ripple compensation technique increases
the machine losses, affecting efficiency. At high torque, the magnet losses increase by as
much as 15%. The model-based controller used in this work was populated with parameters
that only include the self-saturation effect. Additionally, both self- and cross-saturation were

neglected in the torque ripple estimator.
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Figure 8.1: Experimental Voltage Estimate for Single-layer % SPP PM Machine Applying a
15A@120° Current Command

Designing a machine with magnetic, thermal and physical isolation of the phases does not
guarantee that the winding insulation will not wear. Increased machine reliability is gained
by monitoring the condition of the winding insulation during operation. Circulating current
begins to flow in the windings with worn insulation before the presence of a short-circuit.
The circulating current affects the machine characteristic parameters. In this work, insula-
tion degradation was introduced experimentally with a resistor to two permanent magnet
machines with fractional slot concentrated windings. Experimental results demonstrated
changes in the characteristic flux linkages due to winding degradation. Finite element re-
sults showed that these changes are reflected in the machine voltage. The number of turns
with degraded insulation affects the shape of the machine voltage. Voltage variations, due to

degraded winding insulation, are not easily observed in the experimental voltage estimates,

as demonstrated in Figure 8.1.
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Figure 8.2: Finite Element Torque for Single-layer % SPP PM Machine with incipient faults

The incipient fault in finite element is placed in phase a and physically located in the slot
between 4.87° and 25.12°. The machine torque reduces near the fault location, as shown

in Figure 8.2.

Permanent magnet synchronous machines equipped with single-layer fractional slot wind-
ings provide low possibility of failure. Of the machine designs evaluated in this work, the
single-layer design has the lowest value of circulating current in the event of stator winding
failure. The torque performance of this machine design is improved with the ripple com-
pensation technique presented in this work. Prior to stator winding failure, the machine
characteristic parameters change as a result of incipient faults. These parametric changes
are reflected in the machine voltages and can be used to detect pending failures online, al-

lowing for timely maintenance and repair.

Future work will demonstrate the use of experimental voltage estimates to detect incipi-

143



ent faults in the fault tolerant machines designed with fractional slot concentrated windings.
Additionally, methods for accurately identifying the fault location and improving the per-
formance of the torque ripple compensation technique over the machine’s entire range of

operation.

Self- and cross-saturation are non-linear effects that have been proven important for de-
velopment of high performance permanent magnet synchronous machine controllers. These

effects will be included in both the model-based controller and the torque ripple estimator.

During the parametric identification process for the % slot per pole per phase permanent
magnet machine, acoustic noise was noted when applying high d-axis current, angles close to
180°. Once the insulation of the winding was degraded, the acoustic noise was noted earlier,
as the number of turns with degraded insulation increased. Acoustic noise was also noted
when applying high d-axis current to the % slot per pole per phase machine with incipient
stator faults. Future work will explore the relationship between the angle of the applied

current and the acoustic noise, as well as its relation to insulation degradation.
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