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Symmetrical Multiphase Induction Motor

Stator winding with more than three phases (n > 3)
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Advantages

I Lower current stress of each power device.

I Reduced harmonics in the DC link.

I Fault tolerance.
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Multiphase Motor Model

Universal Theory of Electric Machines Model:

[v s] = [Rs][i s] + [Lss]
d

dt
[i s] +

d

dt
[Lsr][i r]

[v r] = [R r][i r] + [Lrr]
d

dt
[i r] +

d

dt
[Lrs][i s]

Model Assumptions:

I Sinusoidal stator windings.

I Rotor MMF equivalent to the stator one.

I Uniform airgap.

I Neglected magnetic saturation.
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Vector Space Decomposition (VSD)
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⇓ Vector space decomposition

vs
αβ ]0=(Rs

αβ ]0+Lss
αβ ]0

d
dt )i

s
αβ ]0+...

...
vs
αβ ]p=(Rs

αβ ]p+Lss
αβ ]p
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Orthogonal decoupled

subspaces.
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VSD of the Multiphase Model

Stationary model

α-β plane
- Electromechanical

energy conversion.

x-y plane

h homopolar
axis

- No-torque.

- Low impedance.

- Extra losses.
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Voltage and Current Mapping

Component mapping: identification of the subspace of each spatial
vector.

Uses:

I Components that affect torque production.

I Components that only produce losses.

I Current harmonic control.

Previous works:

I Focused on specific numbers of phases.

I n-phase studies that only cover the α-β plane.
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Control of Multiphase Induction Motors
Torque and flux: controlled by the current components in α-β.

Applications of the additional degrees of freedom:

I Fault tolerance.

I Series connected multimotor drives.
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Series-Connected Multimotor Drives

a1

b1

c1

d1

e1

a2

b2

c2

d2

e2

v∗ = v̂I sin (ωIt + ηαc)︸ ︷︷ ︸
v∗MI

+ v̂II sin (ωIIt + η2αc)︸ ︷︷ ︸
v∗MII

Independent control a
set of motors fed from
a single converter.

- Requires a physical
phase transposition.

Phase order affects how the current and voltage components are
mapped.
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Harmonic Analysis in n-Phase Motors

Multiphase IM model: harmonic analysis limitations.

Extended Motor Model:
Flux density produced by one phase:

B(θ, t) =
µ

2g

∫
K (θ) · i(t)dθ

- i(t): current.
- K (θ): winding distribution.
- g : airgap.
- µ: magnetic permeability.

In 3-phase machines, this equation has been used to evaluate:

I Time harmonics.

I Distribution harmonics.

I Permeance harmonics.
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Time Harmonics

B(θ, t) =
µ

2g

∫
K (θ) · i(t) dθ

Time harmonics: harmonics in the
electrical signals.

Causes:

I Converter deadtime.

I Voltage drops on power devices.

I DC link variations.

I Motor non-linearities.

vη =
∑

q=3,5,7,...

v̂η,q · cos(q(ωst − ηαc) + φq)

iη =
∑

q=3,5,7,...

îη,q · sin (q(ωst − ηαc) + φq)

q: time harmonic order.
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Distribution Harmonics

B(θ, t) =
µ

2g

∫
K (θ) · i(t)dθ

Distribution harmonics: due to the
spatial conductor distribution.

Causes:

I Non-sinusoidal conductor
distributions.

I Finite number of slots.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Kη(θ) =
∞∑
ν=1

K̂η,ν cos (ν(Pθ − ηαc) + φν)

ν: distribution harmonic order.
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Magnetic Permeance Harmonics

B(θ, t) =
1

2

µ

g

∫
K (θ) · i(t)dθ

Harmonics due to non-linearities in the
magnetic permeance: Λ(θ, t) = µ/g .

Causes:

I Non-uniform airgap.

I Magnetic saturation.

I Slotting permeance harmonics:

Λslt =
∞∑

ks=0

∞∑
kr =0

1

2
Λ̂rs

(
cos (ksQsθ + krQr (θ − θr))

+ cos (ksQsθ − krQr (θ − θr))
)
.

Stator

Rotor

I Flux saturation permeance harmonics:

Λρ =
∞∑
ρ=1

1

2
Λ̂ρ cos [2ρ(Pθ − ωs t)]
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Characterization of Current Harmonics

Flux Density
harmonics =⇒ Induced current

components

Modeling the induced current harmonics is important for:

I Current harmonic cancellation.

I Torque ripple control.

I Sensorless speed measurement.

I Fault detection.

Previous induced current harmonic characterizations:

I Mainly focused on 3-phase machines.

I n-phase works: uniform airgap and negligible saturation.

I Only frequency identification.
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Motor Current Signature Analysis

The motor current signature analysis is a fault detection technique based
on:

I Healthy motor current signature: Identification and classification
of the stator current harmonics in the healthy motor.

I Symptom: current harmonics produced by a specific motor fault.

It has been used to detect:

I Stator winding faults.

I Broken rotor bars.

I Rotor eccentricity.



Th.

22, 23

Introduction / Time and Spatial Harmonics 17/60

MCSA Eccentricity Detection

Eccentricity types:

I Static

I Dynamic

I Mixed

stator

rotor

Static eccentricity permeance function:

Λse =
∞∑

kse=1

Λ̂kse cos (kseθ)

Dynamic eccentricity permeance function:

Λde =
∞∑

kde=1

Λ̂kde cos (kde(θ − ωr t))
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Previous Eccentricity Detection Methods

Classic 3-phase eccentricity fault symptoms:

I Fundamental current sidebands.

- Only for dynamic or mixed eccentricities.

I For static eccentricities: Principal slot harmonics (PSHs).

- Valid only for Qr = P(3k ± 1)..

Complementary static eccentricity detection methods (3-phase):

- Zero sequence current −→ requires a neutral connection.

- Flux harmonics −→ requires additional sensors.

- Negative sequence −→ low symptom amplitude.

Eccentricity detection in multiphase motors is
not as broadly researched as in 3-phases.
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Summary of Previous Research Limitations

Harmonic mapping in multiphase motors:

I Specific number of phases only or n-phase analysis centered in the
α-β plane.

I Multimotor drives suggested that physical phase order affects
mapping.

I Previous works do not evaluate these phase order effects.

Previous works about current signature:

I Mainly focused only on 3-phase motors.

I n-phase works: uniform airgap and negligible saturation.

I Only frequency characterization.

I Eccentricity detection in multiphase motors is an under-researched
topic.
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Main Objectives of this Thesis

Analysis of time and space harmonics in symmetrical multiphase
induction motor drives by means of vector space decomposition.

I Time harmonic analysis (Chapter 2):
I Method for identifying the SV mapping subspace and rotating speed

that evaluates harmonic order and phase sequence.

I Extension of the method for spatial harmonics (Chapter 3):
I Include the harmonics due to: conductor distribution, non-uniform

airgap and magnetic saturation.
I Study the healthy n-phase motor current signature.
I Investigate the MCSA eccentricity detection in n-phase IM.



Th.

28,29

Vector Space Analysis of Time Harmonics 21/60

Outline

1. Introduction

2. Vector Space Analysis of Time Harmonics
Introduction: Objectives of this Chapter
Harmonic Mapping Diagram
Analysis of the Phase Sequence Effects
Experimental Evaluation
Conclusion

3. Effects of Spatial Harmonics

4. Conclusions and Future Research



Th.

34, 35

Vector Space Analysis of Time Harmonics / Introduction: Objectives of this Chapter 22/60

Introduction: Previous Concepts

I Multiphase IM model original reference frame ⇒ cross-coupled
variables.

I VSD: transformation proposed to decouple variables.

I VSD ⇒ α-β and x-y planes and h axes.

I Time harmonics: harmonics in the electrical signals (i.e. voltage and
current).

I Applications of time harmonic mapping:
I Components that affect torque production.
I Components that only produce losses.
I Current harmonic control.
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Introduction: objectives of this chapter

Objectives:

I Time harmonic analysis in symmetrical multiphase machines by
means of VSD.

I Method for identifying the SV mapping subspace and rotating speed
that evaluates harmonic order and phase sequence.

I Validated through an experimental setup.
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Multiphase Voltage VSD

Voltage harmonics: Vη =
∑

q v̂η,q · cos[q(ωst − ηαc) + φq]

⇓ Vector space decomposition.

Vp,q = v̂η,q ·
[
A+

p,q · e ̂(qωs t+φq) + A−p,q · e ̂(−qωs t−φq)
]

A+
p,q =

{n if e ̂qαc =e ̂pαc

0 if e ̂qαc 6=e ̂pαc
A−p,q =

{n if e ̂qαc =e ̂(−p)αc

0 if e ̂qαc 6=e ̂(−p)αc

Positive rotation direction: defined by the fundamental SV.

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc

Positive rotating SV.

Negative rotating SV.
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Time Harmonic Mapping Diagram

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc

⇐
q = 1, 2, 3, . . .

p = 0︸︷︷︸
h+

, 1, . . . , n/2− 1︸ ︷︷ ︸
αp-βp

, n/2︸︷︷︸
h−

}

αc

Positive
SVR-
direction

Negative
SVR-
direction

q=2,n+2,...

q=1,n+1,...

q=n,...

q=n-1,...

q=n-2,...



Th.

39-43

Vector Space Analysis of Time Harmonics / Harmonic Mapping Diagram 26/60

Harmonic Mapping Example: 5-Phase Motor

Reference 
   Vertex

Im

Re
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Harmonic Mapping Example: 5-Phase Motor
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Harmonic Mapping Example: 5-Phase Motor
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Harmonic Mapping Example: 5-Phase Motor

q=1

Reference 
   Vertex

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc
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Harmonic Mapping Example: 5-Phase Motor

q=1
q=2

Reference 
   Vertex

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc
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Harmonic Mapping Example: 5-Phase Motor

q=1
q=2

q=3

Reference 
   Vertex

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc
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Harmonic Mapping Example: 5-Phase Motor

q=1
q=2

q=3 q=4

Reference 
   Vertex

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc
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Harmonic Mapping Example: 5-Phase Motor

q=5

q=1
q=2

q=3 q=4

Reference 
   Vertex

e ̂qαc = e ̂pαc

e ̂qαc = e ̂(−p)αc
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Harmonic Mapping Example: 5-Phase Motor

q=5,10...

q=1,6,11...
q=2,7,12...

q=3,8,13... q=4,9,14...

Reference 
   Vertex

SVR
direction

α1-β1 α2-β2 h+

+ q = 1, 6, 11, ... q = 2, 7, 12, ...
q = 5, 10, ...

- q = 4, 9, 14, ... q = 3, 8, 13, ...
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Phase Sequence Influence on Mapping
Physical Phase Transposition

d2

c2

e2

c1

d1

e1

C

D

E

a1

b1

a2

b2

A

B

α′c = lt αc

lt : physical phase transposition step.

I Mapping equations:

e ̂qαc = e ̂pltαc

e ̂qαc = e ̂(−p)ltαc
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Phase Sequence Influence on Mapping
Reference Delay Angle

v∗ = v̂I sin (ωIt + ηαc)︸ ︷︷ ︸
v∗MI

+ v̂II sin (ωIIt + η2αc)︸ ︷︷ ︸
v∗MII

m: reference delay angle step.

I Mapping equations:

e ̂qmαc = e ̂pαc

e ̂qmαc = e ̂(−p)αc
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Example: 5-5 Multimotor Drive
Mapping of v∗I harmonics in MI.

a1

b1

c1

d1

e1

a2

b2

c2

d2

e2

A

B

C

D

E

v∗ = v̂I sin (ωIt + ηαc)

+v̂II sin (ωIIt + η2αc)

q=0,5,
10...

q=1,6,11...
q=2,7,12...

q=4,9,14...q=3,8,13...

e ̂q αc = e ̂p αc

e ̂q αc = e ̂(−p) αc
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Example: 5-5 Multimotor Drive
Mapping of v∗I harmonics in MII.

a1

b1

c1

d1

e1

a2

b2

c2

d2

e2

A

B

C

D

E

v∗ = v̂I sin (ωIt + ηαc)

+v̂II sin (ωIIt + η2αc)

Ref.
Vertex

q=0,5,
10...

q=1,6,11...q=2,7,12...

q=4,9,14...q=3,8,13...

e ̂q αc = e ̂p2αc

e ̂q αc = e ̂(−p)2αc
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Example: 5-5 Multimotor Drive
Mapping of v∗II harmonics in MI.

a1

b1

c1

d1

e1

a2

b2

c2

d2

e2

A

B

C

D

E

v∗ =v̂I sin (ωIt + ηαc)

+ v̂II sin (ωIIt + η2αc)

q=0,5,
10...

q=1,6,11...

q=2,7,12...q=4,9,14...

q=3,8,13...

e ̂q2αc = e ̂p αc

e ̂q2αc = e ̂(−p) αc



Th.

36

Vector Space Analysis of Time Harmonics / Analysis of the Phase Sequence Effects 29/60

Example: 5-5 Multimotor Drive
Mapping of v∗II harmonics in MII.
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d2

e2

A

B

C

D

E

v∗ =v̂I sin (ωIt + ηαc)

+ v̂II sin (ωIIt + η2αc)

Ref.
Vertex

q=0,5,
10...

q=1,6,11...

q=2,7,12...q=4,9,14...

q=3,8,13...

e ̂q2αc = e ̂p2αc

e ̂q2αc = e ̂(−p)2αc



Th.

48

Vector Space Analysis of Time Harmonics / Experimental Evaluation 30/60

Experimental Setup

I 2x Semikron Semistack SKS 35F

I dSPACE DS1006

I LEM LV 25-P

I LEM LA 55-P

I Apicom FR5ME

I VDC = 300 V

I fs = 10 kHz
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Five-Phase Single Motor Drive
Voltage and Current VSD Spectrum

v∗ =
∑12

q=1 A∗I cos q(ω∗I t − ηαc)

Predicted mapping from the
diagram:

SVR
direction

α1-β1 α2-β2 h+

+ q = 1, 6, 11 q = 2, 7, 12
q = 5, 10

- q = 4, 9 q = 3, 8

−600 −400 −200 0 200 400 600
0

50

100

α1−β1 plane

14 69 11

−600 −400 −200 0 200 400 600
0

10

20

α2−β2 plane

23 78 12

−600 −400 −200 0 200 400 600
0

10

20

h+ axis

55 1010

v(V)

f(Hz)

f(Hz)

f(Hz)

v(V)

v(V)

−600 −400 −200 0 200 400 600
0

0.5

1

α1−β1 plane

14 69 11

−600 −400 −200 0 200 400 600
0

0.5

1

α2−β2 plane

23 78 12

−600 −400 −200 0 200 400 600
0

0.5
h+ axis

i(A) f(Hz)

f(Hz)

f(Hz)

i(A)

i(A)

The experimental results corroborate the 5-phase
IM mapping predicted by the diagram.
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Five-Phase Single Motor Drive
Delay Angle Step m Experiment

V ∗η = v̂∗η cos(ωs t −mηαc)

Predicted mapping:
m = 1 α-β Torque

m = 2
x-y

Low impedance

m = 3 No torque

m = 4 α-β Torque

m = 5 h+ No current

Results:
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Results corroborate the predicted effects of m in
the harmonic mapping.
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Five-Phase Single Motor Drive
Delay Angle Step m Experiment

V ∗η = v̂∗η cos(ωs t −mηαc)

Predicted mapping:
m = 1 α-β Torque

m = 2
x-y

Low impedance

m = 3 No torque

m = 4 α-β Torque

m = 5 h+ No current

Results:
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Results corroborate the predicted effects of m in
the harmonic mapping.
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Series-Connected Six-Phase Two-Motor Drive
Experimental setup

machine MI 

A

B

C

D

E

F

VSI

VSI

IAI

IBI

ICI

IDI

IEI

IFI

VAI
+ -

VBI
+ -

VCI
+ -

VDI
+ -

VEI
+ -

VFI
+ -

machine MII 

IAII

IBII

ICII

VAII
+-

VBII
+-

VCII
+-

converter 

V∗η = A∗I cos (ω∗I t − ηαc)︸ ︷︷ ︸
[V]∗I

+ A∗II cos (ω∗IIt − 2ηαc)︸ ︷︷ ︸
[V]∗II
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Series-Connected Six-Phase Two-Motor Drive
MI Harmonics Mapping in MI and MII

V∗η =A∗I cos (ω∗I t − ηαc )

+A∗II cos (ω∗II t − 2ηαc )

+
12∑
q=2

A∗I cos q(ω∗I t − ηαc )

q=0,6,
12...

q=1,7,13...q=2,8,14...

q=4,10,16... q=5,11,17...

q=3,9,...
q=0,6,
12...

q=1,7,...q=2,8,...

q=4,10,... q=5,11,...

q=3,9,...m
=
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f(Hz)

v(V)
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Series-Connected Six-Phase Two-Motor Drive
MI Harmonics Mapping in MI and MII

V∗η =A∗I cos (ω∗I t − ηαc )
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A∗I cos q(ω∗I t − ηαc )

q=0,6,
12...

q=1,7,13...q=2,8,14...

q=4,10,16... q=5,11,17...
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Series-Connected Six-Phase Two-Motor Drive
MII Harmonics Mapping in MI and MII

V∗η =A∗I cos (ω∗I t − ηαc )

+A∗II cos (ω∗II t − 2ηαc )

+
12∑
q=2

A∗II cos q(ω∗II t − 2ηαc )

q=1,4,7,10,...

q=2,5,8,11,...

q=1,4,7,10,...

q=2,5,8,11,...

q=0,3,6,
   9,12...

q=0,3,6,
   9,12...m

=
2

lt=1  (MI) lt=2  (MII)

MI
−300 −200 −100 0 100 200 300

0

50

100
α−β

I

−300 −200 −100 0 100 200 300
0

5

10

II
1fII 4fII5fII 7fII8fII 10fII11fII

−300 −200 −100 0 100 200 300
0

5

10
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−300 −200 −100 0 100 200 300
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5

10
h− axisv(V)
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0
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20
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v(V)

f(Hz)

v(V)

f(Hz)
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Results corroborate the harmonic
mapping predicted by the
diagram.
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Series-Connected Six-Phase Two-Motor Drive
MII Harmonics Mapping in MI and MII

V∗η =A∗I cos (ω∗I t − ηαc )

+A∗II cos (ω∗II t − 2ηαc )

+
12∑
q=2

A∗II cos q(ω∗II t − 2ηαc )

q=1,4,7,10,...

q=2,5,8,11,...

q=1,4,7,10,...

q=2,5,8,11,...

q=0,3,6,
   9,12...

q=0,3,6,
   9,12...m

=
2

lt=1  (MI) lt=2  (MII)
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0
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100
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f(Hz)

v(V)

f(Hz)

MII
−300 −200 −100 0 100 200 300

0

50

100
α−β

II
2fII 4fII5fII 7fII8fII 10fII11fII

−300 −200 −100 0 100 200 300
0

10

20

h+
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f(Hz)

v(V)

f(Hz)

3fII

Results corroborate the harmonic
mapping predicted by the
diagram.
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Conclusion of This Chapter

I A study of time harmonic mapping in symmetrical n-phase motors
that takes into account the effects of a physical angle transposition
or a delay angle step.

I Simple graphical mapping method has been proposed.

I Experimentally tests on a single-motor and a series-connected
multimotor drive.
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Outline

1. Introduction

2. Vector Space Analysis of Time Harmonics

3. Effects of Spatial Harmonics
Introduction: Objectives of this Chapter
Healthy Motor Current Signature
Multiphase MCSA Eccentricity Detection
Experimental Evaluation
Conclusion

4. Conclusions and Future Research
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Introduction: Previous Concepts

I Time and spatial harmonics.

I Spatial harmonics:
I Distribution of conductors.
I Magnetic saturation.
I Non-uniform airgap.

I Characterization of the spatial harmonics interests:
I Motor understanding.
I Current control.
I Sensorless.
I MCSA.

I MCSA methods for rotor eccentricity detection in 3-phase motors:
I Monitoring the fundamental current sidebands.
I Monitoring the PSHs.
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Introduction: objectives of this chapter

Objectives:

I Extension of the VSD analysis to spatial harmonics, including:
I Conductor distribution.
I Non-uniform airgap.
I Magnetic saturation.

I Study the healthy n-phase motor current signature.

I Investigate the MCSA eccentricity detection in n-phase IM.



Th.

76

Effects of Spatial Harmonics / Healthy Motor Current Signature 40/60

Multiphase Harmonic Analysis

Stator winding 
distribution

Stator
currents

Stator
MMF

Stator and 
rotor slots

Rotor 
eccentricities

Magnetic
saturation

Permeance
harmonics

Rotor bar
distribution

Induced
currents in
the rotor

MMF 
produced by

the rotor

Flux density
produced by

the rotor

Flux density
produced by

the stator

Total flux
density

Flux linked
by the stator

Back EMFs

Induced currents
identification method

T

Induced
currents in
the stator
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Multiphase Harmonic Analysis

Stator winding 
distribution

Stator
currents

Stator
MMF

Stator and 
rotor slots

Rotor 
eccentricities

Magnetic
saturation

Permeance
harmonics

Rotor bar
distribution

Induced
currents in
the rotor

MMF 
produced by

the rotor

Flux density
produced by

the rotor

Flux density
produced by

the stator

Total flux
density

Flux linked
by the stator

Back EMFs

Induced currents
identification method

T

Induced
currents in
the stator

n-phase specific:

- Stator MMF
- Flux linked by the stator
- Back-EMFs
- Induced currents
- Current harmonic mapping
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Induced Currents in the Multiphase Stator

Analyzed harmonics:

I Converter.

I Stator and rotor conductor distribution.

I Stator and rotor slots.

I Magnetic saturation.

Stator Induced Current Harmonics:

i sη,h,ν′ = î sη,h,ν′ cos (ωht − ν′ηαc + φψ − φη,ν′)

ωh = krQrωr + kρqωs

ν′ =
Ph

P
= kn + kρq + ks

Qs

P
+ kr

Qr

P
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Induced Currents in the Multiphase Stator

Stator Induced Current Harmonics:

i sη,h,ν′ = î sη,h,ν′ cos (ωht − ν′ηαc + φψ − φη,ν′)

ωh = krQrωr + kρqωs

ν′ =
Ph

P
= kn + kρq + ks

Qs

P
+ kr

Qr

P

I kr , ks : rotor and stator slot harmonic order.

I kρ: magnetic saturation harmonic order.

I Ph

P : flux harmonic equivalent pole pairs.

Flux harmonics generate induced currents only if ν′ = Ph

P .
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Induced Current Harmonic Mapping

i sη,h,ν′ = î sη,h,ν′ cos (ωht − ν′ηαc + φψ − φη,ν′) - ωh: frequency.

- ν′ = Ph

P : mapping.

ν′: equivalent to m in time harmonics.

Mapping equations:

e ̂ν
′αc = e ̂pαc

e ̂ν
′αc = e ̂(−p)αc

Mapping diagram (n = 5):

e
ĵ(Ph/P)αc 

Ph/P=0,5,10...

Ph/P=1,6,11...Ph/P=2,7,12...

Ph/P=3,8,13... Ph/P=4,9,14...

Reference 
   Vertex
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Induced Current Harmonics Example
Five-Phase Integral Slot Motor

e
ĵ(Ph/P)αc 

Ph/P=0,5,10...

Ph/P=1,6,11...Ph/P=2,7,12...

Ph/P=3,8,13... Ph/P=4,9,14...

Reference 
   Vertex

Ph

P
= kn + kρq + ks
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Induced Current Harmonics Example
Five-Phase Integral Slot Motor
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Induced Current Harmonics Example
Five-Phase Integral Slot Motor
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Induced Current Harmonics Example
Five-Phase Integral Slot Motor
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Current Harmonics Due to Eccentricity

Stator Induced Current Harmonics:

i sη,h,ν′ = î sη,h,ν′ cos (ωht − ν′ηαc + φψ − φη,ν′)

ωh = (krQr + kde)ωr + kρqωs

ν′ =
Ph

P
= kn + kρq + ks

Qs

P
+ kr

Qr

P
+

kde
P

+
kse
P

I kse : static eccentricity harmonic order.
I Not new frequencies.
I Changes mapping subspaces.

I kde : dynamic eccentricity harmonic order.
I New frequencies appear.
I Changes mapping subspaces.
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Classic MCSA Eccentricity Detection
Adaptation of the Classic Methods to Multiphase Motors

ωh = (krQr + kde)ωr + kρqωs

ν′ =
Ph

P
= kn + kρq + ks

Qs

P
+ kr

Qr

P
+

kde
P

+
kse
P

Fundamental current sidebands:

I Symptom frequency: ωh = |kdeωr ± ωs |, valid for n-phase motors.

I No pure static eccentricity detection.

Monitoring PSHs:

I Symptom frequency: ωh = |krQrωr ± ωs |.
I Valid in 3-phase motors if Qr = P(3k ± 1).

PSHs method in n-phase motors:

Qr = P(nk ± 1)
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VSD MCSA Eccentricity Detection Method
Static Eccentricity Symptom

ωh = (krQr + kde)ωr + kρqωs

ν′ =
Ph

P
= kn + kρq + ks

Qs

P
+ kr

Qr

P
+

kde
P

+
kse
P

Static eccentricity symptom:
induced current due to the
fundamental component of the flux
and static eccentricity.

- Frequency: ωh = ωs

- Pole pairs: Ph

P = 1 + kse
P

Advantages:
- Independent from Qr or P.
- Higher amplitude than PSHs.
- Independent from ωr (slip).
- Lower frequencies than PSHs.
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VSD MCSA Eccentricity Detection Method
Dynamic Eccentricity Symptom

ωh = (krQr + kde)ωr + kρqωs

ν′ =
Ph

P
= kn + kρq + ks

Qs

P
+ kr

Qr

P
+

kde
P

+
kse
P

Dynamic eccentricity symptom:
induced current due to the
fundamental component of the flux
and dynamic eccentricity.

- Frequency: ωh = kdeωr + ωs

- Pole pairs: Ph

P = 1 + kde
P

Pure dynamic eccentricity: no
specific advantages.
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Experimental Setup

- 0.75 kW
- n = 5
- P = 2
- Qs = 30
- Qr = 22

0 2 4 6 8 10 12 14
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−2·iA
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M
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)
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1·iA
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M
M

F 
(A

/m
)

Harmonic order |ν'|
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Healthy Current Spectrum of M5,2
30,22

I Fundamental component: 50 Hz.

I Three values of the slip.
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Healthy Current Spectrum of M5,2
30,22

Inverter
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The identified frequencies and mapping
subspaces coincide with the predicted ones.
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Static Eccentricity Experiment
Comparison of the PSHs and the VSD Eccentricity Detection Methods

Static eccentricity tests:
- Test 1: αu = 0.00 rad (black line)

- Test 2: αu = 0.02 rad (green line)

- Test 3: αu = 0.04 rad (blue line)

- Test 4: αu = 0.06 rad (red line)

The imposed eccentricity levels are

low −→ symptom amplitudes are

low.

Classic PSHs Method
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Static Eccentricity Experiment
Comparison of the PSHs and the VSD Eccentricity Detection Methods

Static eccentricity tests:
- Test 1: αu = 0.00 rad (black line)

- Test 2: αu = 0.02 rad (green line)

- Test 3: αu = 0.04 rad (blue line)

- Test 4: αu = 0.06 rad (red line)

Static eccentricity symptom: #6.

VSD Method
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Static Eccentricity Experiment
Comparison of the PSHs and the VSD Eccentricity Detection Methods

Classic PSHs Method
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VSD Method
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VSD Method Advantages:
Harmonics easier to detect:
- Higher amplitudes.
- Lower frequencies.
- Independent from the slip.
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Mixed Eccentricity Experiment
Constant dynamic eccentricity, increase in the static one.

Classic Sidebands Method
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VSD Method
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VSD Method Advantages:
- Independent symptoms for the dynamic and static eccentricity:
distinguish variations in each one.
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Conclusion of This Chapter

I VSD analysis is extended to cover current harmonics due to:
- Conductor distribution.
- Non-uniform airgap.
- Magnetic saturation.

I It is used to analyze the current signature of healthy multiphase
squirrel cage motors.

I The application of the classic MCSA eccentricity detection methods
to multiphase motors is studied.

I New MCSA eccentricity detection method based on the VSD
analysis of the stator current has been proposed.
- Symptoms have higher amplitudes and lower frequencies.
- Can be used in the cases the classic method is not valid.
- Distinguish between static or dynamic eccentricity variations.
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Outline

1. Introduction

2. Vector Space Analysis of Time Harmonics

3. Effects of Spatial Harmonics

4. Conclusions and Future Research
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Conclusion

I Study and characterization of time and spatial harmonics in an
n-phase induction motor by means of the VSD.

I VSD analysis of time harmonics (Chapter 2):
- Graphical mapping method.
- Harmonics mapping in low impedance planes or producing torque
ripple.
- Phase order effects in mapping.

I VSD analysis of spatial harmonics (Chapter 3):
- Healthy motor current signature study.
- Classic eccentricity detection MCSA methods.
- New eccentricity detection method based on the VSD.
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Conclusion

I Study and characterization of time and spatial harmonics in an
n-phase induction motor by means of the VSD.

I VSD analysis of time harmonics (Chapter 2):
- Graphical mapping method.
- Harmonics mapping in low impedance planes or producing torque
ripple.
- Phase order effects in mapping.

I VSD analysis of spatial harmonics (Chapter 3):
- Healthy motor current signature study.
- Classic eccentricity detection MCSA methods.
- New eccentricity detection method based on the VSD.



Th.

116

Conclusions and Future Research 59/60

Future Research

I Extension of the analysis to other type of motors:
I Asymmetrical multiphase induction motors.
I Permanent magnet motors.
I Doubly-fed generators.

I Extension of the proposed MCSA method to other common motor
faults, such as: broken rotor bars, bearing faults, gearbox failures, ...

I Application to sensorless speed measurement.
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