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SYMMETRICAL MULTIPHASE INDUCTION MOTOR

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

Advantages
» Lower current stress of each power device.
» Reduced harmonics in the DC link.
» Fault tolerance.

Th. AP Applied Power
ET Lleummca Technology

1-3 1 Group



INTRODUCTION / SYMMETRICAL MULTIPHASE INDUCTION MOTOR 5/60

MULTIPHASE MOTOR MODEL

Universal Theory of Electric Machines Model:

] = IR+ 2] 5 7] + 2 [2]07]

V] = IR + (LT[ + S 1)1

Model Assumptions:

Sinusoidal stator windings.
Rotor MMF equivalent to the stator one.
Uniform airgap.

vV v . vy

Neglected magnetic saturation.
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VECTOR SPACE DECOMPOSITION (VSD)
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VSD OF THE MULTIPHASE MODEL

Stationary model

is s sr N
1ag L(,H*L”,H Lis — Ly 1ap

Th.
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a- plane
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axis
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Electromechanical

energy conversion.

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:

» Components that affect torque production.
» Components that only produce losses.
» Current harmonic control.
Previous works:
» Focused on specific numbers of phases.
» n-phase studies that only cover the a-3 plane.
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CONTROL OF MULTIPHASE INDUCTION MOTORS

Torque and flux: controlled by the current components in a-f.
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Applications of the additional degrees of freedom:
» Fault tolerance.

» Series connected multimotor drives.
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SERIES-CONNECTED MULTIMOTOR DRIVES

Inverter machine 1 (M) machine 2 (M)
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v* = Visin (wit + nac) + Vi sin (wirt + n2ac)

%y vy,
M Mpp

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

Th 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:
- i(t): current.
- K(#): winding distribution.
I . 4
2—/ (9) - i(t) - g: airgap.
g . -
- p: magnetic permeability.

B(4,t) =

In 3-phase machines, this equation has been used to evaluate:
» Time harmonics.
» Distribution harmonics.

» Permeance harmonics.

Th APET Applied Power
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TIME HARMONICS
Causes:
B(6, t) = M / K(0) ~d9 » Converter deadtime.
28 » Voltage drops on power devices.
Time harmonics: harmonics in the » DC link variations.
>

electrical signals. Motor non-linearities.

|

v, = Z Vi,q - €os(q(wst — nae) + ¢q)
q=3,5,7,...
i = Z Inq - sin (g(wst — no) + ¢q)
q=3,5,7,...
Th. q: tlme harmonic Order' APET Qﬁ{i:zilit‘leeihllologw
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DISTRIBUTION HARMONICS

Causes:
_ " i
B(0,1) = 2g/ K(0) i(t)do » Non-sinusoidal conductor

distributions.
Distribution harmonics: due to the

. o » Finite number of slots.
spatial conductor distribution.

F(0)
1| 2[ 3 4 5 6 7| 8 9101112131415

K,(8) = Z Rnw cos (v(PO — nae) + ¢.)
v=1

v: distribution harmonic order.
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MAGNETIC PERMEANCE HARMONICS

Causes:
1f p . .
B(6,t) = 2/ K(6) - i(t)do » Non-uniform airgap.
» Magnetic saturation.

Harmonics due to non-linearities in the
magnetic permeance: A(0,t) = 11/g.

Th.
21, 22
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MAGNETIC PERMEANCE HARMONICS

Causes:

B(6,t) = ;/ K(6) - i(t)do » Non-uniform airgap.

» Magnetic saturation.

Harmonics due to non-linearities in the
magnetic permeance: A(0,t) = 11/g.

» Slotting permeance harmonics:

Stator

o T T T B e W B e B
S,I_ZZ (cosk059+kQ,(0—9)) e
=0 kr= 0 Rotor

+ cos (ks Qs — Ky Qi (0 — er))).
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MAGNETIC PERMEANCE HARMONICS

Causes:

B(6,t) = ;/ K(6) - i(t)do » Non-uniform airgap.

» Magnetic saturation.

Harmonics due to non-linearities in the
magnetic permeance: A(0,t) = 11/g.

» Slotting permeance harmonics:

Stator

i rererirer

S,I_ZZ (cosk059+kQ,(0—9))

=0 kr= 0 Rotor

+ cos (ks Qs — Ky Qi (0 — er))).

» Flux saturation permeance harmonics:

oo

1
Z =N, cos [2p(PO — wst)]
p=1 2

Th.
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CHARACTERIZATION OF CURRENT HARMONICS

Flux Density Induced current
harmonics = components

Modeling the induced current harmonics is important for:

Current harmonic cancellation.

v

» Torque ripple control.
» Sensorless speed measurement.
>

Fault detection.

Previous induced current harmonic characterizations:
» Mainly focused on 3-phase machines.
» n-phase works: uniform airgap and negligible saturation.

» Only frequency identification.

Th APET Applied Power
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MOTOR CURRENT SIGNATURE ANALYSIS

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

» Healthy motor current signature: ldentification and classification
of the stator current harmonics in the healthy motor.

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

It has been used to detect:
» Stator winding faults.
» Broken rotor bars.

» Rotor eccentricity.
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MCSA ECCENTRICITY DETECTION

Eccentricity types:
» Static
» Dynamic
» Mixed

Static eccentricity permeance function:
Nse = Z Kkse cos (kse0)
kse=1
Dynamic eccentricity permeance function:

Age = Z A, cos (kge(0 — wyt))

kge=1

Th. AP Applied Power
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22,23 ="~ Rescarch Group



INTRODUCTION / TIME AND SPATIAL HARMONICS 18/60

PrREVIOUS ECCENTRICITY DETECTION METHODS
Classic 3-phase eccentricity fault symptoms:

» Fundamental current sidebands.

- Only for dynamic or mixed eccentricities.

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

- Valid only for Q, = 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
Th. not as broadly researched as in 3-phases. APET ipplicd Power

Electronics Technology
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SUMMARY OF PREVIOUS RESEARCH LIMITATIONS

Harmonic mapping in multiphase motors:

» Specific number of phases only or n-phase analysis centered in the
- plane.

» Multimotor drives suggested that physical phase order affects
mapping.
» Previous works do not evaluate these phase order effects.

Th. AP Applied Power
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SUMMARY OF PREVIOUS RESEARCH LIMITATIONS

Harmonic mapping in multiphase motors:

» Specific number of phases only or n-phase analysis centered in the
- plane.

» Multimotor drives suggested that physical phase order affects
mapping.
» Previous works do not evaluate these phase order effects.

Previous works about current signature:

» Mainly focused only on 3-phase motors.

» n-phase works: uniform airgap and negligible saturation.
» Only frequency characterization.
>

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.

» Time harmonic analysis (Chapter 2):
» Method for identifying the SV mapping subspace and rotating speed
that evaluates harmonic order and phase sequence.
» Extension of the method for spatial harmonics (Chapter 3):
» Include the harmonics due to: conductor distribution, non-uniform
airgap and magnetic saturation.
» Study the healthy n-phase motor current signature.
» Investigate the MCSA eccentricity detection in n-phase IM.

Th. AP Applied Power
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OUTLINE

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

» Multiphase IM model original reference frame = cross-coupled
variables.

» VSD: transformation proposed to decouple variables.

» VSD = a-f and x-y planes and h axes.

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

» Applications of time harmonic mapping:

» Components that affect torque production.
» Components that only produce losses.
» Current harmonic control.
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INTRODUCTION: OBJECTIVES OF THIS CHAPTER

Objectives:
» Time harmonic analysis in symmetrical multiphase machines by
means of VSD.

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

» Validated through an experimental setup.

Th. AP Applied Power
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MULTIPHASE VOLTAGE VSD
Voltage harmonics: V,, = Eq Vi,q - cos[q(wst — nac) + ¢g]

|l Vector space decomposition.

Vog = Vpg - [A,J;q . ellawsttéqg) A, - l(—awst—aq)

nif ed9%c—giPac n if elavc —gi(=p)ac

+ _ - _
— A =
p-q 0 if eddac Aeipac p,q 0 if eddoc£ei(—pac

Positive rotation direction: defined by the fundamental SV.

giaoe — gipae Positive rotating SV.

eiqoe — gi(—p)ac Negative rotating SV.

Th APET Applied Power
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TiIME HARMONIC MAPPING DIAGRAM

g=1,2,3,...
p=_0 ,1,....,n/2—1,n/2
L / /2}

T
h ap_/Bp h—

elaae — gipac

ejqac — ej(*P)O‘c

njo-Bujz a5-B5 au-fi az-B3 ax-Pa

=h” ai-$y
ap-Bo = ht
Positive “/ll\.
SVR-
direction qF2n+2,...
=lLn+l,..
e q=n,...
=n-1,
)
Negative - gn 5
SVR- c
ixeten ——" Applied Power
o APET

Electronics Technology
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

Im

Re

Reference
- Vertex
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

Reference
Vertex
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

ao-Bo = ht
ed0a
-
Reference
Vertex
ejqac = j 7P)ac
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

Th.
39-43

ai-fy ao-Bo = ht

Reference
Vertex

ejqac

eiaoe J(—p)ac
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

ao-fo a1-f1 ap-fo = h*

Reference
Vertex
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

ao-fo a1-f1 ap-fo = h*

q=2

Reference
Vertex
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

ao-fo a1-f1 ap-fo = h*
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

ao-fo a1-f1 ap-fo = h*

q=2
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Vertex
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

ao-fo a1-f1 ap-fo = h*

q=2

q=5

Reference
Vertex
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HARMONIC MAPPING EXAMPLE: 5-PHASE MOTOR

Th.
39-43

(12‘62

q=2,7,12...

ai-41 ao-Bo = ht
q=1,6,11...

g=5,10...

Reference
Vertex
S
q=3,8,13...
SVR -1 az-f2 ht
direction
=1,6,11,... =2,7,12,...
* q i g=510,...
- q=4,9,14,... | ¢=3,8,13,...
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PHASE SEQUENCE INFLUENCE ON MAPPING

PHYSICAL PHASE TRANSPOSITION
VSI machine 1 (M) machine 2 (M)
1
A L9 | o 2z a2 ]
c
B T NV
C Cq }— —| b, I
D d1 |_—‘ "‘—i €, }
E e ,' —{ Co }
=1 I, =2

l¢: physical phase transposition step.

» Mapping equations:

Th.
39-43

ejqo‘c — ejp/tac

Ao — Gi(—p)hac

!
o =l ac
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PHASE SEQUENCE INFLUENCE ON MAPPING

REFERENCE DELAY ANGLE

v* = Vrsin (wit + nac) + virsin (wirt + n2ac)

Vir Ny
m: reference delay angle step.

» Mapping equations:
elamac _ gjpac

elamae — gi(—p)ac

Applied Power
Ui APET Electronics Technology
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EXAMPLE: 5-5 MULTIMOTOR DRIVE

MAPPING OF Vi HARMONICS IN Mj.
® az-fo |® a1-p1 ht

machine 1 (M) machine 2 (Myy) q=2,7,12...

<
2

b d

2

ECEEES
d
HEEHE

9=38,13... 9=4,9,14...

v :[/\71 sin (wrt + nac)}
+virsin (wirt + n2ac) el ac — b ac

eld ac — gi(=p) ac
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EXAMPLE: 5-5 MULTIMOTOR DRIVE

MAPPING OF Vi HARMONICS IN Mjj.

@ a1-f1 |© ax-fa | AT
VSI machine 1 (M) machine 2 (Myg) q=2,7,12...
R -\
A e i 3,
B | b1 /--I dz
C ¢, \--| b, ?;0,5,
D R & ]
E e M
=1 =2
q=3,8,13... q=4,9,14...

v* :[?1 sin (wrt + nac)}
+virsin (wirt + n2ac) el e = glp2ac

ela ac — gi(=p)2ac
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EXAMPLE: 5-5 MULTIMOTOR DRIVE

MAPPING OF Vi; HARMONICS IN M.

® a-f, |® a1-pu ht
q=1,6,11...
VSI machine 1 (M) machine 2 (M)
T N
L1 T 2

b d

2
b,
d < e

2

€ C

:
il

q=2,7,12...

v* =visin (wit + nac)

la2ac — op ac
+[VH sin (wirt + 772ac)j

el2ac — oi(=p) ac
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EXAMPLE: 5-5 MULTIMOTOR DRIVE
MAPPING OF Vi; HARMONICS IN M.
@ a1-fi |© a2-Ba | ht
q=1,6,11...
VS medine ] () [ 2 ()
v B a1
L 2 | 2

d;
b,

=)

A

B —H B
{1
D
E

d, |
e1|_

I =1 I, =2

i

G

v =y sin (wit + nae)

+[/‘7II sin (wirt + 7120%)} Ja2ac _ gipoc

el2ae — oi(=p)2ac
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EXPERIMENTAL SETUP

2x Semikron Semistack SKS 35F
dSPACE DS1006
LEM LV 25-P

Apicom FR5ME
Vbc =300V

>
>
>
» LEM LA 55-P
>
>
» f, = 10 kHz

h Gr
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F1vE-PHASE SINGLE MOTOR DRIVE
VOLTAGE AND CURRENT VSD SPECTRUM
. m Predicted mapping from the
— diagram:
SVR a1-f1 ar-Br h*
direction
B N + q=1611|g=27.12|
Vi =377 Al cos g(wi't — mac) - ao [ g5 |75
wv) a,-B4 plane i(A) o,—B; plane
u T T T T T y 1 T T T T T y
100
D T e O N
S o 5 P a— % o = . w00 o 50
“w) a,—B, plane f(H2) iA) a,-B, plane f(Hz)
T: 8 3 2 7 12 05 8 3 2 7 12j
T I | [ L i ) G
-600 -400 -200 0 200 400 '(?_l‘)g) -600 -400 -200 o 200 400 f(%]g)
) h* axis ‘(DA) h* axis
20' T T T T ] " ! ! ! ! ! !
T e
-600 -400 -200 0 200 400 600 -600 -400 -200 o 200 400 600
f(Hz) f(Hz)
. The experimental results corroborate the 5-phase

49-51

IM mapping predicted by the diagram.

APE
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F1VE-PHASE SINGLE MOTOR DRIVE

DELAY ANGLE STEP m EXPERIMENT

Predicted mapping:

m=1| a-p Torque
m=2 Low impedance
V=V, cos(ws t — mna) x-y
m=3 No torque
m=4 | a- Torque
m=5| h" No current
15 oosp_m=1
) oo
m=2:
0s m=3 coos | m=3
/0 £
= o £ o—m=5
- = m=2
o5 o008
= m;} 001
m=4
-15 —ots T
- o002
v Gom  oor oom oo b Gom oor  oom  oee b Gom oot oom ooz
t(s) t(s) t(s)

Results corroborate the predicted effects of m in

H H Applied Power
Th. the harmonlc mapping. APE Electronics Technology
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F1VE-PHASE SINGLE MOTOR DRIVE
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SERIES-CONNECTED SIX-PHASE TwO-MOTOR DRIVE

EXPERIMENTAL SETUP

A W] o
KB o i
vsi|i C le —@%_ I;— g
D b i —] i
“K E H 4‘@: |c:.__ ]
vsi|i F I —@—: 4 i

V;, = A cos (W't — nac) + Ajj cos (wijt — 2na)
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SERIES-CONNECTED SIX-PHASE TwO-MOTOR DRIVE

M; HARMONICS MAPPING IN M; AND My

=1 (M)
h~ -y a-B h*
3 § . q=2,8.14... 9=17,13]
V;, =A[ cos (wy' t — nac)
+A]} cos (w) t — 2nac)
-
12 I :
£ s :
+> Al cos g(w," t — noxe) :
q=2 :
G=4,70,16... 4=5,11,1 i ?;1:5,11,..

Th. AP Applied Power
ET Electronics Technology
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SERIES-CONNECTED SIX-PHASE TwO-MOTOR DRIVE

M; HARMONICS MAPPING IN M; AND My

=1 (M)
h~ -y a-f
3 § . G=2,8,14... 9=1,7,13]
V;, =A[ cos (wy' t — nac)
+A]} cos (w) t — 2nac)
i
12
g =3.9....
+> Al cos g(w," t — noxe)
q=2
19=4,10,16... 9=5,11,17.
(V) o-f plane “w
1f, T T T
M, 5“trf, 51, l ! 71, My . afl
Al L 10f, 4f, of 8,
=300 200 100 0 100 200 300 1HZ L A A A -
S0 0 -0 o 100 200 300 1072
vﬁ x-y plane V) h* axis
1f 20 T
ok 10f 4 " of EZf f, 6f, 121
1 1 2f [ 1 ! 1
2 10
S e A )
W) h+ axis ~300 ~200 ~100 o 100 200 300 f(Hz)
o . . : . . .
10
-300 -200 ~100 0 100 200 300 f(Hz)
(V) h~ axis
b . . o . gf‘
1ol ofy | | |
Th L l A APE Applied Power
. -300 -200 100 o 100 200 300 f(Hz) Electronics Technology

57,58 =< Research Group
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SERIES-CONNECTED SIX-PHASE TwO-MOTOR DRIVE

M1 HARMONICS MAPPING IN My AND My

V; =A/ cos ("t — nac)
+A] cos (w) t — 2nac)

12
+Z Al cos g(w) t — 2ncee)
q=2

Th.
57-59

=1 (M) =2 (My)
o ey wd | Rt b ; Wt
a=14.7.10... P oo .
=036 . =036,
9.12 3 9,12
t=258.n
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SERIES-CONNECTED SIX-PHASE TwO-MOTOR DRIVE

M1 HARMONICS MAPPING IN My AND My

=1 (M) =2 (My)
ey a8 | h* a-B Kt
a=14.7.10, 000 g
V; =A/ cos ("t — nac) ;
+A] cos (w) t — 2nac) o \
1 d=0.3.6 . =036,
12 S 9,12 3 912
+Z Al cos g(w) t — 2ncee)
=2
t=z5e,
(V) o-B plane w
‘
1f 1f,
MI % il M" 50} W gy Pfu 2 ' M The JOfy
300 200 ET) 0 100 200 300 1(F2) — %m A et A 2%0 et
vv) x-y plane wv) h* axis
: 1, ety St 2 (1 4h o0 o, ST e, oy 6y 8, 3, Sy 9ty 11,
R ~200 oo 0 100 200 300 11F2) ohemmd — am - - F A
W) h* axis
& L Results corroborate the harmonic
-300 -200 -100 0 100 200 300 f(Hz) . .
o h- axis mapping predicted by the
+ diagram.
Th
-300 -200 ~100 0 100 200 300 f(Hz)
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CONCLUSION OF THIS CHAPTER

» 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.

» Simple graphical mapping method has been proposed.

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

Th. AP Applied Power
ET Electronics Technology

70 ~=<_—"—_ Rescarch Group



EFFECTS OF SPATIAL HARMONICS 37/60

OUTLINE

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

Th. AP Applied Power
ET Electronics Technology

70 ~=<_—"—_ Rescarch Group
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INTRODUCTION: PREVIOUS CONCEPTS

v

Time and spatial harmonics.

v

Spatial harmonics:
» Distribution of conductors.
» Magnetic saturation.
» Non-uniform airgap.
» Characterization of the spatial harmonics interests:
» Motor understanding.
» Current control.

» Sensorless.
» MCSA.

» MCSA methods for rotor eccentricity detection in 3-phase motors:

» Monitoring the fundamental current sidebands.
» Monitoring the PSHs.

Th. AP Applied Power
ET Electronics Technology
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INTRODUCTION: OBJECTIVES OF THIS CHAPTER

Objectives:

» Extension of the VSD analysis to spatial harmonics, including:

» Conductor distribution.
» Non-uniform airgap.
» Magnetic saturation.

» Study the healthy n-phase motor current signature.
» Investigate the MCSA eccentricity detection in n-phase IM.

Th. AP Applied Power
ET Electronics Technology

75 ~=<_—"—_ Rescarch Group
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MULTIPHASE HARMONIC ANALYSIS

Stator winding Stator Stator and Rotor Magnetic
distribution currents rotor slots eccentricities saturation

s Stator 48 hs hy  hse hge p
v MMF m4 . v
> y < > Permeance
Fsyq ) harmonics
§3.2.1 §1.2.2 A
1

Flux density i
produced by
the stator

§3.2.3 Rotor bar
¢ distribution

s
§3.2.2 Butq hy Qn
y v vy
Induced MMF Flux density
currents in produced by produced by
Total flux the rotor the rotor the rotor
density iy, —> F]f,r —» BT,
P

<&

§3014 BT <

. 3.3.2 Induced 3.3.8
§3.3.1 Back EMFs 3.3 currents in §333

Flux linked
the stator

by the stator s
X s .5
Ly w;,h"’// > en.h.l/’ > lnﬁhvu/

§3.3.4 Induced currents
277 identification method

Th S wp APE Applied Power
: Electronics Technology
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MULTIPHASE HARMONIC ANALYSIS

Stator winding Stator Stator and Rotor Magnetic
distribution currents rotor slots eccentricities saturation
s Stator 78 h. h. hee h
v MME n,q s Iy sev de 14
L_» s Permeance

v.q . harmonics
| §3.2.1[ §1.2.2 A
A\ 1
Flux density
produced by
the stator  §3.2.3 Rotor bar
Bs ¢ distribution
6322 Pug hy Qy
l + v .
Induced MMF Flux density
currents in produced by produced by
Total flux the rotor the rotor the rotor
density iy, —> F}’;r —» BT,
T '
5324 B < !
Y —331] |BackEMFs §3.3.2 Induced §3.3.3
Flux linked 372 currents in
by the stator . the stator
X s s
> Uy g > Cn by > iy
3.3.4 Induced currents
§3.3 identification method
Th. S wn 4+—

76

n-phase specific:

- Stator MMF

Flux linked by the stator
Back-EMFs

- Induced currents

Current harmonic mapping

APE Applied Power
Electronics Technology

T==__"—__ Rescarch Group
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INDUCED CURRENTS IN THE MULTIPHASE STATOR

Analyzed harmonics:

» Converter.

» Stator and rotor conductor distribution.
» Stator and rotor slots.
»

Magnetic saturation.

Stator Induced Current Harmonics:

ip bt = iy por €OS (Wht — vV'nae + ¢y — Gyur)

wp = ki Qrwr + kpqws

Py Q Qr

Vv = F :kn+kpq+k5?s+kr$
Th.
86-88
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INDUCED CURRENTS IN THE MULTIPHASE STATOR

Stator Induced Current Harmonics:
I‘Z’h’y/ i’ls],h,l// Ccos ((Uht - U/T}Ozc + (bw — ¢7]7V,)

Wh = errwr + kpqws
P
= l=kn+kpq+ks%+kf%

vV =
P
k., ks: rotor and stator slot harmonic order.
magnetic saturation harmonic order.

ko:
Py. : : :
-+ flux harmonic equivalent pole pairs.
Py
B

Flux harmonics generate induced currents only if v/ =
Applied Power

Ui APET Electronics Technology
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INDUCED CURRENT HARMONIC MAPPING

5 3 ’ - wp: frequency.
I, = Iy hpr €OS (wht = V'nac + ¢y — P o) h g 4
!

-V = '7,”: mapping.

V' equivalent to m in time harmonics.

Mapping diagram (n = 5):
Mapping equations:

o a1-fy ap-fBo = ht
v’ j PUP=2,712.. Pyp=1,6.11..
eV dc — @IPtc W
= Wh
o . >
vV — .
eV % = eJ( p)oc
7, P,/P=0,5,10...
J(Py/P)ac
e
Reference
Vertex
©
Wp h
= —Wh
o Py/P=38,13... b /P=4.9.14.

88-91
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INDUCED CURRENT HARMONICS EXAMPLE

FI1VE-PHASE INTEGRAL SLOT MOTOR

n=5, P=2, Qr=22 and Qs=30
qkp |ks/P|kr/P Wp.h Pn/P | Subspace
a8 -8 a0-Bo = b g ws 1 a-p
PyP=2.7.12.. P/P=1,6,11 1 220r+wWs 12 X—y
Wl 0 -1 -10 h-+
= “é 2 -44wr-ws 23 X-y
) PP=05.10.. -2 44wr-ws -21 oa—B
J(P,/P)ac B
€ 1
Reference 0 ws 16 a—B
° Vertex 1|1 | 220r+0s | 27 X—y
-1 5 h-+
Wp,h -
= —wp :
P/P=3,8,13... b/p=4914. 2] 0] ws [ 3] a-8
0 -3ws 3 X—y
Py Qs Q 3 0 | 1 |-22wr3ws 14 a-B
— =kn+ koq+ ks— + kr — EE R _
P pd ) "B 1 220.)H:3w 8 X=y
0 0 h-+
N N O
;o [o] 70s | 7 | x-y
Th. :
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INDUCED CURRENT HARMONICS EXAMPLE

FI1VE-PHASE INTEGRAL SLOT MOTOR

n=5, P=2, Qr=22 and Qs=30
qgko |ks/P|ke/P Wp.h Pn/P | Subspace
a8 -8 a0-Bo = b 9 s 1 a-p
pP=2712. P/P=16,11 1 220r+wWs 12 X—y
Wph 0 -1 -10 h-+
= “é 2 -44wr-ws 23 X-y
) PP=05.10.. -2 44wr-ws -21 oa—B
J(P,/P)ac N
€ 1
Reference 0 ws 16 a-B
° Vertex 1| 1 | 220mws 27 X—y
-1 5 h+
Wp,h -
= —wh :
P/P=3,8,13... b/p=4914. 2] 0] ws [ 3] a-8
0 -3ws 3 X—y
Py Qs Q. 3 0 1 | -22wr-3ws 14 a-B
— =kn+ koq+ ks— + kr — 1 - B _
P pd ) "B 1 220.)H:3w 8 X=y
010 h-
S lol T
;o [o] 7ws | 7 | x-y
Th. :
89-91
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INDUCED CURRENT HARMONICS EXAMPLE

FI1VE-PHASE INTEGRAL SLOT MOTOR

n=5, P=2, Qr=22 and Qs=30
qgko |ks/P|ke/P Wp.h Pn/P | Subspace
a8 -8 a0-Bo = b 0 ws 1 a-p
PyP=2.7.12.. P/P=1,6,11 1 22Wr+ws 12 X—y
Wph 0 -1 -10 h+
= “é 2 -44wr-ws 23 X-y
) PP=05.10.. -2 44wr-ws -21 oa—B
J(P,/P)ac N
€ 1
Reference 0 ws 16 a-B
° Vertex 1| 1 | 220mws 27 X—y
-1 5 h+
Wp,h -
= —wh :
P,/P=38,13... P/P=4,9,14.. 2 I 0 I ws I 31 | a-B
0 -3ws 3 X—y
Py Qs Q. 3 0 1 | -22wr-3ws 14 a-B
— =kn+ koq+ ks— + kr — 1 - B _
P pd ) "B 1 220.)H:3w 8 X=y
010 h-
S lol T
;o [o] 7ws | 7 | x-y
Th. :
89-91
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INDUCED CURRENT HARMONICS EXAMPLE

FI1VE-PHASE INTEGRAL SLOT MOTOR

n=5, P=2, Qr=22 and Qs=30
qgko |ks/P|ke/P Wp.h Pn/P | Subspace
a8 -8 ao-Bo = bt 0 ws 1 a-p
pP=2712. P/P=16,11 1 220r+wWs 12 X—y
Wp,h 0 -1 -10 h-+
= “é 2 | -440rws | 23 X—y
) PP=05.10.. -2 44wr-ws -21 oa—B
J(P,/P)ac N
€ 1
Reference 0 ws 16 a-B
° Vertex 1| 1 | 220mws 27 X—y
-1 5 h+
Wp,h -
= —wp :
P,/P=38,13... P/P=4,9,14.. 2 I 0 I ws I 31 | a-B
0 -3ws 3 X—y
Py Qs Q. 3 0 1 | -22wr-3ws 14 a-B
— =kn+ koq+ ks— + kr — 1 - B _
P pd ) "B 1 220.)H:3w 8 X=y
010 h-
s lo T T
2 o [o] 70s | 7 | x-y
Th. :
89-91
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CURRENT HARMONICS DUE TO ECCENTRICITY

Stator Induced Current Harmonics:

ip b = ip por €OS (Wht — V'nac + ¢y — Gyur)

Wh = (err + kde)wr + kpqws

P r | kde
' Pt ke ke e

=
v PP TP TP

P

» ke static eccentricity harmonic order.
» Not new frequencies.
» Changes mapping subspaces.
» kge: dynamic eccentricity harmonic order.
» New frequencies appear.
» Changes mapping subspaces.

Applied Power
Ui APET Electronics Technology
89-91
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Crassic MCSA ECCENTRICITY DETECTION

ADAPTATION OF THE CLASSIC METHODS TO MULTIPHASE MOTORS

Wh = (err + kde)wr + kpqws

Ph Qs Qr
V’zﬁzkn+kpq+ks— k?

5 +

kge K
PP

Fundamental current sidebands:

» Symptom frequency: wy = |kgew,

» No pure static eccentricity detection.

Monitoring PSHs:

» Symptom frequency: wp = |k, Qrw, + ws.
» Valid in 3-phase motors if Q, = P(3k +1).

PSHs method in n-phase motors:

Th APET Applied Power
’ Llelemca Technology

94-96 Qr = P(nk + 1) ="~ Rescarch Group
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VSD MCSA ECCENTRICITY DETECTION METHOD

STATIC ECCENTRICITY SYMPTOM

Wh = (err 4F kde)wr G kpqws
P Qs Qr | kde | Kk
'— — —kn+k ks kk—+ —+ —
V=g =kntkatk g kgt 5+ 5
Static eccentricity symptom:
induced current due to the

Advantages:
fundamental component of the flux
d stati tricit - Independent from @, or P.
and static eccentricity. - Higher amplitude than PSHs.
- Frequency: w;, = ws - Independent from w, (slip).

- Pole pairs: 22 =1+ ke - Lower frequencies than PSHs.

Th APET Applied Power
’ Llelemca Technology
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VSD MCSA ECCENTRICITY DETECTION METHOD

DyNAMIC ECCENTRICITY SYMPTOM

Wh = (err + kde)wr + kpqws

P k| Kde
v :%—kn+kpq+kQ +kg+i+

'~

b
P TP T PP

Dynamic eccentricity symptom:
induced current due to the

fundamental component of the flux

and dynamic eccentricity. Pure dynamic eccentricity: no
specific advantages.

- Frequency: wp = kgew, + ws peci vantag

- Pole pairs: P" =1+ kds

Th APET Applied Power
’ Electronics Technology

96-99 ="~ Rescarch Group
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EXPERIMENTAL SETUP

5,2
M350,

- 0.75 kW
-n=25
-P=2
- Qs =30
-Q, =22

6 8
Stator slots

0 15 0 R R a— Applied P
Th . ; AP pp 1€ ower
Harmonic order |VT E Electronics Technology

100,101 =< Research Group
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HEALTHY CURRENT SPECTRUM OF I\/I35(’)222

A
0.06- 0.08

0.02f- 004

Of 0.02]

0.061 0.08

0.04f- 0.06

0.021 004104

Of 0,02,

Th.
102-107

Fundamental component: 50 Hz.
Three values of the slip.

Current a—f plane

#1
008 #0411 |
0.06- #8 1
5=0.4
00af=——t
. s=0.15
00:
H 5=0.03
200 -100 0 100 200 300 400 500 600 Hz
Current x-y plane
01— T
"z #5 #3 1

v -100 0 100 200 300 400 500

SVR speed (Hz)

Subspace
5s=0.4 | s=0.15 [ s=0.03
#| 50 50 50 | a—p
#2[ -150 | -150 | -150 | x—y
#3| 350 350 350 xX—=y
#4| 380 517.5| 583.5| x—y
#5 50 50 50 X—y
#6| -50 50 | -50 | x—y
#7| 80 925 99 [ x—y
#8| 100 [ -100 | -100 | a—p
#9( -100 -100 -100 xX—y
#10| 100 100 100 a—p
#11| 150 150 150 | o—p
#12| -200 -200 -200 x—y

APET

~=<__"—__ Rescarch Group
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HEALTHY CURRENT SPECTRUM OF M§6222

SVR speed (Hz) Subspace [[qk,| k; | k, |k, | ke
s=0.4 | s=0.15 | s=0.03
#1| 50 50 50 | a—p [f1 [o]o]o |0
#2| <150 | -150 | -150 3 {o [o|o [o|Mmverer
B N B X=y Harm.
#3| 350 | 350 | 350 [ x—y [[7 [o|o]o]o
#4| 380 | 5175 5835 x—y [[1 o [1 |0 [0 |Sloting
#5|  s0 50 50 | x—y [|1]o o [2]0]|Sstatc
#6| -50 -50 50 | x—y [|1]o |[o|4]o|Ecce
#7] 80 925 99 x—y [|1 |10 |0 |0 |2 |Dynamic
#8| 100 [ -100 [ -100 [ a—p [|2 [0 ]o[-6]0
#9[ -100 [ -100 | -100 [ x—y [[2 [0 |o |2 (o] .
Mixed
#10| 100 [ 100 | 100 | a—p [|2 |0 [0 [-2]0 | Origins
#11( 150 | 150 | 150 | a—p f|3 |0 [0 |[-4|0
#12| 200 | -200 | 200 [ x—y [|4 [0 |o |-2]0
— The identified frequencies and mapping APET pvicd rower
R subspaces coincide with the predicted ones. LA0 T fleconics Techmology
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STATIC ECCENTRICITY EXPERIMENT

COMPARISON OF THE PSHS AND THE VSD ECCENTRICITY DETECTION METHODS

. . Classic PSHs Method
Static eccentricity tests: Phase A current specirum
- Test 1: «, = 0.00 rad (black line) fLasee
o5
- Test 20 ay, = 0.02rad (green line)
- Test 3: a, = 0.04 rad (blue line) o 100 20 300 00 500 600
- Test 4: o, = 0.06 rad (red ”ne) Phase A current spectrum (x10 zoom)
#B#Q #10
—xzxu w
The imposed eccentricity levels are — m_
g > D %o
low — symptom amplitudes are pnaseAcmemspemum PSH (=-1) detail
low. ! u,:rn
.
X,
(O B TE A R TR )

Th. Applied Power
APET Electronics Technology
107-109
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STATIC ECCENTRICITY EXPERIMENT

COMPARISON OF THE PSHS AND THE VSD ECCENTRICITY DETECTION METHODS

VSD Method

Current a-p plane

. . . #1
Static eccentricity tests: ool wo o
- Test 1: a, = 0.00 rad (black line) 1 A e )

- Test 2: ay = 0.02 rad (green “ne) S0 -8 60 -4 20 0 20 40 60 8 100
. c —ypl

- Test 3: a, = 0.04 rad (blue line) urrent -y plane

- Test 4: a, = 0.06 rad (red line) 004 ” P ¥

Static eccentricity symptom: #6. Tmo e e e 0w @ w

Current x-y plane, detail of the static eccentricity symptoms

#9 #6
oot

Th. AP Applied Power
ET Electronics Technology
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STATIC ECCENTRICITY EXPERIMENT

COMPARISON OF THE PSHS AND THE VSD ECCENTRICITY DETECTION METHODS

Classig PSHs Method VSD Method

hase A current spectrum Current a—f plane

1 #1
#10
#1,#5,#6 ook #8 \ 1
05 f
002 B
A %

o 00 ) EQ w0 EQ w0 S0 60 60 40 -2 0 2 40 6 8 100
Phase A current spectrum (x10 zoom) Current x-y plane
01 A
#8,#9,#10 76
#a 004 #5 B
005 l — 42,411 #4 /#9 e #7
m oo} ‘ \ 7
o A A s,
o 100 200 300 W00 0 50 S0 80 80 40 20 0 20 40 60 8 100
<10° Phase A current spectrum, PSH (k=-1) detail Current x—y plane, detail of the static eccentricity symptoms
4 ooz}
(k=-1) #9 #6
2 oot
S50 455 460 4G5 470 475 480 485 400 405 800 00 %0 B w0 T 0 e w0 5

VSD Method Advantages:

Harmonics easier to detect:
- Higher amplitudes.
- Lower frequencies.
Th - Independent from the slip. APE Applied Power

Electronics Technology
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MIXED ECCENTRICITY EXPERIMENT

CONSTANT DYNAMIC ECCENTRICITY, INCREASE IN THE STATIC ONE.

Classic Sidebands Method VSD Method

Phase A current spectrum Current a-p plane

01
o
02 ,7,18,00
0.05] "3
015 " e
01 9
203 oo 0 -0 -s0 0 50 100 150 200
005 ]z Current x-y plane
01
o "
o 50 100 150 200 250 300 350 w00
n
0.05]
Phase A current spectrum, mixed eccentricity sidebands detail l wm " . w
ad k. { A
oo ts0 100 0 o 50 100 150 200
0015 - .
Current x-y plane, eccentricity symptoms detail
001
o "
oot
0005, o
100 105 110 15 120 125 130 135 140 145 150 ~140 -130 -120 ~110 ~100 -90 -80 =70 -60 -50

VSD Method Advantages:

- Independent symptoms for the dynamic and static eccentricity:
distinguish variations in each one.

Th. AP Applied Power
E Electronics Technology
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CONCLUSION OF THIS CHAPTER

114

VSD analysis is extended to cover current harmonics due to:

- Conductor distribution.

- Non-uniform airgap.

- Magnetic saturation.

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

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

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.

APET Applied Power
Electronics Technology

—=<__"—_ Research Group
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OUTLINE

4. Conclusions and Future Research

Th. AP Applied Power
ET Electronics Technology
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CONCLUSION

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

» 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.
» 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. AP Applied Power
ET Electronics Technology
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CONCLUSION

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

» 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.
» 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. AP Applied Power
ET Electronics Technology
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FUTURE RESEARCH

» Extension of the analysis to other type of motors:
» Asymmetrical multiphase induction motors.
» Permanent magnet motors.
» Doubly-fed generators.
» Extension of the proposed MCSA method to other common motor
faults, such as: broken rotor bars, bearing faults, gearbox failures, ...

» Application to sensorless speed measurement.
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