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l. Introduction

Introduction & Context

Hybrid and Full electric automotive applications

i

Electrical machines requirements

¥

High efficiency

Low cost

High torque density
Easy manufacturing

|

Fault tolerance
capability or low
voltage (48V)

J

L

|

Stator with
rotor with tooth
PM concentrated
winding

Number of
phases >3
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l. Introduction

Introduction & Context

Advantages of 5-phase machines
(PM + Tooth concentrated windings)

» Acceptable current/phase for low voltage high

power (48V/15kW):
v No transistor in parallel

v" Smaller cables leading to an easy

connection ,
)
»Additional degrees of freedom for vector control MHyGALE Project, L2EP Laboratory,
Lille, France
v’ Improving constant power functionality
v’ High torque quality with non-sinusoidal
currents
ARTS‘/ Increase fault-tolerance capabilities ANl oD

EI-M?-IE}RS F. Scuiller, H. Zahr, and E. Semail, "Maximum Reachable Torque, Power and Speed for Five-Phase SPM Machine With
saled Low Armature Reaction," IEEE Transactions on Energy Conversion, vol. 31, pp. 959-969, 2016.
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Il. Multiphase Vs Three-phase

Multiphase Decomposition Theory

GENERALIZED VECTORIAL FORMALISM THEORY

In the new base, the voltage and electromagnetic torque are expressed as:
n —d =d
n n ek Ik

_ . - di,’ Nl
V= VS:Z(Rslkd+Akd—';+ef] Cy —;Ck—z O

—
-

k=1 k=l k=1

Real n-phase machine Fictitious Machines (diphase + homopolar) TORQUE

TORQUE

-
Cy

d d ... d
Cl Cz Cn
Shape of the back-EMF — Fictitious machines
(sinusoidal/trapezoidal or others)
Leads to V. P
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Il. Multiphase Vs Three-phase

Multiphase Decomposition Theory

3-phase PMISM Fictitious Machines (1 diphase + 1 homopolar)
Real 3-phase machine MM HM
TORQUE

Transformatlon
(Concordia,

h=1,5 7 11,.. h=3,6,09,..
Clarke, etc. 1 9r Ly L r B2
) h#3k h=3k
h : odd harmonic rank
(even harmonics are ignored) Notes
- Wye connection: current of homopolar
Main machine (MM) : diphase (A\;_A,) machine i,=0 C,=0

Homo. Machine: monophase (/)
- All harmonics, different from 3*k, are

regrouped in the main machine and INTERACT

N\; Eigenvalues )
between them (currents (time) and back-EMFs

of inductance matrix

)
Agiﬁ - (space)) wl_eep
ParisTech nique de puissance de Lill




Il. Multiphase Vs Three-phase

Multiphase Decomposition Theory

5-phase PMSM Fictitious Machines (2 diphase + 1 homopolar)

Real 5-phase machine
TORQUE

-
9

h=1,09 11,... h=3, 7 .. h=5, 15, ..
h=5k + 1 h=5k + 2 h=5k
h : harmonic rank of the back-EMF
. . Notes
+ : direct rotating vector - Wye connection: current of homopolar machine
- :inverse rotating vector 1=0 €,=0
Main machine (MM) : diphase (A;_A\,) - Separation of some harmonics into two decoupled
Second. Machine (SM): diphase (A,_A,)  frames EE) Interesting point

Homo. Machine: monophase (A\,)

N PP

ARTS ,
ErﬂTETLERS E. Semail, A. Bouscayrol, and J. P. Hautier, “Vectorial formalism for analysis and design of polyphase
T synchronous machines,” European Physical Journal-Applied Physics, vol. 22, pp. 207-220, Jun. 2003.




Il. Multiphase Vs Three-phase

Multiphase Decomposition Theory

MM : 1st harmonic Torgue can be created by injecting the 1st and
5'phase PMSM SM : 3th harmonic the 3th harmonic of currents

Fictitious Machines (2 diphase + 1 homopolar)

Real 5-phase machine
TORQUE

g

C

h =©9, 11,... h=3)7, .. h =5, 15, ..
1 h=5k
p pairs of poles 3p pairs of poles
Classical solutions: « Bi-harmonic » machine

» Secondary machine torque contribution is -
between 10% and 25% New Enhance SM, so MM and
SM have the same torque

: solution e
» Weak secondary machine—> Low Torque contribution
\ ,
ARTS ., . l e&p
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[11. Multiphase - Possibility at High Speed

(Power Constant Region)

1. Pole Changing
2. Different Stator Winding Connections

L&&P
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lll. Multiphase at High Speed

1. Pole Changing

Multiphase

ﬂ, ﬂ / machine

Mechanical commutations
of windings (Dahlander)

__120f Change number of pole
= (rpm) : :
p pairs electronically

@ @ ﬂ

[1] for induction motors,
[2] for 5-phase PMSM

1 W

Torque Torque

P4<P3<P,<P;

p=3

Speed Speed Speed
Electronic pole changing with multiphase machines to extend the speed range
[1] G. Dajaku, F. Bachheibl, A. Patzak, and D. Gerling, “Intelligent stator cage winding for automotive traction electric machines,”
EVS28 International Electric Vehicle Symposium and Exhibition, Korea, 5/2015.

[2] J. Gong, H. Zahr, E. Semail, M. Trabelsi, B. Aslan, and F. Scuiller, "Design Considerations of Five-Phase Machine with Double
p/3p Polarity," IEEE Transactions on Energy Conversion, pp. 1-1, 2018.




lll. Multiphase at High Speed

1. Pole Changing
ISCAD : Intelligent Stator Cage Drive

Stator cage winding
» Intelligent Stator > Each slot is one phase

Stator core

\ 3 f
),
/
:
r il
N

» Modification (by controlling 60 legs) of

Slot/pole according to operating points for
maximizing the efficiency

» High fault-tolerant capability

» Double-polarity possibility to increase the

The m-phase stator winding supplied with multiphase inverter performance

Bipolar power electronic
switching device

P1<p2<ps<ps

T [Nm]

AL TN K!

60 stator slots/ 73 rotor slots _ p1 =
(Induction machine) s speed [rpm] Nmax

[1] G. Dajaku, F. Bachheibl, A. Patzak, and D. Gerling, “Intelligent stator cage winding for automotive traction electric machines,”
EVS28 International Electric Vehicle Symposium and Exhibition, Korea, 5/2015.




lll. Multiphase at High Speed

4\
\

1. Pole Changing

Structure with interior magnets

> Redistribution of flux between 15t & 3" harmonic

» Introducing holes between poles
15

N
o

—_ F 3 { { 04 orque sensor = =harmonic

15\\ Il\\ —r ]l . =E/|iasured Load 3-® PMSM Torq $6 6k harmndc Pt
AP B R = —
WA AN WAR AW Q=500 [rpm]
eV UV VIE, iy
-10

\/ \/
B VE3IEL=1.22V L HNzQ
200 Elecéical angle (rd) 10 ° ° 1Hoarmonilc5 2 #

Equivalent potentiality between the 1st and the 3rd harmonic to
produce torque—> two degrees of freedom for control of the torque.

Field map for 3 —toa/mm .40 sIots/. 16 pole-s
bi-harmonic machine
fuastan (% slot per pole per phase) [3][4]

1,91

va|  [3] H. Zahr, J. Gong, E. Semail and F. Scuiller, “Comparison of Optimized Control Strategies of a

vz|  High-Speed Traction Machine with Five Phases and Bi-harmonic Electromotive Force,” Energies

1.17

e 2016, Vol. 9, No. 12, pp. 1-19.
o5l [4] B. Aslan and E. Semail, "New 5-phase concentrated winding machine with bi-harmonic rotor
»| for automotive application," 2014 International Conference on Electrical Machines (ICEM),

Berlin, 2014, pp. 2114-2119




lll. Multiphase at High Speed

1. Pole Changing
MT PA strategy and Constraint on Voltage at High Speed

Torque vs Speed Power vs Speed

Power Iso-curve

s .
30+
7_
_»rSecondary machine o
e (p=3) —~
Z e =
~ < X
@ "5 - E ~ il ~—
=S |Main Machine ~ =
(@)
= . a
0,
-50 500 10'00 15‘0 5 20‘0 5 25‘0 5 3000 35'00 40‘0 5 45‘0 5 '10 5(50 10|00 1560 2050 25|00 3060 3550 40|00 4560
Speed (tr/min) Speed (tr/min)
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lll. Multiphase at High Speed

1. Pole Changing
Maximum Torque Per Primary Machine (MTPPM)
Torque Vs Speed ~ Power Vs Speed

3% ........... PR :.....: ..... s e : .....

ol _.Seco.nz..l\/lachine ______ N _____ B

i

;o™ Main Machine
e (pRD)

Torque (N.m.)
Power (kW.)

Speed (tr/min) Speed (tr/min)
Second. Machine is operating as
a generator for keeping the Functioning at high speed is very different with
voltage under limit three-phase drives since there are more degrees
ARTS of freedom
Faristecn N\ )




lll. Multiphase at High Speed

2. Different Stator Winding Connections

N-phase machine  mmmm) (N+1)/2 configurations

Number of Possibilities of stator
phases configuration

3 2 : Wye and Delta

N (N+1)/2

D. Dujic, M. Jones, and E. Levi, "Analysis of Output Current-Ripple RMS in Multiphase Drives Using Polygon Approach,” IEEE Trans. on
Power Electronics, vol. 25, no. 7, pp. 1838-1849, 2010.

ARTS N, | =
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lll. Multiphase at High Speed

2. Different Stator Winding Connections

Suﬁ} 4@4 %E} Siuﬂ » star
Vi

V4 ————¢
o mmmm e 10— 0
0 VCL Oo— 1
L *
= VD VE * —

=4 =[x s —H&x pentagon
S1 Ys3 Mss S7 ¥ So +—to—o-¢

Magnetic Contactors e oo ¢
= Time delay
=  Bulky "o
= “Hard” switching and not suitable at oo

high speed "o

=~
[»]

T

£

|

S. Sadeghi, L. Guo, H. A. Toliyat and L. Parsa, “Wide Operational Speed Range of Five-Phase Permanent Magnet Machines by Using
Different Stator Winding Configurations”, IEEE Trans. Industrial Electronics, Vol. 59, No. 6, 2012.
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lll. Multiphase at High Speed

2. Different Stator Winding Connections

Objective

l

Electrical Gear Box (EGB)

(b)

IVal=Vm IVal=1,2*Vm IvVal=1,9*Vm

How we can change
, these stator
al gear box . .
configurations by
power electronics
control ?

M \ !
"
|

o
©

o
o

Torque (p.u)

o
o)
>
—t
Q
o
@
1
I
,J

0.2

5-phase open-end
winding structure
06 0.1 0.-2 0.3 0.4 0.5 0.6 0.-7 O.-8 O.-9 1 T‘Le&p
u

nique de pi de Lill

Lille SiEEd ‘i |




lll. Multiphase at High Speed

2. Different Stator Winding Connections

Inverter 1 Inverter 2
lier| H ‘f} “|<%§ 4{% ‘|<%§ -1% —IH% —1% . —Kl} Lies Vaa’
14 a P I P " -~ eitie o
dcl t_ bL Iy on Lb’ = Vdc2
2 - C T — l-" Ly IC’ 2
n,—e d} I id i d . o1, Vanl Va'n2
Vdcl +__ ! /—__i Vch P
2 T 4[3‘4%4%4 4%4%4{2}4 TS Y
nin2
Vabede = Vabcde—invi ~ Vabcde—inv2 T Vabcde—nln2 n Hypothesis : Sinusoidal and balanced
wher phase voltages:
i T
Vabege = -Vaa' Voo Ve Vg Vee'] _
B T
Vabcde—lNVl — _Van1 Vbn1 Vcnl Vdnl Ven1:| —
- T where 4 -1 -1 -1 -1
Vabcde—INV2 = _Va'n2 Vb'n2 Vc'n2 Vd'n2 Ve'nz:| 1 -1 4 -1 -1 -1
_ - Azg—l -1 4 -1 -1.
Vabcde—nln2 = _ann2 Vnln2 Vnln2 ann2 Vn1n2:| -1 -1 -1 4 -1 :P
L‘lq W ParislTech S —1 -1 -1 -1 4] goques
e



lll. Multiphase at High Speed

2. Different Stator Winding Connections

I Inverter 1 1 | Inverter 2
I %G%%+% H%%%%4
a ] I 9
Ve 75 |
| ¢ lIJ"“ .
1’11—0 d l.dtvm d
l s
@ +_ i C —=—> j—"‘“ 2
I2-4%¢%% H%%%%%
I 1|

For phase a: Q'

aa’— pentagon

Va 'n2
Va 'n?2 AN TV =V el
e P PP e e o
----------------------------------------------------------------------------- > a
ARTS Y 2L 2P
Fartstoct aa’—bipolar U somonsyommmns



lll. Multiphase at High Speed

2. Different Stator Winding Connections

N — 0, frame of voltage Wye-Connection
\ Pentagon Connection:
\ 2
Vi1 :V*lg Vivve =V* OH_??T
0 > )
Pentacle Connection:
/
-0.5 7 ) ~ A
Viw: =V |a Vinve = V™ OH_?
-1
Bipolaire Connection :
-1.
-?_.5 -1 -0.5 0 0.5 1 15 VlNV_l :V*Ig \/|Nv-2 =V*la+7
Agﬁaéﬂsks ’\’JLEEP

PaI‘iSTeCh (‘V <L:I tI) eeeeeeeeeeeeeeeeeeeeeeeee



lll. Multiphase at High Speed

2. Different Stator Winding Connections

i y S 0.15
Star | Pentagon! Pentacle | Bipolar |
1 | | |
0.8 ' i . -
5 | Speed ; > 01 torque i
g 06; i I g
g 04 : ] = '
g i | - reference IS 0.05 M% ‘ W""\'l]”'"‘"‘"'l"h l..I,il‘.mIWL
0.2 i ] response -
o~
o dmede Experimentation Time ()
Voltage 1
Y current
Magnitude AT
0.8 . \ v 05
= max-bipolar 1
% 06 \N[”|\|\|”|\!\”'\|“\l\!‘!‘l"‘”’"“\l‘l‘]‘!ml\"‘mu o ""llr'!'\lljll,:‘
= 0.4 Vmax—nnrtar!p I
MM Vmax- 051
O'ZJ Vmax-<tar pentagon
0 LV v 1 F

o 1 2 3 4 5 6 7 8 .

i
1 Time (s)

L ! 1 1 !
o
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IV. Conclusion

Conclusion 24

v" Properties of multiphase machines have been presented

v" Different possibilities of multiphase drives for functioning at high speed
v" Validation

Multiphase Drive Experimental Platform of L2EP Lab., Lille, France.
Two 7-phase generators, Two 5-phase PMSM drives, Two 6-phase PMSM drives;

Power Supplies and Electronic Loads: 5 to 15 kW 12V, 48V to 500 V;
Rapid prototyping control: Dspace 1005, 1006, MicroLabox, Opal-RT




Thank you for your attention
Eric.SEMAIL@ensam.eu

Ngacky.NGUYEN@ensam.eu

UL CEP

‘ kv Laboratoire d'électrotechnique et

d'électronique de puissance de Lille

_ ARTS
‘ ET MEI'IERS
Parislech
Lille


mailto:Ngacky.NGUYEN@ensam.eu
mailto:Ngacky.NGUYEN@ensam.eu

I1. Bi-harmonic machine Design: Stator

Tooth-Coil concentrated winding are used . /\

Advantages T‘; h 7 g '
»Shorter end-windings »>more useful /.~ N/
copper = more efficient machine. ) L

»Higher filling factor: 20% more _ _ N
>Simpler winding structure (easy ~ >°!Ution forhigh frequencies:

. . Combinations family with Spp= 0,5
manufacturing, maintenance, and slot per pole and per phase.:Low

recycling). MMF harmonic content, Less
undesied effects(noise, PM losses).

Winding topology: (slot/pole combinaison):

Bad choice of slot/pole combinaison>MMF 3-Phase
with a lot of MMF harmful harmonics and sub- 12 slots / 8
harmonics and mechanical vibration—>Rotor poles 2010
eddy current losses can be induced espicially at TOYOTA
high frequencies—> Demagnitization of magnets is Prius

possible. Generator

26



[1. Bi-harmonic machine Design: Stator

5-Phase combination: 40 slots / 16 poles (¥z slot per pole per phase)

»Low level of parasitic effects (with
15t harmonic)

st g
related to the 1" current related to the 3" current
Tarmeonic Ttarmonic

Normalised '
MMF / - /
L 4 — Rotor design to

0.5r

Jondamental

0

0 5\ /N0 15 20 25 30

ALTOTICS

> Weak 15t harmonic windingfactor (&, ), =0.58
Possible Weak points:

> High 3" harmonic Winding factor w 3= 0.95 ->small winding factor of first

harmonic.
one subharmonic (8) when
supplied with 3 harmonic.

27



[1. Bi-harmonic machine Design: Rotor

Structure with interior magnets is used.

Advantages
»flux concentration which boosts torque and
Improve torque density.

»Large flux weakening area due to the
possibility to obtain higher value of L

»Reluctant torque in addition to torque from
Permanent Magnet, which

improve machine
compactness.

4 trv 1 1 ¢t ¢ 1 I 1 1 1

Extra protection of magnets F (N Y | S S S
from the MMF harmonics 1 W 1 NS S S 3 O U S
-> Low magnet losses S L VRN V2 VOO B S s
expected in this machine. = s
O R Y A A N “1 R O O S

10} . 8 : N EEEREE

Electrical Angle (rd) 0

7 9 11131517 19
Armaornic
Low potentiality of the third harmonic to produce torque

- TO MODIFY THE ROTOR TO OVERCOME THIS
28



EXPERIMENTAL RESU LTS

s1eg mertr

g Inverter

5-phase PI\/ISM 1

/é//

. ‘i
of -

—

o o
&y ART - LB&F’
E{ﬂ%"ﬁ% Fig. 1. Laboratory experimental test-bench F‘\: Laboratie d dectotechnigue t




Experimental
results

~ dSPACE and 2 DC sources

5-phase machine parameters

Phase resistance:

Inductance :
Inductance
Inductance
Inductance

R=2.24 Q)
L,4=3.2 mH
L,=3.2 mH
L54=0.9 mH
L;,=0.9 mH

Open-end five-phase machine Five-bridge inverter (one side)

b3

=

(S
) :\ Onduleur n*1: 6 bras & IGBT s 50 ca 124

RN FSF&F ‘
ul [ u n i
M'\\\‘! ~=° &= X ¢

.. on : 15 W
-t »

Laboratory experimental platform setup

k . =E/Q=032(Vsrad™)

Maximum torque T, .= 20 N.m
Maximum speed () __ = 2500rpm
Bus voltage V, =70 V

Maximum phase current | =15 A



V.B.3. Caractéristiques couple /wtesse dans 1es o v q e e e e e e e ———
espfces fictifs 14 e Lo ) o . S |
: 1 . . . :
E —— Machine 121873 5 . - Machine primaire |
< 4[[——Machine20i55| | ) S W L. - ~Machine secondaire |-
£ ' :' | : Tension -
83l i A :
3 Colcnainaelaianesy .| o\ ' | constante J Effet de commutation
e densité de courant sur 10 B . A
S 2 : ! des poles
2 toute la plage de vitesse. E
§ l ; ‘ Z g I TN
3
% o5 1 15 S 6 b NN
Vitesse (tr/min) %10 8
0.9, 4 L. .. I .....................................................................
085 : t :
0.8 2 —— — .
Machine a p lsa,l[gs des pbles §
0.75F -\ ) . i i .
0 i i i i 1 i
o7 1 1.5 2 2.5 3
0.65 itesse de rotation (tr/min) N 104
0.6
055/ - Contrairement au défluxage classique des machines triphasées,
0% o5 1 15 2 25 3 on agit sur la répartition de courant entre les machines fictives.
Vitesse (tr/min) % 10"
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Il. Multiphase Vs Three-phase

Multiphase Decomposition Theory

MM : 1st harmonic Torque can be created by injecting the 1st and
5-phase PMSM SM : 3th harmonic the 3th harmonic of currents

Real 5-phase machine Fictitious Machines (2 diphase + 1 homopolar)

TORQUE
-
Cy

Voltages V,, 4o

h=1)9 11... h =@ 7 h=5 15, ..
h=5k + 1 h=5k + 2 h=5k
40 : : : :

40
Voltages in

. decoupled base

-40 - - - L _40 r r r r
002 . 004 006 008 01 0 002 004 006 008 01 LN | O[O
TS - -
A Er METIERS &‘J L.Ia'tI)oratoi_re d'électrg(echniqueﬁt
LI"e ParlsTeCh d'électronique de puissance de Lille



lll. Multiphase at High Speed

2. Different Stator Winding Connections

I Inverter 1 | | Inverter 2 |
I i ﬂ% 45% {H& 4% 4% | ! {% 46} 4% 4{%4 b :
.[ I ,
IVdCl _t_ a b Z‘ZIJ::. & b’ —_; Vch I
12 - c e L ¢’ T2
n,—e d Ly e | ¢mn, | . .

I L L For all configurations,
Vdcl " © o I f _i Vdc2 I st .
I T4 4% %dj‘ 4{%&% I Nj& {2} 4% ﬁj&ﬁ} T 21 the 1% Inverter is
I 1 1 | controlled as :

For the 2"? Inverter:

WYE  Vapcge-invz =

PENTAGON V abede—INV 2

PENTACLE Vabcde—INv 2
ARTS .,

T
BIPOLAR  Vapcde-inv 2 :_|:Van1 Vbnl Vcnl Vdn1 Venl]

aboratoire d'électrotechnique et
'électronique de puissance de Lille
ilie




