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Introduction

Reluctance synchronous machines
General issue and motivation

= RSMs produce high torque ripple
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Introduction

Classic torque calculation

Classic torque equation in
dg-reference frame:
2n .dg\ T d
= M = BTg(zsq) szsq
= No iron losses included

= No ~-component (or 0-component)
included

= Nonlinearities are mostly neglected

= dg-torque corresponds to mean
torque
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Introduction

Classic torque calculation

80 . . . : :
Classic torque equation in FEA torque
dq-reference frame: dg-torque
75
2n .dg\ T d,
= g = 5 (i) T H q H H \1
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Introduction

Classic torque calculation

80 . . . . .
Classic torque equation in FEA torque
dq-reference frame: dg-torque
75
_ 2n .dg\ T dq H
= my = 5 (i87) T A H n H H
= No iron losses included = H
g 7T0F B
= No ~-component (or 0-component) 2 ﬁ
included &
o
= Nonlinearities are mostly neglected S 65} 7
= dg-torque corresponds to mean
torque 60 . . . . .
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El angle ¢, / °
= Nonlinear model required, which covers real torque and also losses and v-component
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Machine Modeling

Extended transformer-like electrical model
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Machine Modeling

Extended transformer-like electrical model

Equivalent circuit of a RSM:

= Synchronous operation

= Iron losses in separate
stator and rotor circuit

= Circuits are coupled
inductively

= Resistances and fluxes
depend on several inputs
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Machine Modeling

Extended transformer-like electrical model

Electric equations
ung - quvidqv +w J‘/’dm + %¢dq7

_ pday dQ"/ dgy dgry
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_ pday dq'v dgqy
0; = R, JFelr Fe + dtt’b dar R
5 —
| I
o RUG R il

dqy dqry
dqy pr’L'bstel iw Jibs
Ug
d day dq~y
i Vs Fe L
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Machine Modeling

Extended transformer-like electrical model

Electric equations

ung — quvidqv +w J‘/’dm + %¢dq7
d -d d d

04 =RS‘1F7e Q‘IF’L+w JPps? + dt¢ o

_ pday dq'v dgqy
03 - RrFe r,Fe + dt,l?b

General maps:
= Stator flux linkage
,(pdqv _ ,lpdqv(ldqv é )
S s S P? P
= Stator winding resistances
quv _ qu’Y( -dqy W 9, ¢p)
= Stator iron rgsistinces
d
Rs,qF’L = quF'L(qu'Y wpv'l?s,Fm(z)p)

= Rotor iron resistances
dqy dqy (:dqy
Rr,Fe = Rr Fe(zs 7wp7 ﬁr,Fe? ¢p)

Assumption: flux leakage is neglected
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Machine Modeling

Extended mechanical model

Derivation of the extended mechanical model:

Conservation of power:
Del = Pm + Ds,cu + Ps,Fe + DPr Fe +prnag

~
=:Ploss
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Machine Modeling

Extended mechanical model

Derivation of the extended mechanical model:

Conservation of power:
Del = Pm + Ds,cu + Ps,Fe + DPr Fe +prnag
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Machine Modeling

Extended mechanical model

Derivation of the extended mechanical model:

Conservation of power:
Del = Pm + Ds,cu + Ps,Fe + DPr Fe +pmag
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Machine Modeling

Extended mechanical model

. Wi
Torque depends on magnetic energy (iop)
P Wmag
d .dqry (49T . day
¢ Wonag@27) = 2 | 0 @) a3
05 g
~
=
WCO
il A
H M 0y ISIE 2023: Three-Phase ynch ine Modeling With Torque
Johannes RoBmann, Niklas Monzen, Maarten Kamper and Christoph Hack!

6/15



Machine Modeling

Extended mechanical model

. w(iop)
Torque depends on magnetic energy
P Wmag
d .dqry (49T . day
W)= 2 @0 .
O3 >
=%
More practicable: magnetic co-energy Weo
idqw
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Machine Modeling

Extended mechanical model

. w(iop)
Torque depends on magnetic energy
P Wmag
. ~day\T L vday
¢ Wonag@27) = 2 | 0 @) a3
05 ;
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More practicable: magnetic co-energy Weo
dq“r
o Weo (3877) = Sd)d‘” d‘”) &l
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Machine Modeling

Complete model

il iy
s »-{ [ £'0

g model Look-up tables /| Nonlinear torque model /| mechanical model |
eq. (1) e (10) S ‘\._ /
H M 9 ISIE 2023: i Three-Phase F y ine Modeling With Torque
Johannes RoBmann, Niklas Monzen, Maarten Kamper and Christoph Hackl 715



Outline |

Validation



Validation

Investigated motor

Parameter Symbol Value g

Slots Qs 36

Pole pairs ny, 2

Flux barriers Ny 4

Least common multiple (Icm) 36
Rated mechanical power Pm,R 30 kW "
Rated mechanical speed Nm.R 3600 rpm ]
Rated mechanical torque My R 80 Nm
Maximum current - 50 A

Stator winding resistance RIT 0.1215Q

Nonlinear flux linkages il Maps

Nonlinear stator iron losses Ds,Fer Fs Fe Maps ~

Nonlinear rotor iron losses Py Fes By Fe Maps =

Nonlinear co-energy Weo Maps

HM 9 ISIE 2023: Three-Phase F y ine Modeling With Torque
Johannes RoBmann, Niklas Monzen, Maarten Kamper and Christoph Hackl 8/15



Validation

Map generation

Map generation with FEA:

= Simulation with COMSOL Multiphysics
= Loss maps are not angle dependent
= Impact of eddy currents on magn. energy neglected
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Validation

Map generation

Map generation with FEA:

= Simulation with COMSOL Multiphysics
= Loss maps are not angle dependent
= Impact of eddy currents on magn. energy neglected

Maps: with:
= T =l (il i il ) = ¢, €{re Ny | 0%el. <z < 360° el.}
" Pare = Parelin; 8,0, wp) = iiefreRy |0pu <z <lpu}
B = Perelid, i p) +ite{o Ry [0pa <2 <1pul
s i €e{reR|-0.6pu <z<0.6pu}

d .q -
= WCO = WCO(ZS7Z‘SZ77’;Y7¢P)

= %7 mesh: 13x11x9
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Validation

Flux linkage maps
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Validation

Iron loss maps

Stator loss maps:

Rotor loss maps:
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Validation

Co-energy map

Co-energy map:

= Co-energy can be obtained directly by FEA
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Validation

Co-energy map

Co-energy map:

= Co-energy can be obtained directly by FEA
= Analytic calculation is also possible

WCDS( dCI’Y = S 7r/)s 37 Z’Y 2)ng
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Validation
Co-energy map
Co-energy map:

= Co-energy can be obtained directly by FEA

= Analytic calculation is also possible
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Validation

Simulation scenario
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Validation

Simulation scenario
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Validation

Torque comparison and conclusion
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Validation

Torque comparison and conclusion

= Analytic torque comprises three
parts:

o Mean torque
o Loss torque
o Co-energy torque

= Analytic torque equals FEA
torque

= Maximum error < 0.01 p.u.
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Conclusion

Summary and Outlook

To take home:
V" Unified electromagnetic and torque model

v’ Saturation and cross-coupling included
V" New model covers iron losses and ~-component

v Torque ripple represented correctly
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Conclusion

Summary and Outlook

To take home:
V" Unified electromagnetic and torque model

v’ Saturation and cross-coupling included
V" New model covers iron losses and ~-component

v Torque ripple represented correctly

Next steps:
4% Consideration of eddy currents on magnetic energy
#% Consideration of leakage flux linkages

/" Measurement of angle dependent flux maps on testbench
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