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Introduction:
Gearless PMSM Wind Generators

Wind Generator

* Modular manufacturing

« Verify rotor loss models

[Siemens Gamesal]

q=2/5;2p=40;0=48

» Outer rotor design: Solid rotor yoke ny = 60 min“! / 120 min-'; My, = 2800 Nm
« Tooth coil winding (g = 2/5) Inner water jacket ; form-wound coils
* Redundancy operation Stator field harmonics — Rotor eddy currents

(sectorial stator feeding)
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. TECHNISCHE
Demonstrator: TECHNISCHE
FEM Model and Results DRSS

2D JMAG Model (dimensions in mm) Simulation Results for Nominal Operation
Speed ny, stator frequency f, 60 min-!, 20 Hz
Torque My 2828 Nm
Mechanical power P, ., 17.77 kW
Total losses P, 2895 W (100 %)
Copper losses P, xc 2487 W (86 %)

Stator iron losses P,

222.7 W (8 %)

Eddy current losses: Magnets P, ,,

40.1 W (1 %)

Eddy current losses: Rotor yoke P,

1453 W (5 %)

Stator current / 35.01 A

@ 400 Stator voltage Uy 1904V
Efficiency 83.7 %

| U \r +U <+ 43.0x8.5 cos(¢,) 0.74 (ind.)

axial stack length 90 mm
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Thermal Modelling:
Motivation and Hybrid Model

TECHNISCHE
UNIVERSITAT
DARMSTADT

« Stator winding temperature? Average and hot spot!

Loss Data from
Electromag. FEM

* Deep slots and round wire winding
* Inhomogeneous temp. distribution over winding
* Complex but well known geometry

- Model: 2D FEM (FEMM)

* Rotor magnet temperature?

convection

* Rotor losses and convective heat from stator
+ Dominated by convection heat transfer

* Options:

2D FEM Stator
Model

Corrective Heat
Network

A) Fast analytical HTC calculation and simple thermal network

B) Precise-HTC-caloulation from CFD-and W30 rrodel

One consistent
temperature field
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Thermal Modelling:
Motivation and Hybrid Model

Loss Data from

« Stator winding temperature? Average and ho'
J P J Electromag. FEM

* Deep slots and round wire winding

* Inhomogeneous temp. distribution over winding
* Complex but well known geometry
2D FEM Stator
* Model: 2D FEM (FEMM) c
o Model
9 3
Cu,avg >
* Rotor magnet temperature? ’ c :
otor magnet temperature 3 Corrective Heat
* Rotor losses and convective heat from stator Network
+ Dominated by convection heat transfer
* Options:
A) Fast analytical HTC calculation and simple theri twork :
B) Precise HTC calculation from CED and network/2 One consistent
temperature field
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Thermal Modelling: TECHNISCHE
Stator — Cross Sectional 2D FEM DARMSTADT

« (D Inner water jacket: Dominant transversal heat flow

« (2) Prefabricated orthocyclic Winding: Precise Modelling

« (3) Cross sectional FE-Model (FEMM)

+ Precision
+ Modelling effort
- all axial effects are neglected

stator support core copper air

cooling channel slot liner

impregnation
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i . TECHNISCHE

Thermal Modelling: | TECHNISCHE
Stator — Cross Sectional 2D FEM: Coupling DARMSTADT
» Heat from winding overhang to inner air

Adjustment of heat generation in copper: =gl
» Heat from stator tooth tips to air gap

Adjustment of heat generation in tooth tip: =—— ——

stator support core copper air tooth tip

oy 9SS
----- t~"'...-v\ lv\
. —~ e T \O% o N o

impregnation

cooling channel slot liner
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i . TECHNISCHE
Thermal Modelling: TECHNISCHE
Corrective Thermal Network DARMSTADT
P,
* Longitudinal section
Rru2 RraB RraS
« Thermal conduction RI - e
R R2 Ro, R3
_-_ Rru1|:l:| ng |:':|
Rru4
. Convection (Analytical HTC) -2 B
Rsa4
— Ray | S1 . S31 L3 R4 Ru
—[:"”: I A APpep { I | H
Rsul Rsa3 RsaS Rru6 j_

» Coupled to stator via:

« | Stator tooth tips

- [ Endwinding |

u Rsu2

OjEe

R ro8
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Thermal Modelling:

Assessment of Axial Effects

TECHNISCHE
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Repositioning of Wire from Turn to Turn Excess Temperature in End Winding
« Additional heat flow path along the wire « End winding outside of cooled core
* Analytical assessment: * Assuming thermal insulation
Negligible additional heat resistance « Analytical 1D bar model: 1 K excess temp. rise
end winding stator iron core
|4 A Y~ A ~N
@, =0
< -—>
@, =0
) I/2 o /2 ]
;
R =
thq o0 — end winding
- - - stator iron core
90.5
= Y
3 AI=1K
90.0 el
89'5730 -20 -10 6 10 20 30 40 50
x/mm
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Thermal Simulation of Nominal Operation: TECHNISCHE
Coupling of Stator and Rotor — Results (I) DARMSTADT
* Deep slots — inhomogeneous temp. distribution
» Utilization of insulation class 180 (H)
Amb. Avg. temp. HTC Avg. copper Max. Min. Avg. stator | Tooth tip | Avg. stator
temp. rise cooling temp. rise copper copper core temp. | temp. rise support
coolant channel temp. rise | temp. rise rise temp. rise
40°C 7K 2282 100 K 123 K 49 K 64 K 96 K 14 K
W/(m?2-K)

—_—
_
——

simulated temp. rise in K
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Thermal Simulation of Nominal Operation: )\ [ECHNISCHE
Coupling of Stator and Rotor — Results (ll) DARMSTADT
186 W
P_Rot
(6 %) — Rotor I Ambient Air | ¢ W
(16 %)
I Inner Air
2487 W § P_Cu
(86 %)
Stator Iron
Stator Housing Water §2441 W
(84 %)
223 W J P_Fe
(8%) "
percentage of total losses
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Thermal Simulation of Nominal Operation: )\ [ECHNISCHE
Coupling of Stator and Rotor — Results (ll) DARMSTADT
186 W 40 K 0K
(6 %) — Rotor I Ambient Air 454 W
56 K (16 %)
I Inner Air
2487 W j§ P_Cu
(86 %) 100 K
Stator Iron
64 K Stator Housing Water §2441 W
14 K 7K f (84 %)
223 W J P_Fe
8%) "
percentage of total losses ; average temperature rise
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Conclusion

 FEM loss results
» Thermal modelling and results

» Discussion of axial side effects

* Deep slots (111 mm) combined with water
jacket cooling:

 Copper: 49K ... 123 K temp. rise
* Magnets: 40 K temp. rise

« Significant heat flow from stator to rotor

« Outlook: Experimental temp.
measurements on test bench
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Scaled Prototype of a Redundantly Fed, Gearless PMSM Wind LENﬁ\H/ENRIgﬁ/I-\lE
Generator with Tooth Coil Winding and Solid Rotor Yoke DARMSTADT

Thank you for your attention!

ZITTite
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. TECHNISCHE
Demonstrator: TECHNISCHE
FEM Model and Meshing (l) DARMSTADT

2D JMAG Model (dimensions in mm) Analytical rotor yoke eddy current calculation

A =823 Ay/em ; Ko = 6.29 MS/m ; g1, o = 250

=Y0] > 1
& £ 0.75
9 = 05
= £ 02 |
& ok lelelolfelololeloe
10
5%
g N
S0 e T
10.5 SRO- DDA HO NN FOOI=0RD
@ 400 ‘% ® imo )
S § A 300
O = [ 200
O 2, 100
. \F*U <| 43.0x 8.5 SR Ty
< o & 0 +—————

relative spatial order I—’;

critical harmonic: v/ip = -1.4 with s = 2.4

!uuuv’
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. $574 TECHNISCHE
Demonstrator: _ QC(@’; UNIVERSITAT
FEM Model and Meshing (ll) /' DARMSTADT

2D JMAG Model (dimensions in mm) Rotor Skin Penetration Depth
2 : : :
@ 658 fioy=2.4-40 Hz = 96 Hz
L5 Ko = 6.29 MS/m
g
g 1
~
o
0.5
0

0 200 400 600 800 1000

/J'r,rot

Skin Mesh
10.5

43.0x8.5

1= +UU_HJ 0.05 mm

Eumw'
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Demonstrator:

Nominal Operation: Electromagnetical Simulation
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Speed ny, stator frequency f; 60 min'!, 20 Hz
Torque My 2828 Nm
Mechanical power P, ., 17.77 kW
Total losses P, 2895 W (100 %)
Copper losses Pe ¢ 2487 W (86 %)

Stator iron losses Pg,

222.7 W (8 %)

Eddy current losses: Magnets P,

mag

40.1 W (1 %)

Eddy current losses: Rotor yoke P,

1453 W (5 %)

Stator current / 3501 A
MTPA: Current angle 8~ 170°
Stator voltage U 190.4 V
Efficiency 83.7 %
cos(¢;) 0.74 (ind.)
Torque ripple 1.2 %

Tab. and phasor diagram:

2D, nonlinear, transient FEM (JMAG)

q
A
p,0 ¥
A ] qis,q .
i g ?C}ls,d
Qp RSZS
Us
J ?1
—- 100V
—--20A
I
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TECHNISCHE

Thermal Modelling: 40 Dt
Repositioning of Wire from Turn to Turn ¢ DARMSTADT

» Wire repositioning adds a thermal path for cooling
with Ry, ,, — negligible compared to Ry,

!
R = wdg =325.5E
Y

th,ax
2
ﬂ’C dC

u

.
g

« Transversal main path for cooling with Ry, ,

2
d d

R, .= 1 n| fee y ff fee | _p_ggs K

: - ﬂ”lso ) lwdg dCu dCu W

A, =04W/(m-K) A, =390W/(m-K) ;
lye =293mm d,  =1.8mm d. =1.72mm 1°_|:|_°92

Cu,0
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i . TECHNISCHE
Thermal Modelling: TECHNISCHE
Excess Temperature in End Winding DARMSTADT
end winding stator iron core
* End winding not embedded in cool core b -0 X X
th —
» Worst case: Total insulation from ] T
: : @, =0
surrounding air .
- > >
» Analytical Calculation from simple 1D bar b2 | /2
T >
model 0 X
d’A9(x) F 91.0
2( ) . th,ax . Azg(X) — _rth o pL —— end winding
’ - - = stator iron core
dx Fhg
90.5
+ insignificant excess temperature ofend %
. <
winding A9~ 1 K 90.0 e
89'5—30 -20 -—10 0 10 20 30 40 50
x/mm
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Thermal Simulation of Nominal Operation: TECHNISCHE
Coupling of Stator and Rotor — Results (ll) DARMSTADT
Rotor Iosses 186 W 90.3W 116 WY 186 W 72 W
* Heat flux from stator to
0.39 70 W 0.34 0.44
rotor: 248 W . P —
0.06 40K 0,06 32K
* Air cooling: o.4zﬂ | 0.12 0.60H
454 W (16%) 1206w 68K 1 149 W 214 W[ 007
«  Water cooling: ow |PF sow|oaw P 94 W| 57 W 22114 W
2441'W (84%) [k | om (D o | ol
« Rotor temp. rise 40 K b A1 e
+ Reserve of 20 K (rotor H | 2B5W [ isow 154 W H .
- 100 K
losses not critical) b bow C)l
12 — 2.0 42 W
m m 19K|0.44

Q)+

thermal resistances in K/IW

cappy”
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