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1. INTRODUCTION

In the current scenario, wind energy is popularanland echo-friendly renewable energy sourcqd21],
To harness the wind power a high power densityiabbkd and efficient conversion system is requir
PMSG is a quite suitable wind power conversion esysbecause it has advantages like high power gen
improved reliability and high efficiency, and it en’t require slip-ring or gear box like conventbisystems
[3] -[5]. The power density, fault tolerance capiépiand reliability of the conversion system cae further
enhanced using multi-phase (more than three phags®m. The multi-phase system eliminate the higheer
harmonics from generated voltage and therefore iledjuDC link capacitor size is reduced [6], [7
The multi - phase system also offers a higher degfdreedom under fault operation than three plsgseem [8],
[9]. These advantages of multi-phase system metivdhe authors to explore the thermal design aspec
FP-PMSG. The electromagnetic and thermal analysigdds the output power, life span and reliabdityPMSG
[10]. The stator winding insulation and permaneagnets are the most critical temperature sengidves of the
generator. The frequent overheating not only reslute life span of winding insulation, but also tjzdly
demagnetizes the permanent magnets of the machitle A persistent overheating may lead to compl
demagnetization of permanent magnets that wouldchtealy lead to complete failure of generator [1
Therefore, thermal analysis is a very importanp $teensure optimum thermal design. There are pgaaches
for thermal modelling namely numerical techniqued damped parameter technique [13]. Among numeri
techniques, finite element method (FEM) is quitepydar. It is very accurate with higher resolutiontb
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inconvenient and time consuming for design optitnira [14]. The lumped parameter technique is fasfple and
reasonably accurate [15]. Most researchers utilitechnique for computation of either steadyestamperature or both

steady state and transient state temperature [[1%)] -

The prime focus of this paper is to present thentaé model for five phase permanent magnet generato

The lumped parameter technique is considered fst, fsimple and precise prediction of temperaturgridution.
The conductive thermal resistance, convective therasistance and the thermal capacitance enablmtiuel to predict
the transient and steady state temperature. Shecéhermal behaviour of the winding is very difficto predict so the
process of calculation of thermal resistance betwe@ding and stator core is also discussed. Thdigied results from
lumped parameter model are verified with simulaf&dM results. Furthermore, these results are utilive the selection
of appropriate materials for various sections ofFWWSG including permanent magnet, winding insulatand core
laminations.

This Paper is organised in the following mannecti®a-2 describes the schematic model, windingitatal the
design parameters for FP-PMSG. Section-3 elabotaeghermal network model, different losses in thedel and
equivalent thermal parameter of the model. Sectiatescribes the FEM model and their results ard tsealidate the

predicted result from lumped parameter model asudised in section-5. Finally, section-6 draws thectuding remarks.
2. SIZE AND DESCRIPTION OF FIVE PHASE PMSG

Figure 1 shows the schematic model of 60 slots|eBpfive-phase PMSG. It consists of stator and amaf
mounted permanent magnet rotor. Stator core is mpdeith thin laminations of high grade siliconedtalloy and these
laminations are insulated from each other with higérmal resistant paper or varnish. The statoe ¢muses the five
phase double layer fractional slot short-pitcheddivig, which reduces the higher order space hareomhe 8 permanent
magnets are mounted on the rotor surface. The &pafl the rotor are conformed by 8 flux loops whigke shown in

Figure 2. The rating of the designed generatdsted in Table 1 and corresponding dimensionsisted in Table 2.

Figure 1: Schematic of Proposé&generator Figure 2: Conforming EighPoles of
Proposed Generator
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Table 1: Rating of Generator

Parameter | Value
Power (kva) 3.878
Voltage (Volt) | 193.92
Current (Amp) 4

Speed(rpm) 400
Table 2: Dimension Details of the Generator
Parameter Value

Radius of Shaft 20 mm

Outer radius of rotor 95 mm
Height of magnet 2.5mm
Airgap length 2.5 mm

Inner radius of stator 100 mm
Outer radius of stator 175 mm
Area of slot 125 mm

3. LUMPED PARAMETER THERMAL NETWORK MODEL

The lumped parameter thermal network is shown foppsed FP-PMSG in the Figure 3. There are 8 nindibe
network and the thermal resistances are connecgebn these nodes. In addition, the thermal ctpae, heat flow
effect and heat generating sources are includélseimodel. Depending on the heat transfer modéhirenal resistances
are divided into three categories, namely condactionvection and radiation, but radiation is ransidered in the model
because it has very less effect for small ratinghires. The thermal resistances and thermal capaeis in the network
from right to left are namely convective thermasistance of shaft to the environment (Rsh_nc), aotiek thermal
resistance (Rsh), conductive thermal resistancthefupper and lower part of rotor yoke (Rryu anglRrconductive
thermal resistance of the upper and lower partMf(Rpmu and Rpml), conductive thermal resistancaiobetween the
two magnets (Rpm_air), conductive thermal resigaoicair (Rair), convective thermal resistance et rotor to air
(Rar_nc), conductive thermal resistance betweemwihding and core(Rsw), conductive thermal resistaaf lower and
upper part of tooth (Rsti and Rstu), conductiveriied resistance of lower and upper part of statkey(Rsyl and Rsyu)
and convective thermal resistance of stator yokeesmvironment (Rsy_nc) and the thermal capacitahcetor yoke(Cry),
thermal capacitance of permanent magnet (Cpm)midlecapacitance of copper winding (Ccu), thermalacitance of
stator tooth (Cst) and thermal capacitance of statkie (Csy). The heat sources are mainly due d¢oldbses of stator
winding (Pcu), Permanent magnet (Ppm), stator ydRsy), stator tooth (Pst) and rotor yoke (Pry).

The ambient temperature (Ta) is taken as 30°C.

AP

Ry

Figure 3: Lumped Parameter Model
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The following assumptions are taken during thermatlelling:
e Materials are anisotropic in nature.
* The heat generation and thermal capacity are unifodistributed in the model
» The heat flow in axial and radial direction is ipdadent to each-other.
» The circumferential heat flow in the model is alisen
3.1 Thermal Conductive Resistance and Thermal Cap#ance

For the steady state thermal analysis the thermalilerium equation can be written as follows.

G|[T] =[P
(][] =7 o
Where [G] is the thermal conductance matrix ofdbeerator, [T] is the temperature rise of diffeneotles in the

model and [P] is the loss matrix of the generator.

The thermal conduction resistance between the ncatesj:

KA )

Where | is the path length of conductive mediasAhie area of cross-section and k is the thermadwtivity of

material.

Thermal capacitance(C) can be expressed as

C=pVG, 3)

Where ¢ is the specific heap, is the material density and V is the volume ofraytical region.
3.2 Equivalent Thermal Resistivity between Stator Bt Winding and Core

The thermal resistivity between the stator core wairdling are different in different side of slohig is due to
insulating layer and dimensional variation. Thetataslots consists of impregnated copper conduct@tge, paper
insulation of slot liner, and insulating materigtiween the two layers of winding, so the thermalduwtivity between the
stator core to winding is not easy to define. Rafee [10] suggests the possible approach to comntpetehermal

resistance as well as the equivalent thermal caivtycof winding impregnation and slot insulation.

The equivalent thermal conductivitygkcan be expressed as

keq = ':1 T
= K

Where tis the thickness of different insulating layer akds their respective thermal conductivity for the

4)(

insulating material.
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The equivalent thermal resistance between the windind stator core are different in different péesause of
dimensional variation.

The conductive thermal resistance between windittstator core is calculated as

— twc
RNC - keq A\Nc )

Where §. is the insulation thickness in the heat flow dii@t, A, is the cross-section area of contact between the
insulation and core.

3.3 Thermal Conductive Resistance

Convection is due to the variation of air densityhe convective surface. Two types of convection @ossible
from the surface, namely natural convection andddrconvection. For the natural cooled machine,otltter stator to
environment interface surface and the axial slmftrivironment interface surface have natural caimgcwhereas the
stator teeth to the rotor interface surface candiaral or forced convection depending on the lamand turbulent flow
of heat.

The Convective thermal resistance can be expressed

1
R=—
h A (6)

Where R is the convective heat transfer coefficient and the area of convective surface.

— Nu kair

h
¢ ) ) (7

Nyn is the nusselt number and,;Kis the thermal conductivity of air andl is the characteristic length.
The empirical formula for nusselt number varies dagends on the natural and forced convection aff fnem the surface
[16].

For natural convection the nusselt number)ié

_ b
Nuc _a(Gr R) (8)

For force convection the nusselt number (Nuf) is

Nuf :aQFf )(9

Where a, b and c are the constant,isGthe grash of number, B the prandtl number and, & the reynold

number.

The empirical equations of nusselt number usedherouter stator to environment interface surfageaNd the

axial shaft to environment interface surfagg &te expressed as
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N,, = (O.6+ 0.38R*®( & 0.728 °-~”’625)‘°'2%)2 10)
NUV:(O.825+ 0.38R( & 0.67&0'5625)_0'296)2 a1
R=GP= gﬁ(TSU_ZL)és P (12)
P =‘;p__” (13)

Where R is the Rauleigh numbev,is the kinematic viscosity of air, g is the accat®n of gravity (m/seg, p is
the coefficient of cubic expansion, iE the surface temperatut@f, T is the temperaturéC) of air,$ is the characteristic

length, ¢ is the specific heat capacity at constant pregisifiey°C).

The nusselt number used for the stator teeth &tingt rotor interface surface is decided by thenody number
and it depends on the speed of rotor. If the reynaimber is less than the critical value¥iien the convective heat flow

is laminar otherwise it is turbulent.
The reynold number (Re) is calculated as

mair Nr (5)2

A (14)

Where N is the rotor speed (rpmpe; is the air density(Kg/M), p is the dynamic viscosity (Kg/sec.m)of air.
The calculated value of reynold number in this papet.67x10 which is less than the critical value of reynoldhber.

The heat flow is therefore laminar and comes undéural convection.

The empirical formula of nusselt number used fergtator teeth to rotor interface surfacgg,N

0886 %/2 Pr1/2

I\IuLa = 2/3 1/4 (15)
P
1+
( [0.0207J ]

Using equation (10), (11) and (15) the convectieathtransfer coefficient for the outer stator toiemment

interface surface, axial shaft to environment figigg surface and the stator teeth to rotating ritierface surface are
23.4014, 4.9263 and 958.3188(f/k), respectively.

3.4 Loss Calculation in Different Parts of the Mode
Core loss in the stator yoke, stator tooth andrrnpdéie can be calculated as
3.4.1 Stator Core Loss

Iron loss in stator yoke is expressed as
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P, =k 2B+ k, fB+ K, f5 B .

Iron loss in stator tooth is expressed as

P, =k f°B.+ k, B+ k f°B;’ 17)

Where k is the coefficient of eddy current constantiskthe coefficient of hysteresis constantiskthe coefficient
of excess loss constant,,Bs the peak flux density in the iron core; B the peak flux density in the stator tooth arisl f

the frequency(Hz).
3.4.2 Copper Loss of Stator Winding

The copper loss is the prime contributor to los® machine, it is due the resistivity of copperenin the per

phase winding.
The total copper loss in the winding can be expess

5

—_ 2
=Y I'R,,
m=1
(18)
wherel is the phase curreR,;,is the phase resistance ands the number of phases.

3.4.3 Rotor Loss

The rotor loss is divided into two parts namelyectoss and permanent magnet loss. The rotor ceseidadue to
the eddy current loss, hysteresis loss and exosssiih the rotor whereas the permanent magnetidodge to the eddy

current developed in it. The rotor core loss cacddeulated by the following formula
— 22 55
Ry =k B +k B+ k F°R (19)
Where B is the peak flux density in the rotor core.

The procedure and the expression developed for edldgnt loss for permanent magnet is mentionddhand
[18]. The conductivity for the NdFeB is 7.7xX1€'m.

Permanent magnet loss is calculated as

g }:s:(’i\{rf@ L,ENC g J 2@(%% ﬂ"

|{1+ G+ ~
Gl (G m(LmN_}
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wherew, is the electrical angular speed (rad/seg)is the flux densityN, is the number of axial segmey; is
the number of arcillier segmen,nis the volume of magnet,m is the resistivity of magnety, is the slope of line passing
through the path of eddy current ed@e{>1)is the factor of incremental path length of eddyrent,L,n is the length of

permanent magnet aitl,is the width of permanent magnet.
4. FINITE ELEMENT MODEL ANALYSIS

The finite element model analysis has been doneguaNSYS software. This method requires a fast gseor
with the high storage device and took around twarfidor simulation but it is highly accurate. Instipaper, there are two
solver used for the thermal analysis, namely haimanalysis and transient analysis. These analgseperformed by
setting element type (quad 4, node 13), degreeemfdbm, material properties and meshing the mauel 227720
elements. The harmonic analysis uses an AZ dedréeedom for the elements when calculating thesdssand heat
generation rate in different parts of the modele Tieat generation rate which is store in.rmg fitexf this analysis is
further used for the thermal analysis. The eleniedegree of freedom Temp is used for the thermadlyais.
The analysis type (transient), time at the endatllstep (86400 sec), load heat generation from Medysis, boundary
condition (Convection), is taken in solution st@je results of Temperature distribution, radial genature distribution

and heat flux plot are shown in postprocessor step.

Figure 4 shows the temperature distribution inrfael and it is found that the winding temperatsraighest
whereas the shaft temperature is least. Since #whime is naturally cooled so the heat is releéséle environment via
outer stator surface and the shaft. Although, thevective area of the shaft is less than the osteor, but the shaft
temperature 113.86€ is less than the outer stator yoke temperatude2B8¥ C this is because of conduction of heat from

winding to outer stator yoke is higher.

JUL 2 2018
17:26:04

15.67 116.77 117.869 118.969

114.571 115.671 .86
115.121 116.22 117.32 118.419 119.519

Figure 4: Temperature Distribution in the Model

Figure 5 shows the temperature rise in differentspaf the model. The FEM simulation runs for 24ifsoand the

steady state temperature is attained by the madebiund 16 hours.
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VALU g

TI;;
Figure 5: Temperature Developed in the Model

The radial temperature distribution is shown irufig 6. The temperatures of the shaft and rotor yaeke found
at the same level because of heat transfer in abiodumode. A sharp increment is found at windimg & decreases at

the stator yoke surface due to convection procetisetenvironment.

STEP=1

SUB =120
TTMFE=86400
PATH PLOT
NOD1-1420

0D2=12822
NOD2=128322 119,51

0] .034 .068 .102 .136 .173

Figure 6: Radial Temperature Distribution
5. RESULT AND VALIDATION

The predicted temperature using the lumped paramatéhod for shaft is shown in figure 7. It is oheel that
the settling time to attain steady state tempeeaiticomparatively lower for LPM than FEM. The egtted steady state
temperature of the shaft is 113.869°C. The shafpézature effects the bearing lubrication and ctead towards reduced
viscosity or increased friction. This effect re@srregular monitoring and maintenance else destedrbearings could

eventually result in an eccentricity fault of thachine.
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Figure 7: Shaft Temperature Figure 8: Rotor Yoke Temperature

Figure 8 shows that the steady state temperatutieeafotor yoke is 114.997°C. Lamination of theorotoke is
required to reduce the eddy current loss due t@@ma reaction. For this a thin layer of insulatisrplaced between the
cores. Table 3 lists the insulation materials famihation and corresponding maximum operating teatpee.

The Class B insulating material is therefore appate for rotor yoke lamination.

Table 3: Yoke Insulation Materials

Material
(Silicon Resins Laminated)| ' cmPerature (C)
Class A
(Impregnated Varnished) 105 (max)
Class B 130-155
ClassF 155-180
ClassH 180-200

—~ 100}

E 90

E_ K0OF —~—Lumped vs. time
s <~ FEM vs. time

= 7o

S 60

=

4 6
Time(sec) < 10%
Figure 9: Magnet Temperature

The permanent magnet temperature is shown in FiguFer the NdFeB magnets the steady state tenyperit
115.151°C.

Table 4: Different Grade of NdFeB Permanent Magnet

. Maximum Operating
P Y Temperature(°C)
NdFeB N 80
NdFeB M 100
NdFeB H 120
NdFeB SH 150
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Table 4: Contd.,
NdFeB UH 180
NdFeB EH 200

Different grade of NdFeB permanent magnets is showhable 4. For the proposed FP-PMSG the NdFeB H
grade magnet seems appropriate.

120

100

—~Lumped vs. time
- FEM vs. time

=]
(=]

o)
o

Winding Temperature(o )

I
=)

o 2 4 [¢] 8 10
Time(sec) x 10%

Figure 10: Winding Temperature

The maximum temperature of the FP-PMSG appearseatvinding. For the proposed machine the steadg sta
winding temperature is 123.528°C as shown in Fidifie Appropriate winding insulation is mandatoryeosure safe

operation of the machine.

Table 5: Winding Insulation

Material Used for | Maximum Attainable
Winding Temperature(°C)
Class A 105
Class E 120
Class B 130
Class F 155
ClassH 180

The list of winding insulating materials is showm Table 5. The class B winding insulating matergakthe
optimum material for this purpose.

~Lumped vs. time
-~--FEM vs. time

Stator Yoke Temperature(o(,)

0 2 4 6 8 10
Time(sec) x 10

Figure 11: Stator Yoke Temperature

The temperature builds up process in the statoe yekshown in Figure 11. From this figure the syeathte
temperature of the stator yoke is 118.063°C. USialgle 3, the Class B insulating material is therappate choice for
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stator yoke laminations.

In a comprehensive manner the estimated temperafutee various sections of the proposed FP-PMS@gus
LPM and FEM is presented in Table 6. The percentéag® between the predicted temperature resutgusPM and FEM
results are very close. This confirms the capabdit the lumped parameter model in analysing quEokl reasonably

accurate results for the proposed FP-PMSG.

Table 6: Steady State Temperature of Different Parbf PMSG

Parameter Lumped FEM %Error
Shaft 113.869 114,572 -0.617
Rotor Yoke 114,997 114.597 0.347
Magnet 115.151 114.632 0.45
Winding 123.528 119.510 3.253
Stator Yoke 118.063 119.231 -0.989

6. CONCLUSIONS

This paper presented a lumped parameter model,hwisica simple and fast technique for predicting the
temperature distribution inside the proposed FP-BMBhe thermal behaviour of the windings in the #onot easy to
compute so the technique for computing the equitalenductive thermal resistances between the windnd the core is
discussed. The permanent magnet is the most sengtirt of the machine so losses in it are disclssedetail.
Based on the predicted temperature various mateareal identified for the development and safe djmeraf the machine.
This includes class B insulating material for statnd rotor yoke laminations, class B insulatingerial for windings and
NdFeB H grade material as permanent magnets. Mainte issues due to shaft temperature on bearbicdtion
viscosity are also highlighted. The error betwdsn piredicted and FEM are found within the 4 % limlitich ensure the
accuracy of predicted results using the lumpedmater model for the proposed FP-PMSG.
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