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Loss distribution in an inverter-fed motor




Loss distribution for sinusoidal supply




High-frequency flux related to the inverter supply

Figure presents the high-
frequency flux associated
with the harmonic voltages
of the inverter supply.

The machine was analysed
in inverter supply and
sinusoidal supply with the
two supply voltages having
equal fundamental
harmonics. The flux
presented in the figure is
the difference of the fluxes
of the two supply modes.




Voltage and current in the loss simulation
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Why proper heat transfer ?

P, 100 %, 4.7 kW

P, 85%, 4.0 kW

out

[ Poy\Pp 1.0%

4.7% S~

700 W of power removed from the machine.
With improper heat transfer,

* |nsulation breakdown

 PM demagnetisation



Insulation classes for windings

Insulation class 130 155 180
Old system B F H

Maximum temperature [°C] 130 155 180
Average temperature rise [K] | 80 105 | 125

A winding should stand for 20 000 h the temperature defined by
the insulation class (IEC 60216-1).

Montsinger’s rule / Arrhenius equation

A temperature rise of 10 K halves the expected live time of an

iInsulation system
(72

L(T+10K)~0.5L(T) L(T) = Be*"



Characteristics of a permanent magnet
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Methods of heat transfer - 1

Conduction

Heat conduction in a solid (or static fluid)

i =—ASVT—
— / \ Temperature
Heat flow gradient

TS Thermal Heat transfer
conductivity area

q=—AVT (inW/m?)

Thermal conduction resistance

l
R =— Length of heat

c
AS flow path



Equations of heat conduction

Conservation of energy

o(pc,T)
Ot

+V-q=pn

Heat equation

oT
pcPE—V-(iVT) ~Pn A = heat conductivity
p = density
¢, = specific heat
py, = power density



Thermal conductivities of some materials

Material / Part A [W/mK]
Copper 370
Aluminium 240
Casted iron 58
Steel (0.1 % C) 52
Stainless steel 15 - 25
Laminated core (radial direction) 18 — 40
Laminated core (axial direction) 1-4
NeFeB magnets 10
Enamel coating of conductors 0.20
Slot insulation 0.2-0.3
Air at 50 °C 0.028
Water at 20 °C 0.60

Diamond ....... 2200 W/mK



Methods of heat transfer - 2

Convection

Heat transfer between region of higher temperature (typically solid
surface in machines) and a cooler region (fluid/coolant used), which
occurs due to movement of coolant relative to the solid surface.

e = Cc (Tm _Ta)

[\

Semi-empirical heat transfer Temperature
coefficient for the surface gradient

Thermal convection resistance

R = L Area of solid in

CU .
o, § = contact with
coolant motion



Problem: Heat transfer from solid to fluid

lv What is velocity distribution?

Turbulent or laminar flow?

v

X Conduction or convection?

T, VT T, What is thermal distribution?

A =>
T

\ FIND: Semi-empirical heat

transfer coefficient for the
X surface a, from

A
Ke = ENL‘\, Nusselt

Number



Circumferential flow pattern in air-gap

Stator Stator
s, 8
P Y, v ?
—> —> R
Rotor Rotor
Laminar flow Turbulent flow

Dimensionless
parameter

"~ Reynolds number  Re — pvo _ pR.®,0

7 7

p = density, 5= radial air-gap length, R, = rotor radius,
n = dynamic viscosity

Re < 2000 => laminar flow; Re > 5000 => turbulent flow



Flow distribution in r,z-plane

Couette flow with Taylor vortices:

Stator
L Air gap IESHHCHISHESD) |3
2,  Rotor A R
Taylor number 7a = Re® — S _pe 253

R, 7

Taylor vortices appear in air-gap flow, if 7a > 1700



Heat-transfer in the air-gap flow
« Heat-transfer coefficient for the air-gap surfaces

From one surface to the air flow in the middle of air gap

(Nu =2 , Ta, <1700
Nu=0.128-Ta>>*", 1700 < Ta_ < 10?
| Nu =0.409-Ta)**', 10°< Ta, <10’

. =—Nu ;

N

Nu = Nusselt number
Ta_, = Modified Taylor number (Ta_ = Ta for air-gap flow)

Becker K.M. and Kaye J. 1962. Measurements of diabatic flow in an annulus with an
inner rotating cylinder. Transactions of the ASME, Journal of Heat Transfer, Vol. 84,
May, pp. 97-105.



Characteristics of air-gap flow

Re <2000

=> [aminar flow;

Re > 5000 s

Re

_ PRy 0

=> turbulent flow

7

p = density, R_= rotor radius, @, angular speed, ¢J = air gap,

n = dynamic viscosity

Machine A: Turbo-generator 270 MVA, 3000 1/min
Machine B: Hydro-generator 21 MVA, 125 1/min
Machine C: Cage induction motor 4.75 MW, 1500 1/min
Machine D: Cage induction motor 37 kW, 1500 1/min

Machine A Machine B Machine C|Machine D
Re 660219 21678 13838 702
Ta 57E+10 | 1.6E+06 | 2.5E+06 3941




Heat flow over solid-solid boundaries with
an imperfect contact

An imperfect contact between
two solids affects heat flow rate

=>

Semi-empirical heat-transfer
coefficient o, for the surface

e = C¢ (Tl _TZ)

Contact a [W/m2K] |
Aluminium frame — Stator core 350 - 550
Cast iron frame — Stator core 650 - 870
Rotor bar — Rotor core 430 - 2600




Methods of heat transfer - 2

Radiation
Stefan-Boltzmann law

g, = o-gA(Tf'“ —TS‘“)

W

oc=567-10"°
m2K4

Radiation: 7,=400K, 7,=300 K
=> g =992 W/m?

Natural convection: ¢, = 14 W/m?K,
AT=100K
=> g = 1400 W/m>




Analogy of the heat flow and electric current flow

Static fields
Heat flow Electric current density
q=—AVT J=—oVo
Conservation of energy Conservation of charge
V-qg=p, V-J=0
Temperature field Electric scalar potential
V-(AVT)=-p, V-(6V$)=0

=> The tools developed for electric circuit analysis
can be used to study heat flow



Thermal resistance

A conductor having a constant cross-sectional area

P = Power,
6= Temperature
difference

[
VI

!
\l @U/

Equations for the heat flow and electric current (p, = 0)

Pz_[q-dZ:J'—/IVT-dﬁz/’LgAzg l
4 4 " R 1A

B . U, U
I=LJ-dA=L—JV¢-dA=o-7A=E R,=—



Thermal network for 1D heat flow

T 1.

T,

A thermal network for conducting bar with power generation
(1D heat flow)

A
|

614

T, is the average temperature of the bar



Matrix of round wires

Equivalent thermal conductivity for round conductors in
a stator slot




Simple thermal network for the PM machine

Basic assumptions

« Temperature distribution is symmetric with respect
to the centre plane of the machine (z = 0 plane)

« There is no axial cooling flow in the air gap
« Core sheets conduct heat only in radial direction

« Heat from the permanent magnets flow to the core,
only. There is no direct heat flow from PM to the
end-region air

* The heat-transfer coefficients can be “calibrated”
based on the temperature-rise tests done for the
37 kW cage induction motor



-

Air outside Thermal network for the stator

?

Boundary layer
from yoke to air

o1

11
He-H

Winding

N

Boundary layer from
teeth to air gap

= Airin air gap

O Heat source

o{__J}e Thermalresistor

The two end-regions combined
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Thermal network for the PM rotor

.~ Air-gap air

Boundary layer from
core to air gap

, |
| |
I |
O—=1
| |
I |
I |
|
Boundary layer

l . e o e o i_
from PM to core

O




The original
cage induction
motor

The stator of the
PM machine was
borrowed from this
machine.




Thermal network for a cage rotor

e Air-gap air
?
Boundary layer from
teeth to air gap The two end-regions
e el II—————_____-i I_____-; combined
Tooth !'1 Bar I'End ring,
| | | .~ End-winding
[ - :
|




Results from the thermal networks

Temperature rise; P = 37 kW

PM machine Induction machine
AT [K] AT K]

Yoke 32 Yoke 56
Stator winding Stator winding
- core region 48 - core region 84
- end winding 51 - end winding 89
Air gap 47 Air gap 102
Permanent magnet 54 Rotor cage 136
End-winding air 21 End-winding air 86




Results from the thermal networks Il

Maximum power from the PM machine if the temperature of
the stator winding is allowed to rise by 90 K is

P =55 kW
AT [K]

Yoke o1
Stator winding

- core region 82
- end winding 89
Air gap 69
Permanent magnet 76
End-winding air 37

Note: The temperature rise of the permanent magnets is close to a
maximum that can be allowed for NdFeB magnets. If a higher temperature
rise is expected, SmCo magnets could be used.



Validation — Cage induction machine

Current Temperature
Voltage sensors
Power

Grid ~

Frequency Torque
converter




Temperature-rise test

Temperature rise [K]

0 2 4 6 8
Time [h]

 Thermocouples in end-windings

« Steady state when the temperature rise per half an
hour is less than 1 K.
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Stator resistance is measured after the switch-off of the supply.
Switch-off at time instant t = 0.

R T+235°C

« Reference resistance 0.1235 Q at 22 °C

Ry T,+235°C

« Ambient temperature 29 °C

« Temperature rise about 87 °C
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				Suorauraisen 37 kW koneen lämpenemiskoe; Staattorikäämin vastusmittaus

				Samisyöttö; f = 50 Hz; T = 237 Nm

												R0		T0

				6/15/92								0.1235		22.1

				Time		U [V]		I [A]		R [Ω]		t [s]		T [°C]

				0.7099914551		0.002294		0.99802		0.00230		1		-230.2

				2.25		0.002294		0.99802		0.00230		2		-230.2

				3.8399963379		0.002294		0.99802		0.00230		4		-230.2

				5.4400024414		0.002297		0.99802		0.00230		5		-230.2

				7.0299987793		0.002297		0.99803		0.00230		7		-230.2

				8.6199951172		9.9331		-3.00E-05		-331103.33333		9		-689341358.7

				10.9800109863		0.175031		0.99802		0.17538		11		130.1

				12.5199890137		0.178105		0.99802		0.17846		13		136.5

				14.1199951172		0.170499		0.99801		0.17084		14		120.7

				15.7099914551		0.167577		0.998		0.16791		16		114.6

				17.299987793		0.167421		0.998		0.16776		17		114.3

				18.8900146484		0.167364		0.99799		0.16770		19		114.1

				20.4899902344		0.167271		0.99798		0.16761		20		114.0

				22.0799865723		0.167188		0.99799		0.16752		22		113.8

				23.6700134277		0.167099		0.99799		0.16744		24		113.6

				25.2699890137		0.167016		0.99798		0.16735		25		113.4

				26.8599853516		0.166929		0.99798		0.16727		27		113.2

				28.450012207		0.166845		0.99798		0.16718		28		113.1

				30.0400085449		0.166759		0.99797		0.16710		30		112.9

				31.6400146484		0.166678		0.99797		0.16702		32		112.7

				33.2300109863		0.166594		0.99797		0.16693		33		112.5

				34.8200073242		0.166515		0.99797		0.16685		35		112.4

				36.4200134277		0.166432		0.99796		0.16677		36		112.2

				38.0100097656		0.166353		0.99797		0.16669		38		112.0

				39.6000061035		0.166271		0.99796		0.16661		40		111.9

				41.1900024414		0.166195		0.99796		0.16653		41		111.7

				42.7900085449		0.166112		0.99795		0.16645		43		111.5

				44.3800048828		0.166035		0.99794		0.16638		44		111.4

				45.9700012207		0.165958		0.99795		0.16630		46		111.2

				47.5700073242		0.165882		0.99795		0.16622		48		111.1

				49.1600036621		0.165806		0.99794		0.16615		49		110.9

				50.75		0.165733		0.99794		0.16608		51		110.8

				52.3399963379		0.165658		0.99794		0.16600		52		110.6

				53.9400024414		0.165585		0.99794		0.16593		54		110.5

				55.5299987793		0.165511		0.99794		0.16585		56		110.3

				57.1199951172		0.165438		0.99794		0.16578		57		110.1

				58.7099914551		0.165366		0.99794		0.16571		59		110.0

				60.3099975586		0.165297		0.99794		0.16564		60		109.9

				61.8999938965		0.165225		0.99794		0.16557		62		109.7

				63.4899902344		0.165156		0.99794		0.16550		63		109.6

				65.0899963379		0.165086		0.99794		0.16543		65		109.4

				66.6799926758		0.165019		0.99794		0.16536		67		109.3

				68.2200012207		0.164951		0.99794		0.16529		68		109.1

				69.8099975586		0.164883		0.99793		0.16523		70		109.0

				71.3999938965		0.164815		0.99794		0.16516		71		108.8

				73		0.164749		0.99793		0.16509		73		108.7

				74.5899963379		0.164682		0.99793		0.16502		75		108.6

				76.1799926758		0.164617		0.99793		0.16496		76		108.4

				77.7699890137		0.164551		0.99793		0.16489		78		108.3

				79.3699951172		0.164488		0.99793		0.16483		79		108.2

				80.9599914551		0.164423		0.99793		0.16476		81		108.0

				82.549987793		0.164362		0.99793		0.16470		83		107.9

				84.1499938965		0.164298		0.99793		0.16464		84		107.8

				85.7399902344		0.164236		0.99793		0.16458		86		107.6

				87.2799987793		0.164176		0.99793		0.16452		87		107.5

				88.8699951172		0.164115		0.99793		0.16446		89		107.4

				90.4599914551		0.164052		0.99793		0.16439		90		107.3

				92.1099853516		0.163991		0.99792		0.16433		92		107.1

				93.700012207		0.163928		0.99793		0.16427		94		107.0

				95.299987793		0.163868		0.99792		0.16421		95		106.9

				96.9400024414		0.163809		0.99792		0.16415		97		106.8

				98.5400085449		0.16375		0.99791		0.16409		99		106.6

				100.179992676		0.163689		0.99791		0.16403		100		106.5

				101.779998779		0.163631		0.99791		0.16397		102		106.4

				103.420013428		0.163573		0.99791		0.16392		103		106.3

				105.019989014		0.163514		0.99791		0.16386		105		106.1

				106.660003662		0.163458		0.99791		0.16380		107		106.0

				108.260009766		0.163402		0.99791		0.16374		108		105.9

				109.910003662		0.163348		0.99792		0.16369		110		105.8

				111.5		0.163292		0.99792		0.16363		112		105.7

				113.149993896		0.163235		0.99792		0.16358		113		105.6

				114.739990234		0.163181		0.99792		0.16352		115		105.4

				116.390014648		0.163126		0.99792		0.16347		116		105.3

				117.980010986		0.163073		0.99791		0.16341		118		105.2

				119.630004883		0.163019		0.99792		0.16336		120		105.1

				121.279998779		0.162963		0.9979		0.16331		121		105.0

				122.920013428		0.162911		0.99791		0.16325		123		104.9

				124.570007324		0.162856		0.9979		0.16320		125		104.8

				126.220001221		0.162805		0.9979		0.16315		126		104.7

				127.920013428		0.162749		0.9979		0.16309		128		104.5

				129.570007324		0.162699		0.9979		0.16304		130		104.4

				131.220001221		0.162646		0.9979		0.16299		131		104.3

				132.859985352		0.162596		0.9979		0.16294		133		104.2

				134.510009766		0.162544		0.9979		0.16289		135		104.1

				136.160003662		0.162507		0.99797		0.16284		136		104.0

				137.809997559		0.16246		0.99799		0.16279		138		103.9

				139.459991455		0.162411		0.998		0.16274		139		103.8

				141.100006104		0.162361		0.99799		0.16269		141		103.7

				142.75		0.162314		0.99799		0.16264		143		103.6

				144.399993896		0.162263		0.99799		0.16259		144		103.5

				146.049987793		0.162195		0.99787		0.16254		146		103.4

				147.640014648		0.162149		0.99786		0.16250		148		103.3

				149.290008545		0.162104		0.99786		0.16245		149		103.2

				150.880004883		0.162056		0.99786		0.16240		151		103.1

				152.470001221		0.16201		0.99786		0.16236		152		103.0

				154.119995117		0.161966		0.99787		0.16231		154		102.9

				155.709991455		0.161924		0.99788		0.16227		156		102.8

				157.359985352		0.16188		0.99789		0.16222		157		102.7

				158.950012207		0.161835		0.99788		0.16218		159		102.6

				160.600006104		0.161791		0.99788		0.16213		161		102.6

				162.190002441		0.161747		0.99788		0.16209		162		102.5

				163.839996338		0.161704		0.99788		0.16205		164		102.4

				165.440002441		0.16166		0.99788		0.16200		165		102.3

				167.079986572		0.161618		0.99788		0.16196		167		102.2

				168.679992676		0.161575		0.99788		0.16192		169		102.1

				170.320007324		0.161533		0.99788		0.16188		170		102.0

				171.920013428		0.161491		0.99788		0.16183		172		101.9

				173.559997559		0.16145		0.99788		0.16179		174		101.8

				175.160003662		0.161409		0.99788		0.16175		175		101.8

				176.799987793		0.161368		0.99787		0.16171		177		101.7

				178.450012207		0.161326		0.99787		0.16167		178		101.6
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